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Relative motion breaks a camouflaged target from a same-textured background, thus eliciting discrimination of a motion-
defined object. Ring (R) neurons are critical components in the Drosophila central complex, which has been implicated in
multiple visually guided behaviors. Using two-photon calcium imaging with female flies, we demonstrated that a specific
population of R neurons that innervate the superior domain of bulb neuropil, termed superior R neurons, encoded a motion-
defined bar with high spatial frequency contents. Upstream superior tuberculo-bulbar (TuBu) neurons transmitted visual sig-
nals by releasing acetylcholine within synapses connected with superior R neurons. Blocking TuBu or R neurons impaired
tracking performance of the bar, which reveals their importance in motion-defined feature encoding. Additionally, the pre-
sentation of a low spatial frequency luminance-defined bar evoked consistent excitation in R neurons of the superior bulb,
whereas either excited or inhibited responses were evoked in the inferior bulb. The distinct properties of the responses to the
two bar stimuli indicate there is a functional division between the bulb subdomains. Moreover, physiological and behavioral
tests with restricted lines suggest that R4d neurons play a vital role in tracking motion-defined bars. We conclude that the
central complex receives the motion-defined features via a visual pathway from superior TuBu to R neurons and might
encode different visual features via distinct response patterns at the population level, thereby driving visually guided
behaviors.
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Animals could discriminate a motion-defined object that is indistinguishable with a same-textured background until it moves,
but little is known about the underlying neural mechanisms. In this study, we identified that R neurons and their upstream
partners, TuBu neurons, innervating the superior bulb of Drosophila central brain are involved in the discrimination of high-
frequency motion-defined bars. Our study provides new evidence that R neurons receive multiple visual inputs from distinct
upstream neurons, indicating a population coding mechanism for the fly central brain to discriminate diverse visual features.
These results build progress in unraveling neural substrates for visually guided behaviors. /
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Introduction
Animals rely on numerous visual signals to navigate through
their natural environment and detect their targets. A lumi-
nance-defined target is a target defined by its contrast in
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Ruxton, 2019); however, the underlying neural mechanisms
remain unclear.

Fruit flies provide an ideal model for elucidating the underly-
ing visual circuits. Previous studies have shown that flies can
discriminate a target from the background based on relative
motion alone (Reichardt and Poggio, 1979). In the Drosophila
peripheral visual system, the lobula complex and visual projec-
tion neurons have been reported to participate in object motion
detection (Fenk et al., 2014; Aptekar et al., 2015). Moreover,
particular populations of visual projection neurons are excited
by motion- or luminance-defined bars only (Stddele et al.,
2020), suggesting that different neural mechanisms are involved
in the encoding of these different stimuli. However, it remains
to be elucidated how motion-defined bars are represented in
the central visual system and whether different visual features
are represented differentially.

In the Drosophila central brain, ring (R) neurons arborizing
in the ellipsoid body have been implicated in multiple visually
guided behaviors, including visual pattern memory (Wang et al,,
2008; Pan et al., 2009) and visual place learning (Ofstad et al.,
2011; Kuntz et al.,, 2012). The postsynaptic sites of R neurons,
designated the “bulb,” can be divided into superior, inferior, and
anterior subdomains, based on their anatomic position (Hanesch
et al., 1989; Omoto et al.,, 2018). Each R neuron extends its den-
drites to a single bulb microglomerulus in most cases, forming a
sub-type-specific innervation pattern (Hulse et al., 2021). Calcium
imaging of R neurons has revealed their coding for luminance-
defined stimuli, in which the bulb microglomeruli represent visual
landmark positions in a retinotopic order (Seelig and Jayaraman,
2013). The response characteristics of R neurons are thought to be
inherited from their upstream inputs, tuberculo-bulbar (TuBu)
neurons, which originate in the anterior optic tubercle (AOTU;
Omoto et al., 2017; Sun et al., 2017). Recent studies have shown
that the visual pathway from TuBu to R neurons also convey sig-
nals for polarized light (Hardcastle et al., 2021). These findings
strongly suggest that R neurons, receiving inputs from TuBu neu-
rons, are the entry points for visual signals relayed to the central
complex.

Here, we investigated the representation of a motion-defined
bar in the Drosophila central brain. Using two-photon calcium
imaging, we identified that a group of superior microglomeruli
—innervated by both R and TuBu subpopulations—were acti-
vated by a high-frequency motion-defined bar. The blocking of
cholinergic signal transmission from TuBu neurons eliminated
calcium transients in R neurons and impaired the tracking
behavior of a motion-defined bar. These results demonstrate that
a motion-defined bar is represented by the central complex via a
specific visual pathway from the superior TuBu (TuBuy) neurons
to R neurons. Additionally, we observed that most superior R
neurons were excited by a low-frequency luminance-defined bar,
whereas inferior R neurons displayed two distinct response pat-
terns—excited or inhibited—further indicating the structural
and functional division of R subtypes. Our findings provide
insight into the neural substrates of visual behavior and highlight
the critical functional role of the central complex in multiple fea-
ture encoding.

Materials and Methods

Fly stocks. Flies were raised on a standard medium of cornmeal at
25°C under a 12 h light/dark cycle. Three- to seven-day-old female adult
flies were used in all experiments. The following fly stocks were used:
wild-type Canton S; R20A02-GAL4 (RRID:BDSC_48870); R20A02-
LexA (RRID:BDSC_52554); R48B06-GAL4 (RRID:BDSC_50349);
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€232-GALA4 (a gift from Martin Heisenberg); UAS-mCD8::GFP (RRID:
BDSC_5137); UAS-syt:GFP (Zhang et al.,, 2002); UAS-Da7::GFP (Leiss
et al., 2009); LexAop-mCD8:RFP; LexAop2-post-t-GRASP, UAS-pre-t-
GRASP (RRID:BDSC_79040); UAS-GCaMP6s (RRID: BDSC_42746);
LexAop-GCaMP6s (RRID:BDSC_44273); UAS-CsChrimson (RRID:
BDSC_55134); UAS-nAChRal RNAi (THU3068, Tsinghua Fly Center);
UAS-nAChRa6 RNAi (RRID:BDSC_52885); UAS-Kir2.1::GFP (RRID:
BDSC_6595); UAS-TNTE (RRID:BDSC_28837); Tsh-GALS0 (a gift
from Julie Simpson).

Immunochemistry. To examine the expression pattern of driver lines
and the GFP Reconstitution Across Synaptic Partners (GRASP) signals,
the flies were anesthetized on ice and transferred into PBS. The brains
and/or ventral nerve cords (VNCs) were dissected and were then fixed
in 4% paraformaldehyde (PFA) for 1-2 h on ice. The samples were then
washed for 3x 15min in PBS containing 0.5% Triton X-100 (PBT) at
room temperature and incubated in PBT containing 10% normal goat
serum for 1 h at 4°C. Next, the samples were stained with primary and
secondary antibodies for 2 d each at 4°C. Following each antibody incu-
bation, the samples were washed in PBT for 3x 15 min again and finally
mounted in VECTASHIELD Fluorescent Mounting Media (catalog #H-
1000, Vector Laboratories; RRID:AB_2336789). The brain and VNC
from the same fly were mounted together.

To examine distribution of choline acetyltransferase (ChAT), we
used a modified protocol of Ji et al. (2020). Briefly, the brain samples
were dissected and fixed in 4% PFA overnight at 4°C. The samples were
then washed for 4x 15min in PBT, incubated in PBT containing 10%
normal goat serum for 3 h at room temperature and stained with pri-
mary antibodies for 3d at 4°C. Next, the samples were washed three
times for 8 h in PBS, and stained with secondary antibodies for 1d at
4°C. After being washed in PBS overnight, the samples were mounted.

Primary antibodies used were mouse anti-Bruchpilot [1:200;
catalog #nc82, Developmental Studies Hybridoma Bank (DSHB);
RRID:AB_2314866] and mouse anti-ChAT4B1 (1:10; catalog #chat4bl,
DSHB; RRID:AB_528122). Secondary antibodies used were Cy3-
conjugated goat anti-mouse (1:400; catalog #115-165-062, Jackson
ImmunoResearch Labs; RRID:AB_2338685) and goat anti-mouse
Alexa Fluor 647 (1:400; catalog #ab150115, Abcam; RRID:AB_
2687948). Images were acquired using Zeiss LSM 880 with Airyscan
Microscope (RRID:SCR_015963) equipped with 10x, 20X, or 63X
objectives and processed with Fiji software (ImageJ; RRID:SCR_
002285). We scanned the intact bulb neuropil (see Fig. 4E,F) and
manually counted the number of the microglomeruli that inner-
vated by R (magenta) or/and TuBu (green) neurons using Image],
respectively. The proportion of colocalization was calculated via
dividing the number of the overlapping microglomeruli by that of
R-innervated microglomeruli.

Visual stimuli. For the in vivo calcium imaging, the visual stimuli
were presented with a curved blue LED display consisting of 128 x 64
pixels. With flies being placed 5 cm above the center of display, the dis-
play subtended approximately the visual angle of 128° in the horizontal
azimuth and 64° in the vertical elevation. Each pixel subtended 1° at the
visual equator. Visual stimuli were generated by custom MATLAB
(RRID:SCR_001622) codes and controlled by NovaStudio (Novastar). In
most experiments, we used two types of stimuli that we refer to as a
motion-defined bar and a luminance-defined bar. A motion-defined bar
was composed of a 30° x 64° random-dot based bar moving on a same-
textured static background. To reduce onset artifacts, 20 s static back-
ground was presented before and after the motion onset. A luminance-
defined bar was composed of a 30° x 64° white bar moving on a black
background. The motion-defined bar physically contains higher spatial
frequency contents than the luminance-defined one. To determine that
the calcium responses of superior R neurons to the motion-defined bar
were independent on a specific pattern or the switching of individual
pixel luminance within the bar, five motion-defined bars with different
random dot patterns but the same size (30° x 64°) and shape were used.
Stimuli above were presented at a velocity of 40°/s. To further determine
the insensitivity of inferior R neurons to the motion-defined bar, moving
bars of varying width (4°, 8°, 16°, 48°, and 64°; velocity, 40°/s) and vary-
ing moving velocity (20°/s, 40°/s, 60°/s, 80°/s, and 100°/s; width, 30°)
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were presented. To test the size tuning properties of superior R neurons
in response to the motion-defined bar, moving bars of varying width (4°,
8°, 16°, 30°, 48°, 64°, and 128°; velocity, 40°/s) were presented. Receptive
fields were mapped using a 2° white square object presented at a velocity
of 20°/s. The square object moved in 32 different elevations at a step of
2°, covering the entire LED display. For all stimuli, the contrast of white
and black pixels was 100%. Each stimulus was presented twice, in both
directions, from the ipsilateral (ipsi) to contralateral (contra) and from
the contra to ipsi side of the recording area. The interval between each
stimulus was a 20 s complete darkness.

For the behavior experiments in the flight simulator, the visual stim-
uli were presented via fiber optics in a panoramic arena consisting of
180 x 32 pixels. With flies being suspended in the center of the arena,
the arena subtended the visual angle of 360° in the horizontal azimuth
and 90° in the vertical elevation. The motion-defined bar (30° x 90°)
based on randomly distributed dots and the luminance-defined ON bar
(30° x 90°) were generated and controlled using custom codes written
in Visual Studio C# (Microsoft). Each bar started at the center of the
arena and oscillated between *+90° at 90°/s. Each stimulus was presented
at least three times. At the interval between two stimuli, the flies were
provided with a 30° x 90° dark bar in closed loop for 5 s to test whether
they noticed the visual stimuli.

In vivo two-photon calcium imaging. Female flies were anesthetized
on ice briefly and positioned in a custom holder with a 0.8 x 1.5 mm
rounded rectangle hole. The dorsal rim of head capsule was glued to the
short side of the hole with UV-curable glue. To minimize the movement
of the fly during imaging, additional glue was used around the posterior
rim of the head capsule, chest, antenna, and proboscis. In addition, the
front legs were removed to prevent occluding vision. Then, the brain
was bathed in saline containing the following (in mm): 103 NaCl, 3 KClI,
1.5 CaCl,, 4 MgCl,, 26 NaHCO3, 1 NaH,PO,, 10 glucose, 2 sucrose, 10
trehalose, and 5 TES, 2-[Tris(hydroxymethyl)methylamino]-1-ethane-
sulfonic acid, bubbled with 95% O, and 5% CO,. To expose the record-
ing site, the central dark triangle of the posterior head cuticle and trachea
pieces were removed with fine forceps carefully and steadily. Muscle
16 was cut to stop rhythmic movement of the brain if necessary. While re-
cording, the saline was continuously supplied at 1 ml/min.

In the R or TuBu neurons expressing GCaMP6s, the bulb neuropils
in the right hemisphere were recorded with 20x objectives (Objective W
Plan-Apochromat 20x/1.0 DIC, Zeiss). Three to five image planes were
selected to cover the entire bulb, and the distances between adjacent
planes were ~6um to ensure that different microglomeruli were
recorded on each plane. As the brain was immobilized horizontally with
the posterior side up, the dorsal and ventral parts of the bulb neuropil
were designated the superior bulb and inferior bulb, respectively. Images
were acquired at 70.9 Hz (64 x 64 pixels) with 930 nm light. To reduce
the phototoxicity, the laser power around the sample position was below
25 mW. At the end of calcium imaging, a stack of high-resolution images
(512 x 512 pixels) covering the entire bulb were acquired at high excita-
tion intensity and 0.5 um step.

Individual microglomerulus was then identified manually as a region
of interest (ROI) based on a mean and SD image across the entire time
series using Image], with the high-resolution images being taken as a ref-
erence to increase the accuracy of ROI selection. The averaging fluores-
cence intensities within each ROI and the background were computed
for each frame via Image], and then further analyses were performed
using custom MATLAB codes. For each ROI, the raw response trace (F)
was calculated by subtracting the background signal from the averaging
fluorescence intensities. AF/FO was calculated by dividing the fluores-
cence change (AF = F-F0) by the mean intensity over 1 s before the
stimulus onset (F0). Calcium signals from each trial were then smoothed
applying a moving-average filter with a window size of 20. For each
stimulus, two repeated trials were averaged to acquire the mean response
of a single microglomerulus. Peak AF/FO was defined as the maximum
value of the mean response. Because stimulus-independent calcium fluc-
tuations were occasionally observed in the bulb microglomeruli, we have
applied the following criteria to distinguish a visually responsive cell: (1)
The visual responses to a particular stimulus were consistent across two
repeated trials, and (2) the amplitude for an excitatory response was
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larger than 0.15 AF/FO or the amplitude for an inhibitory response was
larger than 0.1 AF/F0. Otherwise, ROIs would be considered a nonres-
ponsive group or were excluded from further analysis.

To map the receptive field of a single microglomerulus, at each eleva-
tion, we combined the response to a 2° square object moving from the
ipsi-to-contra side with those in the opposite direction, and the resulted
response trace was downsampled with the spatial resolution of 2°. Then,
a 64 x 32 matrix was generated and smoothed using a Gaussian filter.
To characterize the excitatory center of the receptive field, its properties
including the area, major and minor axis length, eccentricity, and orien-
tation were measured. Only fields with responses larger than 25% of the
maximum were calculated.

Optogenetic experiments. Female flies were raised in darkness with
standard food containing 0.2 mu all trans-retinal after eclosion for 5-7 d
before experiments. To avoid the spurious activation of CsChrimson,
the flies were dissected as in immunochemistry but under minimal illu-
mination. The brain sample was immobilized with anterior side up on a
poly-p-lysine—coated coverslip and continuously perfused in the same
saline as in in vivo calcium imaging.

CsChrimson was activated by 595 nm LED light pulses for 20 s. The
LED was controlled by custom codes written in Visual Studio C# and
delivered at 0.5Hz. To examine the influence of light intensity on the
responses of R neurons, the following light intensities («W/mm?) were
used: 0.04, 0.38, 0.91, 1.34, 1.83, 3.06, and 3.91, from low to high. For
experiments involving pharmacology, an excitation light at 1.83 uW/mm®
was used. The light intensities were measured at the sample position
using a power meter (PM100D, Thorlabs). For each light condition,
more than three repetitions were tested in experiments. In the control
group without expressing CsChrimson, the preparation was perfused
with 20 mm KCI for 1 min to test its excitability. R neurons of the right
bulb were recorded ex vivo via a two-photon microscope with a 20x
water-immersion objective. Images were acquired at 15Hz (128 x 128
pixels) with 930 nm light during experiments. High-resolution image
stacks (512 x 512 pixels) covering the entire bulb were acquired at the
end of experiments.

Acquired images were processed as in in vivo calcium imaging with
minor modifications. Briefly, the entire superior region from each brain
was recorded as an individual ROI, and the averaged signal within each
ROI was measured using Image]. For each ROI, AF/F0 was calculated by
dividing the fluorescence change (AF = F-F0) by the mean intensity
over 20 s before the stimulus onset (FO). Peak AF/FO was defined as the
maximum value of the filtered averaging trace. To characterize the cal-
cium responses at varying illumination conditions, the normalized peak
AF/F0O was calculated and plotted as a function of light intensity. The
recorded cells showed increased response amplitude as the light intensity
increased (see Fig. 4I). When the light intensity reached 3.06 uW/mm?,
the saturated responses were observed. For each light condition, the nor-
malized peak AF/F0O was defined as the peak AF/FO normalized by that
of the saturated response. The relationship between the normalized peak
AF/FO and light intensity was modeled by a four-parameter logistic
equation using GraphPad Prism 6 (RRID:SCR_002798) software.

Pharmacology. To examine the neural responses to acetylcholine
(ACh), the brain preparation was perfused with Ringer solution con-
taining 1 mm ACh for 2 min. To block the cholinergic transmission,
Mecamylamine (Meca; antagonist of nicotinic acetylcholine receptors,
Sigma-Aldrich) or Scopolamine (Scop, antagonist of metabotropic ace-
tylcholine receptors, MedChemExpress) was added to a final concen-
tration of 50 um to the sample for 10 min, followed by washing the
sample with the drug-free saline. Before, during the drug application,
and throughout the wash period, the visual stimuli were presented for
the in vivo calcium imaging, and the excitation light pulses were given
for the ex vivo calcium imaging.

Behavioral test. Female flies were cold anesthetized briefly and
attached to copper wires by applying a droplet of UV-curable glue
between the head and thorax. Before the experiment, the flies were trans-
ferred into a chamber containing sugar to acclimate overnight at 25°C.
In the flight simulator, the rigid-tethered fly was suspended to a torque
meter via a clamp in the center of an optical fiber screen. The torque me-
ter measured the yaw torque signal, which is generated by the steering
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effort of flies in the yaw axis, and converted the signal into electrical volt-
age that was recorded in real time by a data acquisition device (USB-
1208FS, Measurement Computing). A positive voltage represented a
clockwise turn, and a negative voltage represented a counterclockwise
turn. Acquired data were stored on the computer with a sampling rate of
20 Hz using custom Visual Studio C# codes.

The following analyses were performed using custom MATLAB
codes. For the open-loop trials, two or three repeated trials for each stim-
ulus were averaged to obtain a mean tracking response of a single fly. To
evaluate the tracking performance of flies, we calculated the correlations
between their steering trajectories and stimulus positions. To quantify
the variability in steering trajectories within each fly group, traces were
normalized by performing a z-score transformation, and then SDs were
calculated for the entire duration of the stimulus presentation. For the
closed-loop phase, the position of a black bar was controlled by the teth-
ered fly. The flies that could not frontally fixate the dark bar or stopped
during experiments were excluded in our analysis.

Experimental design and statistical analysis. For in vivo two-photon
calcium imaging that is used to analyze the calcium responses of R or
TuBu neurons to both the luminance- and motion-defined bars, 116
ROIs from 10 flies were selected for testing the calcium responses of R
neurons labeled by R20A02-GAL4, 64 ROIs from 7 flies for TuBu neu-
rons labeled by R48B06-GAL4, and 84 ROIs from 7 flies for R4d neurons
labeled by ¢232-GAL4. To compare the calcium responses of superior R
neurons to motion-defined bars with five different random dot patterns,
10 ROIs from 6 flies were selected. To compare the calcium responses of
superior R neurons to motion-defined bars of varying width, 10 ROIs
from 6 flies were selected. In pharmacology experiments, six flies (in
vivo) or brain samples (ex vivo) were used to identify the neurotransmit-
ter for TuBu to R neuronal signaling. For all experiments above, peak
calcium responses of ROIs were compared between two or more groups.
A two-tailed paired t test was used to compare two groups if the normal
distribution could be assumed; otherwise Wilcoxon matched-pairs
signed-rank test was used. Repeated-measures ANOVA (Friedman test)
was used to compare five groups that presented with different motion-
defined bars as the data were not normally distributed.

For RNAI experiments, 10 ROIs from 5 flies were selected in the control
group, and 9 ROIs from 5 flies were selected in two experimental groups.
For optogenetic experiments with excitation light at 1.83 uW/mm®, 6
and 10 brain samples were examined in control and experimental
groups, respectively. For these experiments, an unpaired t test was per-
formed to compare the peak calcium responses between two groups if
the normal distribution could be assumed, otherwise a Mann-Whitney
test was performed.

For behavioral experiments, 14-18 flies were examined in two paren-
tal control and experimental groups. The detailed sample size of each
group can be found in the figure legends. The correlations and SDs were
compared among three groups. If the data were normally distributed,
one-way ANOVA with Tukey’s multiple comparisons was performed
when variances were equal; otherwise, the Brown-Forsythe ANOVA
with Tamhane’s test was used. If the data were not normally distributed,
the Kruskal-Wallis test with Dunn’s test was performed.

Statistical analysis was conducted using GraphPad Prism 6 or IBM
SPSS 23.0 (RRID:SCR_002865) statistical software. Shapiro-Wilk nor-
mality tests were performed to test whether data were normally distrib-
uted. The statistical significance of tests was indicated as **p < 0.001,
**p < 0.01, *p < 0.05,and (n.s.) p>0.05.

Code availability. Custom codes used in this study are available from
the corresponding author on reasonable request.

Results

Bulb microglomeruli of R neurons show distinct response
patterns to motion- and luminance-defined bars

To examine whether R neurons are involved in the encoding of
motion-defined bars and whether the encoding of motion- and
luminance-defined bars differed in their signal transduction path-
ways, we analyzed the visual responses of bulb microglomeruli,
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focusing on the superior and inferior subdomains, which are spa-
tially distinct. R20A02-GAL4 was used as the driver because this
line labels most R neurons (Fig. 14,B), including R2, R3w, R4d,
and R5 microglomeruli in the superior bulb and R3d/m/p micro-
glomeruli in the inferior bulb, according to a previous study using
the MultiColor FlpOut technique (Fisher et al,, 2019). A 30° x 64°
motion- or luminance-defined bar moved at 40°/s on a curved
LED screen placed in front of flies, and two-photon calcium
imaging was conducted to record calcium signals in vivo (Fig.
1C,D). With the expression of the genetically encoded indicator
GCaMPés, three to five image planes were selected to cover all
detectable microglomeruli in each hemisphere.

In the superior bulb, we observed that a group of microglo-
meruli, named superior R group 1, responded robustly to both
motion- and luminance-defined bars, whether the bar was
moving from the ipsilateral to contralateral side of the recorded
bulb or in the opposite direction (Fig. 1E,F,L], green; 19 ROIs
in 10 flies). A part of the remaining microglomeruli in the supe-
rior bulb, named superior R group 2, were excited by a lumi-
nance-defined bar only (Fig. 1G-], orange; 44 ROIs in 10 flies).
The motion-defined bar induced significantly smaller calcium
increases than the luminance-defined bar in the superior R
group 1 neurons (Fig. 1K). In the inferior bulb, we did not
observe any responses to a motion-defined bar, whereas a lumi-
nance-defined bar induced variable responses. We observed
calcium increases in a subset of microglomeruli, named inferior
R group 1 (Fig. 1L,M,P,Q, pink; 6 ROIs in 10 flies), and calcium
decreases in another subset of microglomeruli, named inferior
R group 2 (Fig. IN-Q, blue; 5 ROIs in 10 flies). The inferior R
neurons were insensitive to motion-defined bars of varying
width (Fig. 1R; 4°, 8°, 16°, 48° and 64°) or moving velocity (Fig.
1S; 20°/s, 40°/s, 60°/s, 80°/s and 100°/s). In addition, some
microglomeruli were unresponsive to any of our stimuli (Fig.
1LJ,P,Q, gray; 5 ROIs in the superior bulb and 37 ROIs in the
inferior bulb from 10 flies).

Together, our results indicate that motion- and luminance-
defined bars are encoded by different response patterns of spa-
tially segregated bulb microglomeruli of R neurons. Specifically,
both superior and inferior R neurons are involved in the signal
transduction of a luminance-defined bar, whereas only a specific
group of superior R neurons respond to a motion-defined bar.
Notably, the microglomeruli in this group were preferentially
located within the dorsolateral part of the superior bulb (Fig.
1E), where the dendrites of R4d neurons are reported to inner-
vate (Hulse et al., 2021).

Superior R neurons respond to high-frequency motion-
defined bars with pattern-independent and size-tuning
properties

We further investigated the visual response properties of the
superior R group 1 neurons. Responsive microglomeruli were
stimulated by five motion-defined bars with different random
dot patterns (Fig. 2A). There were no significant differences
between calcium responses of the same microglomerulus to the
five stimulations, suggesting a general encoding mechanism for
motion-defined bars. Responses induced by five motion-defined
bars were not direction selective (Fig. 2B). Moreover, the recep-
tive fields of responsive neurons were mapped using a 2° ON
square that moved horizontally. Superior R group 1 neurons had
receptive fields that covered a large part of the ipsilateral visual
field near the midline of the display, much larger than the spatial
extent of the luminance gaps contained within the motion-
defined bar stimuli (Fig. 2C; major axis, 35.6° = 3.6° minor axis,
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Figure 1. Bulb microglomeruli of ring neurons respond distinctly to different bar stimuli. 4, Anatomy of R neurons labeled by R20A02-GAL4 driving the expression of UAS-m(D8::GFP (green)
in the central brain. Neuropil was immunostained with anti-Bruchpilot (magenta). EB, ellipsoid body; BU, bulb. Scale bar, 100 wm. B, The drive line in A targeted most of the R neurons (green)
innervating the superior bulb (BUs) and inferior bulb (BUi). Scale bar, 10 sem. C, Setup for the two-photon in vivo calcium imaging experiments. D, Space—time plots for a 30° x 64° motion-
defined bar (top) and a 30° x 64° luminance-defined bar (bottom) that were moving at 40°/s from the Ipsi to the Contra side of the right bulb. These bars are used in E—Q. E, F, Two-photon
excitation image (E) and calcium responses (F) of an example microglomerulus in the superior bulb. The superior and inferior neuropils are classified as the top and bottom regions, respectively,
divided by the dotted line (E). The example cell exhibited excitation to both motion- and luminance-defined bars. This cell type is referred to as the superior R group 1. Visual stimuli were pre-
sented in both horizontal directions. For each stimulus, response from a single trial is shown in F. The gray-shaded regions represent duration of stimulation (2.5 s). D, Dorsal; V, ventral; M,
medial; L, lateral. G, H, Two-photon excitation image (G) and calcium responses (H) of another example microglomerulus in the superior bulb. The example cell did not respond to motion-
defined bars but was excited by luminance-defined bars. This cell type is referred to as the superior R group 2. 1, J, Peak calcium responses from all recorded superior R neurons to ipsi-to-contra
motion (/) and contra-to-ipsi motion (J). Each dot represents a single microglomerulus. ROIs with the same color showed homogeneous visual responses. Superior R group 1 neurons are indi-
cated as green dots; n = 19 ROIs in 10 flies. Superior R group 2 neurons are indicated as orange dots; n = 44 ROIs in 10 flies. Microglomeruli that did not respond to any of our stimuli are
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25.4° *+ 3.1°). A 30° x 64° motion-defined bar almost fits the
widths of the receptive fields of superior R group 1 neurons (Fig.
2D), which contains high spatial frequency features. We next
recorded neural responses to motion-defined bars of varying width.
The superior R group 1 neurons were sensitive to bars of all tested
sizes (Fig. 2E; 4°, 8°, 16°, 30°, 48°, 64°, and 128°). When the bar was
narrower (16° or less) than their receptive fields, the response ampli-
tudes of superior R group 1 neurons were significantly smaller.
However, as the bar widened to cover their receptive fields, the
response amplitudes statistically increased and saturated (30°), show-
ing a spatial tuning property in the horizontal dimension (Fig. 2E,F).

In summary, our results indicate that the superior R neurons
are actively encoding the high spatial frequency feature of
motion-defined bars, rather than a specific patten or the switch-
ing of individual pixel luminance within the bar, in a pattern-in-
dependent and spatial saturated manner.

TuBug neurons respond to a motion-defined bar

As well as the dendrites of R neurons, many neuronal axons are
also intermingled in the bulb neuropil, forming complex connection
networks (Scheffer et al, 2020; Hulse et al, 2021). One type of
potential inputs, TuBu neurons, extend their neurites from AOTU
to the bulb (Omoto et al., 2017; Hulse et al., 2021). To determine
whether TuBu neurons encode a motion-defined bar, we measured
the visual responses of TuBu neurons targeted by the R48B06-
GAL4 driver. The driver labels TuBu neurons that project from the
lateral and intermediate AOTU to the TuBug and inferior TuBu
(TuBuw), respectively (Fig. 3A). Similar to R neurons, a motion-
defined bar evoked excitatory responses in a group of TuBuy neu-
rons, regardless of the motion direction (Fig. 3B-F, green; 27 ROIs
in 7 flies). No fluorescence changes during the stimulation period
were observed in the remaining TuBu, or TuBu; neurons (Fig. 3B-
F, orange; 12 ROIs in 7 flies; pink, 25 ROIs in 7 flies, respectively).
Further, all recorded microglomeruli in the superior and inferior
bulbs were excited by a luminance-defined bar (Fig. 3C-F). As with
the superior R group 1 neurons, TuBug neurons showed larger
responses to a luminance-defined bar than to a motion-defined one

«—

indicated as gray dots (bottom); n = 5 ROIs in 10 flies. The horizontal and vertical dotted
lines indicate 0.15 AF/F0. K, Comparison of peak responses from the superior R group 1 neu-
rons between a motion-defined bar and a luminance-defined bar. Left, stimuli moved from
ipsi to contra; Wilcoxon matched-pairs signed-rank test, W = 142, p = 0.0028. Right, stimuli
moved from contra to ipsi; Wilcoxon matched-pairs signed-rank test, W = 142, p = 0.0001.
The horizontal dotted line indicates 0.15 AF/F0. L, M, Two-photon excitation image (L) and
calcium responses (M) of an example microglomerulus in the inferior bulb. The example cell
was insensitive to motion-defined bars but was activated by luminance-defined bars. This
cell type is referred to as the inferior R group 1. N, 0, Two-photon excitation image (N) and
calcium responses (0) of another example microglomerulus in the inferior bulb. The example
cell did not respond to motion-defined bars but was inhibited by luminance-defined bars.
This cell type is referred to as the inferior R group 2. Scale bars: E, G, L, N, 10 um. P, Q,
Peak calcium responses from all recorded inferior R neurons to ipsi-to-contra motion (P) and
contra-to-ipsi motion (Q). Inferior R group 1 neurons are indicated as pink dots; n = 6 ROIs
in 10 flies. Inferior R group 2 neurons are indicated as blue dots; n = 5 ROIs in 10 flies.
Microglomeruli that did not respond to any of our stimuli are indicated as gray dots; n = 37
ROIs in 10 flies. The top and bottom horizontal dotted lines indicate 0.15 AF/F0 and —0.10
AF/FO, respectively. The vertical dotted line indicates 0.15 AF/FO. R, Peak calcium responses
of inferior R neurons to motion-defined bars of varying bar width (4°, 8°, 16°, 48°, and 64°).
Each bar moved at 40°/s in both horizontal directions; n = 41 ROIs in 6 flies. The horizontal
dotted line indicates 0.15 AF/FO. Black lines indicate mean = SEM across microglomeruli. S,
Peak calcium responses of inferior R neurons to a 30° x 64° motion-defined bar moving at
20°—100°s. Each bar was presented in both horizontal directions; n = 47 ROls in 6 flies.
The horizontal dotted line indicates 0.15 AF/F0. Black lines indicate mean = SEM across
microglomeruli. ***p < 0.001, **p < 0.01.
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(Fig. 3G). The population of TuBug neurons that were sensitive to
the motion-defined bar sampled a wide part of the ipsilateral visual
hemisphere, near the visual midline (Fig. 3H; major axis, 41.5° =
4.3°% minor axis, 19.0° + 1.8°).

Hence, we identified that a population of TuBu, neurons
responded to a motion-defined bar, which suggests that visual
information might be delivered from TuBuy to superior R neu-
rons and helps to further characterize the different response
properties of the bulb subdomains.

Superior R neurons form direct connections with upstream
TuBug neurons

To test possible synaptic contacts, we examined the locations
of presynaptic and postsynaptic markers in both TuBu and R
neurons. Immunostaining images showed that TuBu neurons
extended presynaptic axons into the bulb neuropil, whereas R
neurons projected postsynaptic dendrites (Fig. 4A-D), thus
indicating a signaling pathway from TuBu to R neurons.
Furthermore, dual-color labeling of TuBu and R neurons
revealed that their branches overlapped in the expected bulb
regions (Fig. 4E). To quantify potential synaptic contacts, the
colocalization ratio was calculated by dividing the number of
the overlapping microglomeruli by that of the microglomeruli
belonging to R neurons only. Statistical analysis revealed that
~70% of microglomeruli were innervated by both neuronal
populations, both in the superior and inferior bulbs (Fig. 4F).

To provide further evidence for synaptic partners, targeted
GRASP experiments were performed to confirm that TuBu neu-
rons were upstream of R neurons. The reconstituted GFP signal
was detected specifically in the bulb when targeting split-GFP11
to the presynaptic sites of TuBu neurons and split-GFP1-10 to
the postsynaptic sites of R neurons (Fig. 4G).

To examine functional connectivity in the superior bulb, we
performed ex vivo calcium imaging combined with optogenetics.
In the experimental group, light-activated CsChrimson was
expressed in TuBu neurons, and the activity of superior R neurons
was recorded via two-photon microscopy. Excitation light with
low to high intensity was produced in sequence to artificially acti-
vate TuBu neurons so that the magnitude of calcium responses
increased monotonically as the light intensity increased. We
detected little calcium transients of superior R neurons below
0.38 uW/mm?, increasing responses over 0.91 wW/mm?, and the
maximum response of ~3.06 ,u,W/rnm2 (Fig. 4H). The light-inten-
sity-dependent responses of the experimental group fit the sigmoi-
dal curve well (Fig. 41), thus indicating that TuBu neurons provide
excitatory inputs to superior R neurons. In contrast, no light-
evoked responses were observed in the control flies (without
expression of CsChrimson), although selected microglomeruli
were activated by Ringer solution containing 20 mm KCl (Fig. 4)).
In the following optogenetic experiments involving pharmacology,
an excitation light of 1.83 uW/mm? was used for a better signal-
to-noise ratio. With this excitation, the peak fluorescence changes
of the experimental group were significantly greater than those of
the control group (Fig. 4K).

Together, our results indicate there are direct structural and
functional connections between R and TuBu neurons, which
provides an anatomic and physiological basis to suggest that
superior R neurons receive synaptic inputs from TuBu, neurons.

nAChR-mediated visual pathway from TuBu, to superior R
neurons encodes the motion-defined bar

We next investigated the neurotransmitter system responsible
for the signaling from TuBus to R neurons. The application of



Duan etal. e Visual Pathway for Motion-Defined Bars J. Neurosci., June 28, 2023 - 43(26):4821-4836 - 4827

A

Max

C
Ipsi to contra \/\‘N\ j\\«\
Wl Wil Wil LT Wl

Al

| — ]
AF/FO

o

Contra to ipsi

IR WS NRATRN

Different random patterns

0.5 AF/FO

30°

!nmmm”"
|

B
ns. 64°
n.s. n.s. n.s. n.s. n.s.
o4, —0s . , . . ,
[ ]
L 8 o
g 1.8 R ® R .
Th g o o
J 12 8 e o g o« _ 2
S Y 68 /e ¢ — 32° ¢
o6 & @ g .. <% s NS =
,,,,,,, RO vieesst SN dhiuees NONSRSROOS. g
0.0~ -32° W
Wl DN WA DN DD MW DA M D&l DN -4 Azimuth  64°
E F

Ipsi to contra

A NN T e

I T \{)_%
%%$Aﬂﬂhﬂ oy 604 041

Contra to ipsi

Peak AF/FO

0.5 AF/FO

Different width (°)
16 30 48 64 128

Different width (°)

Figure 2.  Physiologic properties of the superior R neurons that are sensitive to motion-defined bars. A, Calcium responses of an example superior R neuron to 30° x 64° motion-defined
bars with five different random patterns. Stimuli were presented in both horizontal directions at 40°/s. The gray-shaded regions represent duration of stimulation (2.5 s). B, Comparison of
peak responses from all recorded microglomeruli (n = 10 ROIs from 6 flies) to motion-defined bars with five different random patterns. Repeated-measures ANOVA (Friedman test) was used to
compare all five groups (top, long line), Friedman’s F = 17.56, n.s., p = 0.0923. For each pattern, peak responses to the bar moving in two horizontal directions were compared (bottom, short
lines). Two-tailed paired t test was used for the fourth pattern, and Wilcoxon matched-pairs signed-rank test was used for other patterns. From the first to the fifth pattem, W =7, p =
0.7695; W = 25, p = 0.2324; W =19, p = 0.3750; t(g) = 2.076, p = 0.0677; W = 37, p = 0.0645. The horizontal dotted line indicates 0.15 AF/F0. C, Receptive field maps for microglomeruli
of R neurons that were responsive to motion-defined bars; n = 7 ROIs in 5 flies. A 2° ON square object moved at 32 different elevations in both directions was used to map the receptive field.
D, The contours (25% maximum) of all estimated receptive fields in C. The gray-shaded region indicates a 30° x 64° bar stimulus. E, Calcium responses of an example superior R neuron to
motion-defined bars of varying bar width (4°, 8°, 16°, 30°, 48°, 64°, and 128°). Each bar moved at 40°/s in both horizontal directions. F, Peak calcium responses of superior R neurons to
motion-defined bars of varying bar width. Peak calcium responses to each bar moving in both directions were averaged; n = 10 ROIs in 6 flies. The responses to the 30° bar were compared
with those to the bar of other sizes, respectively. All comparisons were analyzed with Wilcoxon matched-pairs signed-rank tests; 30° versus 4/8/16°, W = 55, p = 0.002; 30° versus 48°,
W=7, p=07695; 30° versus 64°, W = 10, p = 0.1309; 30° versus 128°, W = 10, p = 0.2324. The horizontal dotted line indicates 0.15 AF/F0. Error bars indicate SEM. **p << 0.01.

1 mm ACh generated intracellular calcium transients in the  cell bodies indicated that TuBu neurons release ACh (Fig.
superior microglomeruli of R neurons (Fig. 5A). To test whether ~ 5B-D).

TuBu neurons are cholinergic, we examined the expression of To determine the role of cholinergic neurotransmission and
ChAT, a critical enzyme for ACh synthesis. The colocaliza-  identify the responsible receptor subtype, we used simultaneous
tion of transmembrane GFP and anti-ChAT fluorescence in  optogenetic and pharmacologic tests in combination with ex vivo
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Figure 3.  Superior tuberculo-bulbar neurons respond to a motion-defined bar. A, Anatomy of TuBu neurons labeled by R48B06-GAL4 driving the expression of UAS-m(D8::GFP (green). This

driver line labeled TuBu neurons that project from the AOTU to the superior bulb (BUs) and inferior bulb (BUi). Neuropil was immunostained with anti-Bruchpilot (magenta). Scale bar,
100 wm. B, Calcium responses of three example microglomeruli of TuBu neurons to a 30° x 64° motion-defined bar moving at 40°/s. An example cell in the superior bulb responded to a
motion-defined bar in both directions (green), whereas another example cell in the superior bulb did not (orange). The example cell in the inferior bulb did not respond to motion-defined bars
(pink). The gray-shaded regions represent duration of stimulation (2.5 s). C, D, Peak calcium responses from all recorded TuBug neurons to a 30° x 64° motion- and luminance-defined bar
moving at 40°/s from ipsi to contra (€) and contra to ipsi (D). Each dot represents a single microglomerulus. ROIs with the same color showed homogeneous visual responses. ROIs that
responded to both motion and luminance-defined bars are indicated as green dots; n = 27 ROls in 7 flies. ROIs that responded to luminance-defined bars but not motion-defined bars are indi-
cated as orange dots, n = 12 ROIs in 7 flies. The horizontal and vertical dotted lines indicate 0.15 AF/FO. E, F, Peak calcium responses from all recorded TuBu; neurons to a 30° x 64° motion-
and luminance-defined bar moving at 40°/s from ipsi to contra () and contra to ipsi (F). ROIs that responded to luminance-defined bars but not motion-defined bars are indicated as pink
dots; n = 25 ROIs in 7 flies. The horizontal and vertical dotted lines indicate 0.15 AF/F0. G, Comparison of peak responses from the recorded TuBug neurons, green dots in € and D, between a
motion- and luminance-defined bar. Left, Stimuli moved from ipsi to contra, two-tailed paired ¢ test, t) = 3.704, p = 0.001. Right, Stimuli moved from contra to ipsi; Wilcoxon matched-pairs
signed-rank test, W = 298, p = 0.0001. The horizontal dotted line indicates 0.15 AF/FO. H, Receptive field maps for microglomeruli of TuBus neurons that were responsive to motion-defined
bars; n =7 ROls in 6 flies. ***p < 0.001, **p < 0.01.

calcium imaging (Fig. 5E). We optically activated TuBu neurons
in the presence of ACh receptor blockers. Preincubation with the
nicotinic ACh receptor (nAChR) antagonist Meca (50 um) for
10 min blocked the light-induced responses of superior R neu-
rons (Fig. 5F,G), whereas the muscarinic antagonist Scop (50
uM) did not (Fig. 5H,I). Washout of the drugs with Ringer

solution resulted in the sufficient recovery of calcium levels (Fig.
5F-I).

To further characterize the contribution of ACh in the
signal transduction of a motion-defined bar, the visual
responses of superior R neurons were imaged in vivo with
exposure to ACh receptor blockers (Fig. 5]). Before the
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bulb neuropil of R neurons in the right hemisphere was recorded as an individual ROI. The responses to 595 nm light pulses of the indicated powers are shown. Light pulses at intensities higher
than 0.38 W/mm? triggered a robust calcium influx. Excitatory responses reached a maximum level near 3.06 wW/mm”. The horizontal orange hars represent the light stimulation period (20
s). 1, The normalized peak responses of R neurons exhibited light intensity-dependent increases in EXP; ECsp = 1.06 ,uW/mmz,' n =10 flies. Error bars indicate SEM. J, Calcium responses of R
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drug application, R neurons responded robustly to the bar
stimuli. However, in the presence of 50 um Meca, visually
evoked responses were abolished and then partially recovered
following washout (Fig. 5K,L). In contrast, 50 um Scop had
no significant effects on the response amplitude of R neurons
(Fig. 5M,N). Furthermore, we observed that the RNAi-medi-
ated knockdown of nAChR subunit Dal or Da6 in R neu-
rons significantly reduced their visual responses to the
motion-defined bar compared with the control group (Fig.
50,P).

Thus, the results of our pharmacological investigation and
RNAI experiments indicate that ACh is responsible for relaying
motion-defined visual information, possibly from TuBug neu-
rons to superior R neurons via nAChR.

Normal tracking behavior to a motion-defined bar requires
the TuBu-R pathway

Flies actively steer toward a luminance- or motion-defined bar
(Theobald et al., 2010; Bahl et al., 2013), which motivated our
investigation into the function of R and TuBu neurons in bar
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Figure 5.  Nicotinic ACh receptor is required for ring neurons to receive visual signals from tuberculo-bulbar neurons. A, Application of 1 mm ACh induced an intracellular calcium increase in
R neurons. BD, TuBu neurons expressing UAS-m(D8::GFP (B, green) were immunostained with anti-ChAT (€, magenta). Colocalization of anti-ChAT and GFP signals are shown (D, overlay).
Scale bars, 5 pum. E, Schematic diagram of the ex vivo calcium imaging experiments combined with optogenetics and pharmacology. F-1, Optogenetic activation of TuBu neurons triggered cal-
cium increases in R neurons that were blocked by preincubation with Meca (F, 50 ) for 10 min, but not by Scop (H, 50 ). The horizontal orange bars represent the light stimulation period
(20 5). The results of the statistical analysis were as indicated (G and /). For Meca treatment, n = 6 flies. Before versus Meca, two-tailed paired ¢ test, fs) = 3.259, p = 0.0225; Meca versus af-
ter, Wilcoxon matched-pairs signed-rank test, W = 21, p = 0.0313. Before versus after, Wilcoxon matched-pairs signed-rank test, n.s., W = 3, p = 0.8438. For Scop treatment, n = 6 flies.
Two-tailed paired t tests were used in all comparisons. Before versus Scop, ts) = 2.054, p = 0.0952; Scop versus after, f(s) = 0.1843, p = 0.8610; before versus after, {5y = 1.195, p = 0.2858.
J, Schematic diagram of the in vivo calcdium imaging experiments involving pharmacology or RNAi. K-N, A 30° x 64° motion-defined bar evoked visual responses in R neurons that were
blocked by 50 wum Meca (K), but not by 50 zm Scop (M). The bar moved at 40°/s from ipsi to contra. The gray-shaded regions represent duration of stimulation (2.5 s). The results of the statis-
tical analysis are as indicated (L, N). For Meca treatment, n = 6 flies. Before versus Meca, Wilcoxon matched-pairs signed-rank test, W = 21, p = 0.0313; Meca versus after, two-tailed paired ¢
test, ts) = 3.293, p = 0.0216. Before versus after, Wilcoxon matched-pairs signed-rank test, W = 21, p = 0.0313. For Scop treatment, n = 6 flies. Two-tailed paired ¢ tests were used in all
comparisons. Before versus Scop, fs) = 0.4418, p = 0.6771; Scop versus after, f5y = 0.1173, p = 0.9112; before versus after, 5 = 0.1281, p = 0.7898. 0, P, Downregulating the expression



Duan etal. e Visual Pathway for Motion-Defined Bars

tracking behavior. To explore this behavior, we genetically
silenced the R (R20A02-GAL4) or TuBu (R48B06-GAL4) neu-
rons by expressing Kir2.1, an inwardly rectifying potassium
channel (Baines et al., 2001). Rigid-tethered flies were confronted
with a 30° x 90° luminance- or motion- defined bar oscillating
between +90°, and their real-time steering trajectories were
recorded (Fig. 6A). We initially examined whether Kir2.1 was
expressed in the VNC of blocked flies as previous studies have
demonstrated that neck, wing, or haltere neuropils of the
VNC are responsible for motor control (Court et al., 2020;
Phelps et al., 2021). Immunostaining results showed that
R20A02-GAL4 had little expression in the relevant neuropils
(Fig. 6B). In contrast, R48B06-GAL4 targeted a portion of
neurons that probably innervated the wing neuropil of the
VNC (Fig. 6C). Thus, Tsh-GAL80 was used to further exclude
the interference of these neurons in the VNC for testing
behavior (Fig. 6D).

To evaluate the behavioral performance of flies, the correla-
tion between their steering trajectories and bar positions during
the entire stimulation period was calculated. We found that
blocking R or TuBu neurons had no effects on the correlation as
a luminance-defined bar sweeping across the screen (Fig. 6E-I).
The behavioral responses of R-blocked flies were not signifi-
cantly different from those of the UAS control flies, although
they did show slight differences from the GAL4 control flies (Fig.
6F,G). The responses of TuBu-blocked flies did not show signifi-
cant differences from either control flies (Fig. 6H,I). In contrast,
the inactivation of R or TuBu neurons impaired the tracking
behavior of flies in response to a motion-defined bar (Fig. 6]-N).
In comparison with both parental control groups, bocking R
neurons (Fig. 6K,L) or TuBu neurons (Fig. 6M,N) significantly
reduced the correlations. To further compare the variability
between the trajectories of blocked and control flies, we meas-
ured the SDs of trajectories within each fly group during the pre-
sentation of the motion-defined bar. Throughout the majority of
the simulation period, the SDs in R-blocked flies were larger
than those in both control groups (Fig, 60; R-blocked greater
than UAS control, 86.25%; R-blocked greater than GAL4 control,
80%), which resulted in a significantly increased variances in
steering trajectories (Fig. 6P). Similarly, when TuBu neurons
were blocked, we observed behavioral responses with larger
SDs compared with control flies during most of the stimula-
tion period (Fig, 6Q; TuBu-blocked greater than UAS control,
78.25%; TuBu-blocked greater than GAL4 control, 82.5%).
Statistically, the variances in steering trajectories of TuBu-
blocked flies were significantly increased, compared with both
control flies (Fig. 6R).

Overall, our results support the hypothesis that normal
tracking behavior in response to a motion-defined bar requires
a complete visual pathway from TuBu to R neurons. The dis-
tinct behavioral responses elicited by a motion- and luminance-
defined bar further indicate different visual pathway for flies
when confronted with different visual features.

«—

level of nAChR Dar1 or Dax6 subunit in R neurons significantly reduced their calcium
responses to a 30° x 64° motion-defined bar moving at 40°/s. Control (UAS-GCaMp6s/+;
R20A02-GAL4/+), n = 10 ROIs in 5 flies. a1 RNAi (UAS-GCaMPés/+; R20A02-GAL4/UAS-
nAChRa1 RNAi), n = 9 ROIs in 5 flies. a6 RNAi (UAS-GCaMP6s/UAS-nAChRa6 RNAi;
R20A02-GAL4/+), n = 9 ROIs in 5 flies. Unpaired ¢t tests were used to compare the
responses between the RNAi groups and the control group. Control versus a1 RNAi, t17) =
2.99, p = 0.008. Control versus a6 RNAi, f17 = 2.59, p = 0.02. **p << 0.01, *p << 0.05.
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R4d neurons are involved in the encoding and tracking of a
motion-defined bar

We found that the microglomeruli of R neurons that responded
to motion-defined bars were preferentially located within the
dorsolateral part of the superior bulb, where the dendrites of
R4d neurons innervate (Hulse et al., 2021). Hence, we exam-
ined whether R4d neurons encode a motion-defined bar. c232-
GAL4 was used, which has been reported to exclusively target
R4d neurons in the superior bulb (Seelig and Jayaraman, 2013).
Although R3 neurons were labeled with the same driver line,
these two subtypes were distinguished and identified clearly, as
labeled R4d and R3 microglomeruli were located in the supe-
rior and inferior bulbs, respectively (Fig. 7A,B). No expression
was detected in VNC (Fig. 7A). The presentation of a motion-
defined bar evoked calcium increases in R4d neurons, which
showed no directional selectivity (Fig. 7C,D, green; 28 ROIs in
7 flies). R3 neurons did not show any calcium changes (Fig.
7C,D, pink; 46 ROIs in 7 flies). In addition, a small portion of
c232-labeled R4d microglomeruli did not respond to the
motion-defined bar (Fig. 7C,D, orange; 10 ROIs in 7 flies).
These results corroborate our conclusion that the superior
bulb, not the inferior bulb, of R neurons encode the motion-
defined bar. To further characterize the visual response prop-
erties of R4d neurons labeled by c232-GAL4, the receptive
fields were mapped. The receptive fields of responsive R4d
neurons covered the ipsilateral visual hemisphere and were
localized near the midline of the display (Fig. 7E; major axis,
33.9° + 7.5% minor axis, 19.5° = 1.5°).

We next investigated whether R4d neurons are involved in
the bar tracking behavior. We blocked the c232-labeled R3/R4d
neurons by expressing the tetanus toxin light chain (Sweeney et
al., 1995) because the expression of Kir2.1 was lethal for the ex-
perimental flies. The R3/R4d-blocked flies showed more chaotic
tracking trajectories compared with those of both control flies
(Fig. 7F), resulting in significant decreased correlations (Fig. 7G)
and increased variances (Fig. 7H,I). In comparison with control
flies, R3/R4d-blocked flies exhibited behavioral responses with
larger SDs during most of the stimulation period (Fig. 7H; R3/
R4d-blocked greater than UAS control, 82.5%; R3/R4d-blocked
greater than GAL4 control, 85%).

Together, the behavioral results combined with the physiolog-
ical results suggest that c232-labeled R4d neurons contribute to
the bar tracking behavior. These results demonstrate that c232-
labeled R4d neurons play an essential role in the encoding and
tracking of a motion-defined bar and further support the calcium
imaging results that the superior, not the inferior R neurons, are
sensitive to the motion-defined bar.

Discussion

The central brain of Drosophila plays a vital role in visual feature
encoding and visually guided behaviors. Here, we revealed that
neural circuits projecting from TuBu to R neurons in the supe-
rior bulb are sensitive to high-frequency motion-defined bars.
We also identified that signal transmission from TuBu, is medi-
ated by nAChR in superior R neurons, and we demonstrated
that the visual pathway is involved in the bar-tracking behavior
of rigid-tethered flies. Moreover, the physiological and behav-
ioral experiments using restricted lines suggest that R4d neurons
in the superior bulb are required in the tracking of a motion-
defined bar. Our findings provide new insights into the represen-
tation of motion-defined targets in the central brain and their
roles in visually guided behaviors.
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Figure 6. Ring and tuberculo-bulbar neurons are involved in the tracking response toward a motion-defined bar. A, Schematic diagram of the flight simulator. A rigid-tethered fly was sur-
rounded by a panoramic arena. B-D, Anatomy of neurons in the brain and VNC that were labeled by distinct GAL4 lines driving the expression of UAS-Kir2.1::GFP. The following driver lines
were used: R20A02-GAL4 (B), R48B06-GAL4 (C), and R48B06-GAL4NTsh-GAL8O (D). Neuropil was immunostained with anti-Bruchpilot (magenta). Scale bars, 100 wm. E, The space—time plot
for a 30° x 90° luminance-defined bar. The bar started at the center (0°) of the arena and oscillated between == 90° at 90°/s. F, Steering trajectories of R-blocked flies and both parental con-
trol flies in response to the luminance-defined bar. UAS-Kir2.1/+ (left), n = 17 flies; R20A02-GAL4/+ (middle), n = 17 flies; R20A02-GAL4/+; UAS-Kir2.1/+ (right), n = 16 flies. Lines in
deep gray indicate the bar position. Lines in black or deep red represent the mean responses of all flies. An individual line in gray or light red represents the trial-averaged response from a sin-
gle fly. G, The correlations between steering trajectories and bar positions for all flies in F. The correlations in R-blocked flies were significantly different from those in the GAL4 control but not
in the UAS control. Kruskal-Wallis test with Dunn’s multiple comparisons test, H = 7.99, p = 0.0184. GAL4 control versus blocked flies, p = 0.0183; UAS control versus blocked flies, p =
0.1363. Black lines indicate mean = SEM across flies. H, Steering trajectories of TuBu-blocked flies and both parental control flies in response to the luminance-defined bar. Tsh-GAL80/+;
UAS-Kir2.1/+, n = 18 flies; R48B06-GAL4/+; UAS-Kir2.1/+, n = 14 flies; R48B06-GAL4/Tsh-GAL80; UAS-Kir2.1/+, n = 17 flies. I, The correlations between steering trajectories and bar posi-
tions for all flies in H. The correlations in TuBu-blocked flies were not significantly different from those in both parental control flies. Brown—Forsythe ANOVA with Tamhane’s test, F(361) =
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Microglomeruli in the superior and inferior bulbs are thought
to represent different information (Omoto et al., 2017; Shiozaki
and Kazama, 2017; Hardcastle et al., 2021). Our findings in the
present study provide compelling evidence for such a functional
difference. First, a luminance-defined bar was able to evoke exci-
tatory or inhibitory responses in inferior R neurons, whereas it
only activated superior R neurons. The variable responses of the
inferior R neurons indicate that within the R3d/m/p populations
there are two different functional subtypes that carry diverse sig-
nals. A recently published Drosophila connectome, which sug-
gested that different subtypes of R3 neurons receive distinct
inputs, might support this hypothesis (Scheffer et al., 2020; Hulse
et al., 2021). Second, a motion-defined bar elicited robust excita-
tion in a small population of superior R neurons, but no calcium
changes in the inferior R neurons. Anatomical studies have clas-
sified eight subtypes of R neurons in the superior bulb (Hulse et
al., 2021). Here, we identify that R4d neurons are most likely the
population that is sensitive to a motion-defined bar. In contrast,
another visually responsive subtype, R2 neurons, might respond
to a luminance-defined bar in our study or to polarized light as
shown in a previous study (Hardcastle et al., 2021). Whether
other superior neurons, including R3w and R5 neurons, sense
the visual information is still unknown. Finally, the responses of
upstream TuBu neurons to a motion-defined bar resembled
those of R neurons. Previous studies have demonstrated that
TuBu, neurons encode polarization signals, whereas TuBu; neu-
rons do not (Hardcastle et al., 2021). Here, we showed that
TuBu, neurons also transmitted the visual features of a motion-
defined bar, whereas the TuBu; neurons did not. Together, we
provide direct physiological and behavioral evidence to support
a functional division of the superior and inferior bulbs,

«—

2.221, p = 0.1231. GAL4 control versus blocked flies, p = 0.6686; UAS control versus blocked
flies, p = 0.1937. J, The space—time plot for a 30° x 90° motion-defined bar. The bar
started at the center (0°) of the arena and oscillated between = 90° at 90°/s. K, Steering
trajectories of R-blocked flies and both parental control flies in response to the motion-
defined bar. UAS-Kir2.1/+, n = 17 flies; R20A02-GAL4/+, n = 17 flies; R20A02-GAL4/+;
UAS-Kir2.1/+, n = 16 flies. L, The correlations between steering trajectories and bar posi-
tions for all flies in K. The correlations in R-blocked flies were significantly lower than those
in both parental control flies. Brown—Forsythe ANOVA with Tamhane’s test, F508 =
8.478, p = 0.0013. GAL4 control versus blocked flies, p = 0.0054; UAS control versus blocked
flies, p = 0.0458. M, Steering trajectories of TuBu-blocked flies and both parental control flies
in response to the motion-defined bar. Tsh-GAL80/+; UAS-Kir2.1/+, n = 18 flies; R48B06-
GAL4/+; UAS-Kir2.1/+, n = 14 flies; R48B06-GAL4/Tsh-GAL80; UAS-Kir2.1/+, n = 17 flies.
N, The correlations between steering trajectories and bar positions for all flies in M. The cor-
relations in TuBu-blocked flies were significantly lower than those in both parental control
flies. One-way ANOVA with Tukey's test, Fp4) = 7.802, p = 0.0012. GAL4 control versus
blocked flies, p = 0.0011; UAS control versus blocked flies, p = 0.0249. 0, The differences in
the SD of steering trajectories between R-blocked flies and both control flies (solid line, UAS
control; dotted line, GAL4 control) throughout the duration when a motion-defined bar was
presented. Values > 0 represent the time intervals in which the steering trajectories in R-
blocked flies had larger SDs compared with control groups. P, Comparisons of SDs between
R-blocked flies and both parental control flies. The SDs in R-blocked flies were significantly
larger than those in control flies; n = 80 data points in each group. Kruskal-Wallis test with
Dunn’s multiple comparisons test, H = 51.14, p << 0.0001. GAL4 control versus blocked flies,
p << 0.0001; UAS control versus blocked flies, p << 0.0001. Q, The differences in the SD of
steering trajectories between TuBu-blocked flies and both control flies throughout the dura-
tion when a motion-defined bar was presented. Values > 0 represent the time intervals in
which the steering trajectories in TuBu-blocked flies had larger SDs compared with control
groups. R, Comparisons of SDs between TuBu-blocked flies and both parental control flies.
The SDs in TuBu-blocked flies were significantly larger than those in control flies; n = 80
data points in each group. Kruskal-Wallis test with Dunn’s multiple comparisons test, H =
54.93, p << 0.0001. GAL4 control versus blocked flies, p << 0.0001; UAS control versus
blocked flies, p << 0.0001. ***p << 0.001, **p << 0.01, *p << 0.05.
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indicating that the neural mechanisms for luminance- and
motion-defined bars representation are partially separated in the
central brain.

Our work identified that a subpopulation of TuBu, neurons
transmitted information regarding motion-defined bars to supe-
rior R neurons. Previous studies have reported that the visual
responses of superior R neurons to a luminance-defined bar also
originate from upstream TuBug neurons (Sun et al.,, 2017). Might
it be possible that these two kinds of visual signals originate from
different inputs to a single TuBug neuron? There are primarily
two classes of neurons that provide inputs to TuBu neurons:
MeTu (Medullo-Tubercular) and AOTU046 (or VBT) neurons
(Scheffer et al., 2020; Tai et al., 2021). MeTu neurons are dem-
onstrated to respond to luminance-defined stimuli and polar-
ized light (Hardcastle et al., 2021), whereas the visual property
of VBT neurons remains unknown. These studies suggest that
TuBug neurons may receive motion- and luminance-defined
visual signals from distinct inputs. Moreover, some visual pro-
jection neurons in the lobula complex show a unique prefer-
ence for a luminance- or motion-defined bar (Aptekar et al.,
2015; Wu et al.,, 2016; Stidele et al., 2020). We therefore
hypothesize that these visual features may be segregated early
at the level of the peripheral visual system (before the AOTU)
and then converge in TuBug neurons.

In the bulb neuropil, TuBu neurons and their downstream R
neurons form spatially restricted synaptic connections (Hulse et
al., 2021). Our study demonstrate that the calcium and behav-
ioral responses are quite similar between TuBug and superior R
neurons, which indicates that the function of their synapses
might be a relay of visual information. Furthermore, we hypothe-
size that a population coding mechanism is able to resolve the
visual discrimination in the neuronal networks within the bulb.
Of the R neuron subtypes, R2 and R4d neurons in the superior
bulb, R3m/p neurons in the inferior bulb, and R4m neurons in
the anterior bulb have been reported visually responsive (Seelig
and Jayaraman, 2013; Shiozaki and Kazama, 2017; Sun et al,
2017; Hardcastle et al., 2021). It is noteworthy that the same sub-
type of R neurons can be activated by multiple visual features,
for instance, R2 and R4m neurons multiplexes polarized and
unpolarized light signals (Hardcastle et al., 2021). Our results
demonstrate that R4d neurons are activated by both motion-
and luminance-defined stimuli. Consequently, it is unlikely
that different visual features are discriminated through one
specific subtype of R neurons. Instead, our data suggest that
motion- and luminance-defined bars could be distinguished
by ensemble activities of superior and inferior R neurons.
When motion-defined bars are displayed, R4d neurons in the
superior bulb are activated, and the activities of inferior R
neurons remain unchanged. In contrast, R neurons in both
the superior and inferior bulbs respond to the presentation
of luminance-defined bars. The diverse visual features deliv-
ered from the peripheral visual system could be transformed
into a reduced representation via population coding strat-
egies of R neurons, enabling flexible encoding in the central
brain.

As a multisensory and motor center, R neurons express sev-
eral kinds of neurotransmitter receptors for integrating external
sensory cues and modulating outputs. Excitatory inputs from
NMDA and 5-HT receptors have previously been demonstrated
to regulate circadian rhythms (Nichols, 2007; S. Liu et al., 2016;
C. Liu et al, 2019; Raccuglia et al, 2019). GABA inhibition
among R neurons plays a critical role in promoting copulation
(Ishimoto and Kamikouchi, 2020). Dopaminergic signaling to R
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Figure 7. R4d neurons participate in the encoding and tracking of a motion-defined bar. A, Anatomy of neurons in the brain and VNC that were labeled by 232-GAL4 driving the expression
of UAS-m(D8::GFP. Neuropil was immunostained with anti-Bruchpilot (magenta). Scale bars, 100 m. B, The drive line in A targeted R4d neurons that innervate the dorsolateral part of the
superior bulb (BUs) and R3 neurons that innervate the inferior bulb (BUi). Scale bar, 10 wm. €, Calcium responses of three example microglomeruli of R neurons to 30° x 64° motion-defined
bars moving at 40°/s. An example R4d microglomerulus responded to a motion-defined bar in both directions (green), whereas another R4d microglomerulus did not (orange). The example R3
microglomerulus did not respond to motion-defined bars (pink). The gray-shaded regions represent duration of stimulation (2.5 s). D, Peak responses of all recorded R4d (green and orange)
and R3 (pink) neurons from seven flies to a motion-defined bar in both directions. Green dots, n = 28 ROIs; orange dots, n = 10 ROIs; pink dots, n = 46 ROIs. ROIs with the same color showed
homogeneous visual responses, n.s., Wilcoxon matched-pairs signed-rank test, W = 144, p = 0.1042. Black lines indicate mean == SEM across microglomeruli. E, Receptive field maps for micro-
glomeruli of R4d neurons that were responsive to motion-defined bars; n = 10 ROIs in 5 flies. F, Steering trajectories of flies with distinct genotypes. UAS-TNTE/+ (left), n = 15 flies; 232-
GAL4/+ (middle), n = 15 flies; 232-GAL4/+; UAS-TNTE/+ (right), n = 14 flies. Lines in deep gray indicate the bar position. Lines in black or deep red represent the mean responses of all
flies. An individual line in gray or light red represents the trial-averaged response from a single fly. G, The correlations between steering trajectories and bar positions for all flies in F. The corre-
lations in R3/R4d-blocked flies were significantly lower than those in both parental control flies. Brown—Forsythe ANOVA with Tamhane’s test, F5 5) = 12.38, p = 0.0002. GAL4 control versus
blocked flies, p = 0.0039; UAS-control versus blocked flies, p =0.0047. Black lines indicate mean == SEM across flies. H, The differences in the SD of steering trajectories between R3/R4d-
blocked flies and both control flies (solid line, UAS control; dotted line, GAL4 control) throughout the duration when a motion-defined bar was presented. Values > 0 represent the time inter-
vals in which the steering trajectories in R3/R4d-blocked flies had larger SDs compared with control groups. /, Comparisons of SDs between R3/R4d-blocked flies and both parental control flies.
The SDs in R3/R4d-blocked flies were significantly larger than those in control flies; n = 80 data points in each group. Kruskal-Wallis test with Dunn’s multiple comparisons test, H = 52.64, p
<< 0.0001. GAL4 control versus blocked flies, p << 0.0001; UAS control versus blocked flies, p << 0.0001. ***p << 0.001.
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neurons is indispensable to motor coordination (Kottler et al.,
2019). Although many studies have investigated the participation
of R neurons in visually guided behaviors, the underlying neuro-
transmission remains poorly understood. Here, we revealed that
nAChR contributes to visual signaling from TuBug neurons to
superior R neurons, highlighting their role in the motion vision.
In the vertebrate visual cortex, cholinergic signaling is incorpo-
rated into visual sensory enhancement (Groleau et al, 2015),
which suggests that an analog in flies might improve the discrim-
ination of a motion-defined bar. However, we cannot rule out
the possibility that other transmitters might also be incorporated
into the visual pathway. Nonetheless, our results broaden our
knowledge of the way the central brain guides multiple behaviors
that rely on diverse chemical signaling systems.

When the normal function of TuBu or R neurons was altered,
impaired tracking responses were observed to a motion-defined
bar but not to a luminance-defined bar. The behavioral effects
on the motion-defined bar tracking behavior are within our ex-
pectation from the calcium imaging results, further supporting
that superior TuBu and R neurons are actively encoding a high-
frequency spatial feature. In contrast, the TuBu—R pathway does
not appear to be involved in the luminance-defined bar tracking,
although the majority of TuBu and R neuron subtypes showed a
preference for a low-frequency solid ON bar. The distinct be-
havioral effects highlight a functional role of superior TuBu
and R neurons in discriminating motion-defined features.
These neurons with no directional selectivity may enhance the
overall discrimination of high spatial frequency information
within the motion-defined bar and work in conjunction with
motion direction detectors, thereby enabling the downstream
circuits to generate appropriate directional flight steering
commands.

However, both TuBu- and R-blocked flies showed remaining
tracking responses to motion-defined bars. These results indicate
that alternative visual pathways contribute to bar tracking behav-
ior, which is likely important for behavioral stability. Visually re-
sponsive neurons in the lobula complex that have no direct
connection with the central complex are potential alternatives
(Aptekar et al., 2015; Stddele et al., 2020). Another possible expla-
nation for the remaining tracking behavior is that in the case of
population coding, the driver lines we used targeted only a por-
tion of the relevant neurons. Moreover, the discrepancy of the
behavioral effects when neurons were silenced with distinct
driver lines might be because they targeted different populations
of the relevant neurons. Considering the remarkable ability of
flies to track a motion-defined bar, a more detailed analysis of
the functional visual pathway is warranted.

In conclusion, we identified the neural correlates for the rep-
resentation of motion-defined bars in the central brain and
highlighted the essential roles of TuBu and R neurons in visu-
ally guided behaviors. Moreover, R neurons innervating the
superior and inferior bulb domains were revealed to show dis-
tinct response patterns to motion- and luminance-defined bars.
These results suggest that the bulb might act as a portal for
external sensory information flowing into the central complex,
with visual features segregated by functionally distinct circuits.
Our findings provide new directions for investigating the func-
tion of the central complex in sensory-motor transformation.
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