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SUMMARY

Several fundamental aspects of motion vision circuitry are prevalent across flies and mice. Both
taxa segregate ON and OFF signals. For any given spatial pattern, motion detectors in both taxa
are tuned to speed, selective for one of four cardinal directions, and modulated by catecholamine
neurotransmitters. These similarities represent conserved, canonical properties of the functional
circuits, and computational algorithms for motion vision. Less is known about feature detectors,
including how receptive field properties differ from the motion pathway, or whether they are under
neuromodulatory control to impart functional plasticity for the detection of salient objects from a
moving background. Here, we investigated 19 types of putative feature selective lobula columnar
(LC) neurons in the optic lobe of the fruit fly Drosophila melanogasterto characterize divergent
properties of feature selection. We identified LC12 and LC15 as feature detectors. LC15 encodes
moving bars, whereas LC12 is selective for the motion of discrete objects, mostly independent of
size. Neither is selective for contrast polarity, speed, or direction, highlighting key differences in
the underlying algorithms for feature detection and motion vision. We show that the onset of
background motion suppresses object responses by LC12 and LC15. Surprisingly, the application
of octopamine, which is released during flight, reverses the suppressive influence of background
motion, rendering both LCs able to track moving objects superimposed against background
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motion. Our results provide a comparative framework for the function and modulation of feature
detectors and new insights into the underlying neuronal mechanisms involved in visual feature
detection.

eTOC blurb

What are the neuronal mechanisms for extracting visual features? Stadele ef a/. examine a group of
19 neuron classes of the fly brain and highlight two that detect visual features with response
properties very different from those that characterize motion vision. Feature detection by these
cells is under neuromodulatory influence by octopamine.

Keywords

object vision; motion vision; visual processing; octopamine; lobula columnar neurons; visual
projection neurons

INTRODUCTION

The adage “A picture is worth a thousand words” highlights the economy of visual
information. A commonplace visual function is the perception of the features that
discriminate salient objects from a complex background scene. Salient features can include
color, contrast, shape, size, orientation, texture, or relative motion. Feature-detecting visual
projection neurons (VPNSs) encode and convey this information between brain areas and
have been identified in a variety of animals including frogs [1], feline cortex [2,3], mouse
superior colliculus [4,5], zebrafish tectum [6], the optic lobe of dragonflies, blowflies,
hoverflies [7-10], and fruit flies [11-14]. The seemingly ubiquitous presence of feature
detecting VPNs in a wide variety of taxa emphasizes the evolutionary pressure for this form
of visual processing. Yet the computational structure, connectivity, and modulation of
feature detectors remain poorly understood by comparison to the heavily investigated
mechanisms for motion vision [15-17]. Comparisons between the two could provide
fundamental insights.

Motion vision seems to be a broadly conserved neural computation as evidenced by striking
similarities between flies and mammals including parallel neuronal circuits for computing
the movement of dark (OFF) edges and bright (ON) edges, and selectivity by individual cells
for motion in one of four orthogonal directions [18]. Due to these similarities, great strides
have been made in elucidating the circuits underlying these computations. Circuit
connectivity, however, cannot fully explain motion vision, as neither the mammalian nor
insect visual system is functionally ‘hard-wired’ [19,20]. The mammalian retina is richly
innervated by catecholaminergic neurons releasing dopamine, epinephrine, and
norepinephrine [21]. In flies, the analog of norepinephrine, octopamine, acts to increase the
response gain and frequency sensitivity of motion-detecting neurons as well as every
upstream input tested to date [20].

In flies, numerous putative feature detecting VPNs have been identified in the fourth optic
ganglion, the lobula [12,22-25], including the lobula columnar neurons (LCs, ~20 types).
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Each LC class comprises 20 to 200 columnar copies [12]. LC dendrites tile the visual field
and the synaptic terminals form discrete glomerular structures where retinotopy is lost
[11,12,26]. Recent studies have begun to explore the functional properties of LC neurons
and their responsiveness to visual features such as looming, edge motion, and small object
motion [11-13,26-30], but the functional properties of many of these LCs, their selectivity
for the visual features that draw flies’ attention, and whether they share conserved properties
of mation vision, remains unresolved.

Here, we initiated a functional screen of 17 LC and 2 lobula plate lobula columnar (LPLC)
neuron classes for physiological responses to visual stimuli that evoke robust tracking of a
vertical bar [31,32], avoidance of a small object [31,33,34], and smooth fixation of a drifting
wide-field panorama [35,36]. Upon identifying LC classes that responded vigorously to
these stimuli, we comprehensively analyzed the receptive field properties using stimulus
parameters that characterized defined circuits in the motion pathway. Finally, we test the
hypothesis that octopamine modulates visual response gain, similar to the motion pathway
[37-39]. We found that the receptive field properties and LC neuromodulation differ
qualitatively from the canonical properties of the motion pathway.

We use the terms ‘wide-field’ or ‘panoramic’ to refer to visual stimuli, such as periodic
gratings, that extend over the entire elevation and azimuth of our display to stimulate a large
portion of the visual field. The terms “object’ and ‘figure’ refer to stimuli that differ from the
visual background and only stimulate a small visual field. A vertical bar and a small square
are objects.

Several LC types show responses to vertical bars and small objects

We screened 19 identified types of VPNs [12,23,24] for visual responses to three classes of
visual stimuli we refer to as standard stimuli: a dark 8.8x8.8° small object, a dark 8.8x70°
vertical bar against a uniformly lit background, and periodic wide-field grating (period
17.6°). All stimuli moved at 22°/s (grating temporal frequency 1.25Hz). These stimuli are
shown to evoke robust visuomotor behaviors in walking and flying flies [31,33,34]. The
screen included 17 LC neurons and 2 LPLC neurons. We exclusively used split-GAL4 driver
lines because of their high specificity for the respective class of neurons. Visually evoked
GCaMP6f responses from head-fixed flies were recorded using two-photon calcium imaging
(Figure 1A). Stimuli were projected onto a cylindrical arrangement of light-emitting diodes,
and recordings were performed in the right optic lobe (Figure 1B). We recorded population
activity of a given LC type by imaging from the axon terminals forming a glomerulus in the
ventrolateral protocerebrum (VLP, Figure 1C, S1B-C). Although this is a small stimulus set,
we were surprised to find that only five out of the 19 screened LC types responded to the bar
or small object stimuli (Figure 1D). LC15 responded mainly to the vertical bar, LC12 and
LC16 responded to both the bar and the small object, and LC11 and LC26 responded only to
the small object. None of the 17 LC and 2 LPLC types showed strong responses to the wide-
field grating.

Curr Biol. Author manuscript; available in PMC 2021 July 06.
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Qualitatively, response profiles generated with solid dark objects agreed with experiments in
which we controlled for spatial luminance cues with randomly textured objects moving
against a similar random background — the object disappears if it stops moving (Figure
S1A). Most tested LC types showed similar responses to motion-defined objects (Figure
S1A) and luminance-defined objects (Figure 1D). LC16 and LC26, however, respond only to
luminance-defined objects. LC16, as well as LC4, LC6, and LPLC2, have been previously
shown to be excited by a looming solid disk, or a single edge of the disk [12-14,30]. LC10a
responds to 10° square objects [29], but our driver labels LC10b [12], which is not excited
by small objects (Ines Ribeiro personal communication). Because LC16 or LC26 did not
generalize luminance- and motion-defined objects, we did not explore these LC types
further. LC12 has been explored previously, but only with bar or edge stimuli [27], not small
objects. LC11 has been comprehensively described previously [11]. We therefore focused on
LC12 and LC15, as well as novel results of two experiments with LC11. We have addressed
the following questions: 1) What are the cellular inputs to LC12 and LC15, and what
information is conveyed within the postsynaptic dendrites? 2) Which visual features of an
object do LC12 and LC15 respond to, and what are the receptive field properties?

Presynaptic activity evoked by small object motion is localized to lobula layers 2/3

Identifying the presynaptic inputs is crucial to understanding the mechanism for feature
detection by higher-order LC projection neurons. We devised a computational approach to
screen >3500 registered Janelia GAL4 driver lines [40] for neurons that arborize within
lobula layers 2 to 4, where LC12 and LC15 postsynaptic arbors are located. We focused on
lines originating in the medulla or lobula plate. The screen identified 300—400 candidate
input lines, and we selected roughly 50 lines to test for LC connectivity. Our screen included
T2 and T3 neurons, which are shown to be highly sensitive to small objects and to innervate
LC11 [41], as well as T4 and T5 motion-detecting neurons [42]. Our screen most likely did
not include Tm2, Tm3, Tm4, or Tm9. To determine whether a candidate line is synaptically
connected to one of the LC neurons, we tested for anterograde trans-Tango labeling [43] of
LC glomeruli that can be readily identified by their shape and location in the VVLP [25].
Unfortunately, none of the selected lines labeled LC12 or LC15 glomeruli (data not shown),
including T2, T3, T4, and T5 neurons, which is noteworthy given the broad interest in these
cells. These negative results suggest that neither LC12 nor LC15 receive direct synaptic
inputs from any of the T neurons and may instead rely heavily on indirect innervation
pathways. Near-future electron microscopy reconstruction results identify direct LC input
partners and indirect circuits.

Our failure to identify potential input neurons motivated us to revisit the distribution of pre-
and postsynaptic LC neuron arborizations across lobula layers. Prior immunohistochemical
studies indicate a layer-specific neuropharmacological organization in the lobula. Lobula
layers 2 and 3, for example, show enriched GABAergic signaling [44], and layers 1 and 4
seem to be enriched with cholinergic structures [45]. Confirming work by Wu and
colleagues [12], co-labeling with DenMark and synaptotagmin (syt.eGFP) [46] revealed that
LC12 has no presynaptic sites in the lobula (Figure 2A). Postsynaptic arbors were mainly
concentrated in lobula layers 2 and 4, with sparse arbors in layer 3. Figure 2B summarizes
the known arbor distribution for all LC neurons identified by our screen responsive to both
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motion-defined and luminance-defined objects (LC11, LC12, LC15, Figure 1D, S1A), plus
two others that respond to luminance-defined solid objects only (LC13, LC16, LC26, Figure
1D). Whereas the distribution of pre- and postsynaptic arbors for each of these LC types is
complex, only LC11, LC12, and LC13, which are generally responsive to small moving
objects, possess postsynaptic arbors within lobula layer 2 (Figure 2B). We thus tested the
hypothesis that motion-defined small object signals are conveyed selectively to lobula layer
2. We expressed synapse-localized GCaMP6s within a pan-neuronal driver line (R57C10-
GAL4) and imaged presynaptic calcium activity in the lobula evoked by our three test
stimuli. We compiled maximum intensity projections within a narrow strip orthogonal to the
layers of the lobula (Figure 2C). Figure 2D shows data from three out of ten flies.
Subtraction of the bar response profile from the object response revealed that in each
preparation the small object strongly activated layer 2 and, in many preparations, also layer
3 (Figure 2D and E, obj-bar, Figure S2). By contrast, we did not find consistent layer-
specific activation by the bar. Activation by the wide-field grating was restricted mainly to
layer 1 (Figure 2F), which is innervated by columnar T5 motion detectors [12]. Notably,
columnar medulla T2a (misidentified in [41] as T2) innervates layers 2/3, and T3 neurons
innervate layer 3 [22]. T2 and T3 are both sensitive to ON and OFF flashes, selective for
small objects, and show trans-Tango labeling of LC11 [41], but not LC12 and LC15. Thus, if
LC11, LC12, and LC15 pool from any common upstream pathways, they are likely complex
and indirect.

LC12 and LC15 are ON-OFF object motion detectors

To better understand the visual properties of LC12 and LC15, we first tested contrast
polarity preferences by using an 8.8x70° bright and dark vertical bar that moved 22°/s
horizontally over the display. Previous experiments showed that LC12 and LC15 responded
strongly to this bar size (Figure 1D). In both LCs, the time series of GCaMPG6f responses
were similar for the brightest ON, and the darkest OFF bar (Figure 3A) and peak responses
were not statistically different from each other (Figure 3A’). Parameterizing the Weber
contrast indicated that LC12 and LC15 are selective for high contrast, regardless of polarity
(Figure 3B, B’). Neither LC12 and LC15 showed contrast polarity differences and are thus
equally sensitive to bright or dark objects.

LC11 has been shown to detect only small objects when they are moving [11]. We tested if
LC12 and LC15 show a similar motion selectivity by comparing GCaMP6f responses of a
moving dark bar (8.8x70°, 44°/s velocity) to the appearance (OFF transient) and
disappearance (ON transient) of a static flicker. The temporal frequency of the ON and OFF
transients of the static flicker coincided with the edge transitions imposed by the moving bar.
Our data reveals that LC12 and LC15 are both movement detectors. Both the average time
course of GCaMP6f activity (Figure 3C) and the peak response amplitude (Figure 3C’)
indicate that LC12 and LC15 are significantly more responsive to a moving bar than to the
flicker generated by its edges.

Curr Biol. Author manuscript; available in PMC 2021 July 06.
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LC12 dendrites span more columns than its receptive field whereas LC15 dendrites span

fewer

The relationship between dendritic span and receptive field size could inform structure-
function relationships. We, therefore, revisited LC12 and LC15 anatomy by performing
multicolor stochastic labeling of single LC neurons (MCFO-1, [47]) and counted how many
lobula columns are covered by the dendrites of individual cells (Figure 4A). Similar to
results described by Wu and colleagues [12], we found that the dendrites of individual LC12
neurons spanned on average five columns in the anteroposterior axis (5.2+1.2 columns) and
three columns in the dorsoventral axis (3.3£0.7 columns, N=9 flies, >50 cells). Considering
that each column samples ~5° of the visual field, the LC12 dendritic span corresponds to
~26%16°. By contrast, individual LC15 dendrites spanned on average five columns in the
anteroposterior axis (5.3£0.6 columns) and five columns in the dorsoventral axis (5.1+0.9
columns, N=11 flies, >50 cells), corresponding to ~26x25°,.

We next sought to characterize the receptive field (RF) size of individual LC12 and LC15
neurons. We measured single-cell responses of individual LC neurons within the LC cluster
by recording calcium responses of individual neurites in the lobula (Figure 4B) in response
to a 2.2° dark bar displaced in 13° increments in each cardinal direction (see Star Methods).
In short, the 105x66° arena test area was binned into eight azimuthal and five elevation
sampling bins (Figure 4C). For all tested LC12 neurons, the RF of individual neurites was
very small, on the order of a single 13° sampling bin (Figure 4C). By contrast, the RF of
individual LC15 neurites comprised at least three bins in the vertical and horizontal direction
(Figure 4D). To determine the average RF size across animals, we spatially normalized to
the bin that showed the strongest calcium responses (bin 0 = RF center) and plotted the
surrounding responses relative to bin 0 (Figure 4C’, D”). LC15 neurites with their RF
occluded by the display boundary were excluded from the analysis. RF sizes for both LC
types were consistent within and across animals. On average, LC12 receptive field was 13°
or smaller (Fig 4°), whereas LC15 receptive field was ~40° in the horizontal and vertical
direction (Figure 4D”). RF centers for both LCs were distributed across the visual field (Fig
4C”, D).

The difference in RF size between LC12 and LC15 could explain why there are about 200
copies of LC12 neurons to sample the full visual field, by comparison to about 70 copies of
LC15 neurons. When comparing the RF sizes with the dendritic span, we found that
individual LC12 dendrites span about twice as many columns in the anteroposterior axis as
the receptive field (26x16° dendritic span versus 13x13° RF), suggesting that dendrites of
individual LC12 neurons are overlapping by about 50% and might thereby receive spatial
inhibition. We found the opposite for LC15 in which individual LC15 dendrites cover only
60% of the RF (26x25° dendritic span versus 40x40° RF).

LC12 is a speed-insensitive horizontal motion detector, while LC15 is a speed-insensitive
omni-directional motion detector

Motion detectors show strong preferences for stimulus direction [3,42,48]. We tested
whether LC12 or LC15 show directional selectivity. From the data collected during the RF
scan, we extracted the maximum GCaMP6f responses of individual neurites to the
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movement of a 2.2° wide dark bar in each of the four cardinal directions (22°/s velocity). We
found that LC12 responded equally to motion in either direction along the horizontal axis
(Figure 5A, top) but was almost insensitive to motion in the vertical axis. The RF size and
dendritic span of individual LC12 neurons might explain this finding. Both are small in the
vertical dimension. It seems plausible that there is little vertical dendritic overlap between
adjacent LC12 neurons, which would explain why individual LC12 neurons are only
responsive to a small spot (13°) along this dimension. By contrast, LC15 appeared to be
omnidirectional and showed the same response amplitude to motion in all four directions
(Figure 5A, bottom).

The velocity of behaviorally relevant signals is an essential parameter for behavioral control.
An object that approaches quickly elicits an escape response while a slow approaching
object might be ignored. We tested speed dependence in LC12 and LC15 by using an
8.8x70° dark bar moving horizontally from front to back with velocities ranging from 22 to
132°/s. Average peak calcium responses in both LC12 and LC15 were not statistically
different across this speed range (Figure 5B), which contrasts with LC11 that shows a
monotonic increase in response amplitude, peaking at 220°/s [41]. The flat velocity profile
could reflect neuronal saturation driven by high contrast stimuli. We noted, however, that
although peak amplitude was insensitive to speed, GCaMP6f response duration was
correspondingly larger for slow motion and shorter for fast motion (Figure 5C). Slower
stimuli are displayed over a longer time than faster stimuli.

LCs show complex combinations of spatial inhibition and spatial saturation

Most of the visual stimuli used to this point comprised 8.8° wide vertical bars or small
objects. We next tested for object size tuning of both LCs. We recorded population activity
from the presynaptic glomerulus in response to objects of varying height and width. For
LC12, GCaMP6f response amplitude increased with object height and saturated for bars 35°
or taller (Figure 6A, top). By contrast, LC15 responses increased monotonically with object
height and did not reach a plateau (Figure 6A, bottom). Thus, neither LC12 nor LC15
appeared to be size tuned in the vertical dimension, suggesting that there is no surround
inhibition impinging upon the RF. The decreased response latency of LC15 with bar height
could reflect the spatial organization of the receptive fields being pooled in the glomerulus,
or instead, be due to taller objects moving further into an asymmetric receptive field. Our
data reject the latter conclusion because the receptive fields are relatively symmetrical
(Figure 4D, D) and do not become asymmetrical in the peripheral areas of the lobula. Since
both LCs showed strong responses to bars, we used this stimulus to test for width
preference. Systematically varying bar width revealed some peculiar differences between the
two LCs. Peak amplitude responses by LC12 were rather flat for increasing bar width, but
the duration of the response increased (Figure 6B, top). By contrast, LC15 showed classical
size tuning in the horizontal dimension, with peak amplitude responses for the smallest bars
and decreasing to less than half maximum for bars 18° or wider (Figure 6B, bottom).

The systematic increase in the temporal duration and dual peaks in GGaMP6f responses to
wide bars (Figure 6B) motivated us to examine whether signaling in the terminal glomerulus
reflected two discrete ‘waves’ of activity within the dendrites corresponding to the leading
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and trailing edges of a wide bar. We recorded from single dendritic neurites in the lobula to
bars of two different widths (4.4° and 70°). For both LCs, the narrow bar generated a single
GCaMP6f peak, whereas the wider bar generated discrete full-amplitude responses to both
the leading and trailing edges (Figure 6C, C’). Equivalent response amplitude to the OFF
and ON edges of the dark bar support the lack of selectivity for contrast polarity in these
LCs (Figure 3B, B”). The narrow bar elicited half-maximum response duration on average
0.7+0.2s longer for LC12 (7 flies, 20 dendrites) and 0.6+0.1 s longer for LC15 (7 flies, 19
dendrites) than the response to the leading edge of the wide bar. This suggests that both LCs
responded to the leading and trailing edges of the 4.4° narrow bar, but the GCaMP6f decay
kinetics effectively fused these dynamics. In summary, we have found that both LC12 and
LC15 show no clear height tuning but that LC15 showed the strongest responses to bars
narrower than 8.8°. Table S1 summarizes all visual response properties of LC12 and LC15.

Octopaminergic neuromodulation enables object detection against background motion

A potent property of some feature detectors is their ability to distinguish object motion
against the background optic flow generated when the observer is moving [5,9,49,50]. For
LC11, however, the onset of background motion suppresses small object responses [41],
implying that this cell class is only effective for object motion detection when the animal is
stationary. We tested whether similar response suppression by background motion occurs in
LC12 and LC15 by presenting an 8.8x70° dark bar moving at 44°/s over a low contrast
background grating. In both LC12 and LC15, bar responses were rapidly and significantly
suppressed by concomitant background grating motion (Figure 7A, A”).

Recent studies have shown that the baseline membrane potential and visually evoked
responses of visual neurons can be influenced by the animal’s locomotor state [39,51]. On
flight initiation, the nervous system of Drosophilais flushed with the biogenic amine
octopamine, which increases the response gain of motion-sensitive neurons in the medulla
and lobula plate [20]. To test the hypothesis that octopamine modulates the function of LC12
and LC15, we bath-applied the octopamine agonist chlordimeform [52] (CDM, 100 uM) and
repeated the previous experiment. CDM application did not significantly alter either LC12 or
LC15 responses to a dark bar presented over a low contrast stationary grating (Figure 7B,
bar only). To our surprise, however, CDM application reversed the suppression of bar
responses by superimposed background grating motion. In CDM, LC12 mean response
amplitude was restored to that evoked by bar motion alone (Figure 7B, bar+bkg). Bar
responses by LC15 were only partially restored but were significantly larger in CDM than in
the saline control (Figure 7B”). We found qualitatively similar results for experiments in
which wide-field motion was initiated midway through a bar response, or for experiments in
which we varied the direction of bar and background motion (Figure S3). To test whether the
influence of CDM is widespread among feature detecting LCs, we repeated the experiment
with LC11 using an 8.8° dark square object moving at 44°/s over a background grating.
CDM application had no significant influence on object motion responses with a stationary
grating, nor did CDM alter the fully suppressive effect of wide-field grating motion on LC11
small-object responses (Figure 7C, C’).

Curr Biol. Author manuscript; available in PMC 2021 July 06.
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DISCUSSION

In addition to their selectivity for sophisticated features of moving stimuli such as small
objects or bars, lobula columnar projection neurons show RF properties and aminergic
neuromodulation that differ markedly from motion vision circuits, adding a layer of
complexity to visual processes that may be broadly shared across taxa.

Object detecting LCs are broadly indifferent to object contrast polarity, movement
direction and velocity

In flies, as in mammals, photoreceptor signals are multiplexed into two parallel half-wave
rectified contrast polarity channels for ON and OFF edges [53-55]. These pathways
culminate with columnar motion detectors selective for moving ON edges (T4) and OFF
edges (T5) [56]. Neither of the LCs tested here showed contrast polarity selectivity (Figure
3A, B). Interestingly, the medulla columnar neurons T2a and T3 project to lobula layer 2/3
and innervate the small-object selective mation detector LC11. LC12 and LC15 are similarly
agnostic for contrast polarity as LC11 [11], acting instead as full-wave rectifiers of
luminance changes [41]. A proposed elementary feature detector rectifies inputs for the
temporal correlation of ON and OFF sequences at a single point in space [57,58]. A visual
computation dependent upon a single spatial input would be directionally non-selective by
definition. By contrast to individual columnar T4 and T5 motion detectors that are selective
for one of four orthogonal directions of motion [56], columnar LC12 and LC15 neurons
show no directional selectivity (Figure 5A), similar to LC11 [11]. The peculiar structure of
axial directional tuning in LC12 might indicate strong orientation selectivity, which
enhances directional selectivity in T4/T5 [59]. However, GCaMP6f responses by LC12 to a
static bar oriented orthogonal to its preferred motion axis (Figure 3C, C’) are weak by
comparison to T4/T5.

For a fixed spatial pattern, motion detectors are speed tuned. When presented with a single-
pixel bar on a similar LED display over a similar speed range as used here, T4 motion
detectors show clear response tuning to the velocity of a periodic grating with peak
responses at ~28°/s [60]. By contrast, LC12 and LC15 show an even distribution of max
‘F/F responses between 22-132°/s (Figure 5B). Likewise, small target motion detectors
(STMDs) of the hoverfly lobula show broad velocity tuning, with spiking frequency constant
between 20-120°/s [9]. Nevertheless, STMD neurons can provide unambiguous information
about object velocity. The number of spikes scales linearly with object speed in STMDs
[61]. Similarly, the duration of GCaMP6f responses by LC12 and LC15 diminish with
increasing speed (Figure 5C), indicating that total calcium accumulation and, therefore
presynaptic release may scale with speed.

LC12 and LC15 show complex relationships between spatial dendritic span and receptive

field size

To understand the lateral spread of visual signals, a comparison of the RF and dendritic
spread of a neuron is useful. The input dendrites of T4 and T5 neurons span at least seven
columns in a hexagonal array, equivalent to 15° of visual space [62], corresponding well
with the 20° functional RF [63]. By contrast, LC11 has a much larger dendritic span than RF
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[11]. LC12 dendrites sample roughly twice as many columns as the RF would predict, while
LC15 dendrites span only 60% (Figure 4C’, D’). It would be tempting to speculate that size
tuning by inhibition requires columnar inputs surrounding the classical RF, which would be
supported by the exquisite size tuning in LC11 (strong surround inhibition). However, LC12
responses saturate once the RF is filled (no surround inhibition), and LC15 shows horizontal
size tuning (Figure 6B), but its dendritic span undersamples the RF (Figure 4D”). Future
work on subcellular synaptic connectivity and transmitter identity will resolve these
complexities.

LCs show qualitative functional shifts by neuromodulation

Visual processing in insects is remarkably plastic and can be regulated by chemical
neuromodulators, cross-modal sensory inputs, and internal states [20]. Octopamine has long
been associated with homeostatic responses to the amplified metabolic and cell-energetic
demands of insect flight [64]. In the motion vision pathway, bath applied octopamine (or its
agonist chlordimeform [52]) increases the amplitude of visually evoked responses by
medulla interneurons, slightly shifts the frequency sensitivity of postsynaptic small-field
T4/T5 motion detectors, and increases the amplitude and shifts frequency sensitivity in
wide-field motion detectors of the lobula plate [38,39,65,66].

Octopamine seems to modulate neurons of the motion pathway quantitatively by increasing
visual response gain, but without changing RF size or other qualitative characteristics [65].
By contrast, octopamine changes the qualitative structure of LC12 and LC15 responses by
enhancing object detection against a moving panorama (Figure 7). Recent work has revealed
striking effects of octopaminergic neuromodulation on behaviors driven by visual features.
Drosophila melanogaster instinctively avoid small moving objects in flight [33]. Yet,
optogenetic stimulation of octopaminergic neurons reverses object aversion to approach
[34]. Signals from looming detectors LC4 and LPLC2 are only transmitted to a pair of
descending neurons (DNpQ07, DNp10) when the animal is flying, or octopamine is bath
applied [51]. How LC12 and LC15 participate in object behaviors in Drosophila is unknown,
yet octopamine mediated object detection is reminiscent of the dragonfly lobula STMD
neuron CSTMD1 [57,67], which responds to a small contrasting target even it is presented
against a moving panoramic background [68]. Future work can uncover the presynaptic
inputs, visual processing algorithms, and integration sites with the motion vision pathway to
illuminate the mechanisms underlying the rich repertoire of visual behaviors that flies
POSSess.

STAR METHODS
RESOURCES AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Mark Frye (frye@ucla.edu).

Materials availability—This study did not generate new unique reagents.
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Data and Code Availability—The datasets and MATLAB analysis code used for this
study are available at Mendeley Data (doi: 10.17632/ssgpb4wmh9.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks and handling—Calcium imaging and anatomy experiments were performed
with female D. melanogasterflies 3-5 days after eclosion, maintained under standard
conditions (25°C, 30-50% humidity, 12h light/dark cycle, standard cornmeal food). To
genetically target LC neurons we exclusively used split-GAL4 [69,70] driver lines because
of their high specificity for the respective class of neurons. Fly driver lines were crossed
with fly effector lines (Key Resources Table, and Table S1), and the progeny was used for
experiments.

LC12 and LC15 driver lines—OL0042B [12] was used as a driver line to genetically
target LC15. Two different driver lines were used to genetically target LC12: OL0007B and
OL0008B [12]. Both LC12 driver lines are highly specific and show no off-target labeling in
3-5 days old flies in the lobula or the ventrolateral protocerebrum (VLP) where LC12 axons
terminate in an optic glomerulus. We compared calcium responses of OL0007B and
OL0008B and found no statistically significant difference in response amplitude or
dynamics. For experiments where LC12 responses are recorded but not manipulated (as in
our study) both lines can be used interchangeably. We found for flies that are older than ~14
days, the OL0007B driver showed weak labeling in LC10 as well. Calcium imaging
experiments were performed using either OL0007B or OL0008B but all anatomical data
were collected using only OL0008B.

METHOD DETAILS

Solutions—D. melanogaster saline was composed of (in mM): 103 NaCl, 3 KCI, 1.5
CaCly, 4 MgCl,, 26 NaHCO3, 1 NaH»PQy, 10 trehalose, 10 glucose, 5 TES, 2 sucrose,
adjusted to 273-275 mOsm, pH 7.3. For pharmacological experiments, agonists were
prepared from concentrated stock solutions immediately before the experiment. Stock
solutions were stored at —20°C in small quantities and diluted in D. melanogaster saline to
the final concentration. Chlordimeform (Sigma-Aldrich, 31099) was prepared as a 1mM
stock solution in ultrapure water (18.3 MQ, Millipore) and used at a final concentration of
100pM. Measurements were taken after 15min wash in.

Fly preparation for optical imaging—Female flies were anesthetized at 4°C on a cold
plate and mounted to a 3D printed fly holder (modified from [71]) using ultraviolet glue
(Dreve Fotoplast gel, Audiology Supplies, 44811). The fly’s legs were immobilized with
low melting point beeswax to eliminate interference with recordings and visual stimulation.
Fine forceps (Dumont, #5SF, Fine Science Tools) were used to remove the cuticle on the
posterior surface of the fly’s head to expose the right optic lobe in the region of the lobula
and VLP (Fig 1B, 1C).

Two-photon optical imaging—During two-photon imaging the brain was continuously
perfused with fly extracellular saline at 1.5 ml/min via a computer-controlled system (VC-6,
Warner Instruments). Bath temperature was kept at 20°C with an inline-solution heater
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(SC-20, Warner Instruments) and a temperature controller (TC-324, Warner Instruments).
LC neurons were imaged at 920nm using a Ti:Sapphire pulse laser (Coherent, Santa Clara,
CA) controlled by SlideBook (Version 6, 3i, Boulder, CO). We imaged with a 20x water-
immersion objective (W Plan Apochromat, 1.0 DIC, Zeiss) with three layers of blue filter
(Indigo, Rosco, No. 59) to reduce bleed-through from the LED arena to the photomultipliers.
Single plane images were taken at 10 frames/s with each frame at a x-y pixel resolution
ranging from 150x256 to 168x212 and 0.2 to 0.3 pum pixel spacing. To record population
responses of a given LC type, GCaMP6f responses were recorded in the LC output
glomeruli where all terminals merge together. To record activity of single LC neurons,
GCaMP6f responses were measured from individual dendritic neurites in the lobula.

Visual Stimulation—Visual stimuli during two-photon imaging were presented on a
cylindrical LED arena [72]. The arena was composed of 4 rows and 12 columns of 8x8 LED
dot matrix panels (470nm, Dongguan Houke Electronic Co., 12088-AB). The LED display
covered +/-108° of the visual field in the horizontal, and +/-35° in the vertical dimension.
Each pixel subtended 2.2° on the fly’s retina at the visual equator. Stimuli were generated
and controlled using custom MATLAB scripts. The two dorsoventral corners of the LED
arena were occluded from the fly’s field of view by the tethering stage [73]. Thus, a bar
moving back to front on the display ipsilateral to the recording site does not reach its full
height for the first ~10° excursion. Schematic representations of the visual stimuli in the
figures are therefore depicted as trapezoids.

Visual stimuli were grouped into sets such that each set encompassed a single block of trials,
presented in random block design. To reduce onset artifacts, all motion stimuli included a 4
second pre- and post-stimulus epoch where the background illumination was set to 50% of
the maximum LED intensity. We waited at least 8 seconds between stimuli to allow cellular
activity to return to baseline. The arena was off throughout these inter-stimulus intervals.
Visual stimulus onset times were aligned to specific imaging frames by using voltage signals
that encoded pattern movement, position, and frame capture times (BNC-2090, National
Instruments, 10kHz sampling rate).

Visual stimulus parameters are listed below for each figure. In most experiments we used
three different types of stimuli that we refer to as standard stimuli: an 8.8°x8.8° dark object,
an 8.8°x70° dark vertically elongated bar, and a grating projected across the entire display
(“‘wide-field”) with a period of 17.6°. For these stimuli, the intensity of the background was
always set to 50% of the maximum LED intensity, whereas the foreground figure (small
object or bar) was dark (0% intensity). For population imaging from axon terminals, each fly
was presented with three repetitions of each block, trials were averaged for analysis. For
dendritic and single neurite recordings, measurements were performed at different z-planes
and each fly was presented with a single stimulus block at each z-plane.

In most experiments, visual stimuli were presented in multiple directions. Back to front
(ipsi- to contralateral) and front to back (contra- to ipsilateral) responses were not
statistically different from each other. Therefore, unless otherwise noted, we presented front
to back responses (contra- to ipsilateral).
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Weber Contrast (Figure 3B, B’) was calculated using the following equation:

Ifg—Ing

Weber contrast =
Ip g

where /g, is the light intensity of the foreground figure and /44 the intensity of the
background. In our experiments the background intensity was always set to 50%, and a
Weber contrast of —1 thus corresponds to 0% LED intensity (LEDs off) of the stimulus,
whereas a Weber contrast of +1 corresponds to 100% intensity.

Stimulus parameters: Figure 1D: three types of contrast defined visual stimuli, 1. dark
small object, 8.8x8.8° (width x height), moving in the vertical center (equator) of the arena;
2. dark bar, 8.8x70°; 3. wide-field grating, period: 17.6°. All patterns with /= 0%, /py=
50%, movement direction: contra- to ipsilateral, velocity: 22°/s.

Figure 2D, 2E, 2F: dark small object, 8.8%8.8°; dark bar, 8.8x70°; wide-field grating,
period: 17.6°. /=0%, /5~ 50%, movement direction: contra- to ipsilateral, velocity: 22°/s.

Figure 3A: ON and OFF bar, 8.8x70°, Luminance: OFF bar, /g= 0%, /5= 50%; ON bar,
/= 100%, /py=50%, movement direction: contra- to ipsilateral, velocity: 22°/s.

Figure 3B: bar, 8.8x70°, /¢, = 0-100% in 12.5% intervals, /55 = 50%, movement direction:
contra- to ipsilateral, velocity: 44°/s.

Figure 3C: dark bar, 8.8x70°, /¢= 0%, /py=50%, stimulus was either presented as a static
flicker (bar appearing and disappearing at +26° position on the display) or moving with a
constant velocity of 44°/s from the contralateral to ipsilateral arena side.

Figure 4C, 4D, 5A: dark bar, two types: 2.2x66° for horizontal movements, 105x2.2° for
vertical movements, /= 0%, /5y = 50%, velocity: 22°/s, movement direction: up, down, left,
right.

Figure 5B, 5C: dark bar, 8.8x70°, /z= 0%, /55 = 50%, movement direction: contra- to
ipsilateral, stimulus velocity: 22, 44, 66, 88, 110, 132°/s.

Figure 6A: figure height varied and was 2.2, 4.4, 8.8, 17.6, 35, 52, or 70°. Figure width was
4.4° in all conditions. /= 0%, /5y = 50%, movement direction: contra- to ipsilateral,
velocity: 22°/s.

Figure 6B: figure width varied and was 2.2, 4.4, 8.8, 17.6, 35, or 70°. Figure height was 4.4°
in all conditions. /= 0%, /5= 50%, movement direction: contra- to ipsilateral, velocity:
22°/s.

Figure 6C: two types of dark bars, 4.4x70° and 70x70°, /¢= 0%, /py=50%, movement
direction: contra- to ipsilateral, stimulus velocity: 22°/s.

Figure 7A, 7B: two types of stimuli, 1. dark bar, 8.8x70° moving across a stationary wide-
field grating, period 17.6°; 2. dark bar, 8.8x70° moving across a wide-field grating, period
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17.6°. Both stimuli with /= 0%, /py= 25% for OFF grating and 50% for ON grating,
movement direction: contra- to ipsilateral, velocity: 44°/s.

Figure 7C: two types of stimuli, 1. dark small object, 8.8x8.8° moving across a stationary
wide-field grating, period 17.6°; 2. dark small object, 8.8x8.8° moving across a wide-field
grating, period 17.6°. Both stimuli with /¢= 0%, /pg = 25% for OFF grating and 50% for ON
grating, movement direction; contra- to ipsilateral, velocity: 44°/s.

Figure S1A: three types of motion defined visual stimuli, 1. randomly textured small object,
8.8x8.8°; 2. randomly textured bar, 8.8x70°; 3. randomly textured wide-field panorama. All
patterns with /= 0%, /p, = 50%, movement direction: contra- to ipsilateral, velocity: 22°/s.

Figure S2: Same as Fig 2D.

Figure S3A: dark bar, 8.8x70° moving across a wide-field grating, period 17.6°. /g= 0%, /5y
= 25% for OFF grating and 50% for ON grating, velocity: 0 or 44°/s for bar and background.
Conditions: 1. bar moving on stationary background, 2. bar and background moving from
contra- to ipsilateral, 3. bar and background moving from contra- to ipsilateral but
background starts to move with 3.36 s delay, 4. background only from contra- to ipsilateral,
5. bar moving from contra- to ipsilateral and background moving from ipsi- to contralateral,
6. bar moving from contra- to ipsilateral and background moving from ipsi- to contralateral
but with 1.46 s delay, 7. background only from ipsi- to contralateral.

Figure S3B: same as S3A but with a dark small object, 8.8x8.8°.

Two-photon image analysis—Calcium imaging data was analyzed offline using custom
written MATLAB scripts. Images were corrected for motion artifacts using a previously
described algorithm [74]. Images that could not be aligned or that contained persistent
motion artifacts generated by the wriggling fly were discarded. Aligned images were
exported to MATLAB and ROI selection was in accord with the anatomical region that was
recorded. For every pixel in this ROl mask, mean and standard deviation were calculated for
the full time series. A test value for each pixel was calculated by the product of mean and
standard deviation of each pixel. Pixels with test values greater than or equal to twice the
mean value of all test values in the ROI mask were used for analysis. For each stimulus
condition, three trials were averaged, and AF/F was calculated by dividing the signal by the
mean intensity of the first 20 frames (2 s) preceding the stimulus motion onset.

Receptive field size and directional selectivity—To determine the functional RF size
of LC12 and LC15 we measured integrated responses to a 2.2x66° wide dark bar (for left/
right sweeps) and a 105x2.2° wide dark bar (for up/down sweeps) moving within 13.2°
spaced bins (Fig 4B’). The bar stimulus was moved in all four cardinal directions (up, down,
left, right) and the stimulus was presented only in the visible regions of the display (-26.4°
to +79.2° azimuth, —35° to +35° elevation). This area was divided into eight horizontal bins
(each 13.2° wide and 66° high) and five vertical bins (13.2° high, 105° wide). Stimuli were
moved within the boundaries of each bin in all four cardinal directions (left and right in the
horizontal bins, up and down in the vertical bins). During a sweep the bar appeared at the
start of the bin, was held stationary for 1 s before moving at 22°/s to the bin end and
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disappeared. Calcium responses from individual LC12 and LC15 neurons were extracted
from single arbors in the lobula that showed no anatomical overlap to neighboring arbors.
Only flies where the anteroposterior plane did not change during all 26 experimental
conditions were included in the analysis. Neither LC12 nor LC15 showed directional
selectivity in the horizontal or vertical axis and response amplitudes to left and right bar
movement and up and down bar movement were almost identical. To assess the RF size, we
averaged the left and right movement responses of each bin, as well as up and down
responses. The averaged time series of each horizontal bin of individual neurites were
multiplied with the averaged time series of each vertical bin to derive the activity matrices in
Figures 4C and 4D. RF sizes across neurites showed little variation for both LC15 (~3x3
bins) and LC12 (1 bin). Maximum GCaMP6f responses always occurred in the most
centered bin, thus defined as the RF center (Fig 4C”, 4D”). To determine the average RF size
across animals, we spatially normalized to the bin that showed the strongest calcium
responses (bin 0 = RF center) and plotted the surrounding responses relative to bin 0 (Figure
4C’, D’). LC15 neurites with their RF occluded by the display boundary were excluded from
the analysis. Maximum GCaMP6f responses of all recorded neurites were averaged for each
normalized bin separately and plotted as a heat map (Fig 4C’, 4D").

Anatomy and Immunohistochemistry

Dissection: We followed standard D. melanogaster immunohistochemistry protocols [75]. In
brief, flies were dissected in PBS and dissection time never exceeded 10 minutes. Dissected
brains were placed in 4% paraformaldehyde diluted in PBS and fixed for 25 minutes at room
temperature, followed by washing with PBST (0.3% v/v Triton-X100) three times for 15
minutes each. Brains were then incubated in PBST+5% normal goat serum (PBST-NGT) for
60 minutes at room temperature and incubated in primary antibodies for 2 days at 4°C
diluted in PBST-NGT. Brains were then washed three times (PBST, 15 min each) and
incubated with secondary antibodies diluted in PBST-NGT for 2 days at 4°C. After three
more washes (PBST, 15 min each) brains were mounted on a microscope slide in
Vectashield (Vector Labs, H-1000).

LC anatomy labeling: We used 3-5 days old female flies to visualize LC anatomy (Fig
S1B) and the distribution of presynaptic and postsynaptic sites in the lobula (Fig 2A).
Primary antibodies were anti-Bruchpilot (mouse monoclonal antibody Nc82, supernatant,
Developmental Studies Hybridoma Bank, 1:10 dilution), anti-DsRed rabbit polyclonal
antibody (Takara, 632496, 1:200 dilution), and anti-GFP chicken polyclonal antibody
(abcam, 13970, 1:1000 dilution). Secondary antibodies used were Alexa Fluor 488 goat anti-
chicken (abcam, ab150169, 1:1000 dilution), Alexa Fluor 568 goat anti-rabbit
(ThermoFisher Scientific, A-11036, 1:200 dilution), and Alexa Fluor 647 goat anti-mouse
(ThermoFisher Scientific, A-21236, 1:200 dilution).

Multicolor stochastic labeling of individual neurons: MCFO-1 was used (Figure 4A) and
expression patterns for GAL4 lines and/or presynaptic marker distribution were performed
as previously described using pJFRC51-3xUAS-1VS-syt::smHA(atlp1) and pJFRC225-
SxUAS-IVS-myc::smFP-FLAG (VK00005) as reporters. Flies were raised at 25°C and heat-
shocked at 37°C for 10 min at mid-pupal stage. Eclosed flies were dissected within three
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days and brains were stained following MCFO immunohistochemistry protocol as described
by Nern and colleagues [47]. Primary antibodies were anti-Bruchpilot (mouse monoclonal
antibody Nc82, supernatant, Developmental Studies Hybridoma Bank, 1:10 dilution) as a
neuropil marker, rabbit anti-HA (Cell Signaling Technologies, 3724S, 1:300 dilution) and rat
anti-FLAG (Novus Biologicals, NBP1-06712, 1:300 dilution). Secondary antibodies used
were Alexa Fluor 488 goat anti-rabbit (ThermoFisher Scientific, A-11008, 1:200 dilution),
Alexa Fluor 594 goat anti-rat (Jackson ImmunoResearch Lab 112-585-167, 1:200 dilution),
and Alexa Fluor 647 goat anti-mouse (ThermoFisher Scientific, A-21236, 1:200 dilution).

Image acquisition: Images were acquired with an LSM700 confocal microscope using a
40x oil immersion lens (NA1.3, Zeiss). Z-stacks were acquired with a step size of 0.4-0.7
um between optical sections. Acquired images were visualized and processed offline using
Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used standard statistical tests to evaluate our data, and the results are reported at the
relevant locations in the figure captions. Statistics were computed in MATLAB with the
Statistics toolbox. Normal distribution of data sets was tested using the Kolmogorov-
Smirnov (Lillifors) test with a significance level of p<0.01. All presented data were normally
distributed and significant differences were calculated using the paired-sample t-test or one-
way ANOVA. Statistical test results are reported in APA style (t-test: f(degrees of freedom)
=tvalue, p = p value; one way ANOVA: F(degrees of freedom, residual)= F value, p = p
value). Significant differences are stated as *p<0.05, **p<0.01, ***p<0.001. Data collection
and analysis were not conducted blind to the conditions of the experiments. N denotes the
number of flies, while n refers to the number recorded of neurites or individual cells. Final
figures were prepared in Adobe Illustrator CS6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
LC12 and LC15 are ON-OFF visual feature detectors
LC15 responds to moving bars, whereas LC12 responds to objects of any size
Obiject responses from both LCs are suppressed when the background is moving

Octopamine restores object responses in LC12 and LC15 against a moving background
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Figure 1. Few lobula columnar neurons respond to vertical bars or small objects.
(A) Two-photon calcium imaging. Head-fixed flies were presented with visual stimuli from

a surrounding LED display. (B) Recordings were made from the right optic lobe. (C)
Schematic of Drosophila optic lobe neuropils, with the lobula highlighted in red. (D) Mean
(+/- SD shading) glomerular GCamp6f responses by LC neuron types to a moving solid
8.8x8.8° dark object, an 8.8x70° dark bar and wide-field grating (17.6° period). Visual
stimuli are depicted at the top and moved from contra- to ipsilateral at 22°/s. Dashed lines
indicate passing across the arena midline (0°). N = at least 5 flies for each LC type.
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Re=retina, La=lamina, Me=medulla, LoP=lobula plate, Lo=lobula, VLP= ventrolateral
protocerebrum. See also responses to motion defined stimuli in Figure S1.
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Figure 2. Presynaptic neuronal responses to small object motion is observed in lobula layer 2/3.
(A) Single plane confocal images of the anterior view of flies expressing DenMark and

synaptically-tethered GFP (UAS-DenMark; UAS-syt.eGFP). Neuropil was labeled with anti-
Bruchpilot antibody nc82 (gray). (B) Summary diagram of pre- and postsynaptic (dendritic)
arbors of LC neuron types that showed responses to small objects and bars, reconstructed
from DenMark and synaptotagmin staining. (C-F) Layer-specific small object input to the
lobula. (C) Single plane confocal image illustrating the recording site (colored) used to
determine layer specific lobula input. (D) Mean activity images of sytGCaMP6s expressed
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in a pan neuronal driver (R57C10-GAL4) in response to a 8.8° object (obj.), a 8.8x70° bar,
and 17.6° wide-field grating (WF) from three representative flies (see data from all flies in
Figure S2). Approximate layer boundaries are indicated with dashed lines, constructed from
high resolution images (gray). Schematics indicate innervated layers as filled circles. Obj-
bar and bar-WF shows subtracted mean calcium response of the corresponding visual
stimuli. (E-F) Layer specific input to the lobula for all tested flies (N=10), as maximum
mean activity (norm AF/F) for each layer, normalized to the maximum response within a
given fly.
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Figure 3. LC12 and LC15 are ON-OFF object motion detectors.
(A) Mean GCaMP6f signals (+/- SD shading) of LC12 and LC15 glomeruli in response to a

bright (ON, orange) and dark (OFF, black) bar (8.8x70°, moved at 22°/s). (A’) Pairwise
comparison of LC12 and LC15 OFF/ON maximum AF/F responses. Circles represent the
mean of three repetitions of individual animals, diamonds present the mean across all
animals tested +/-SD. n.s. = not significant. LC12: N=7 flies, LC15: N=8 flies. Statistics:
paired t-test, LC12: t(6) = 2.74, p = 0.064, LC15: t(7)= 2.15, p = 0.069. (B) Mean GCaMP6f
signal of LC12 and LC15 glomeruli in response to varying contrast bars (8.8x70°, 22°/s).
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(B*) Comparison of LC12 and LC15 contrast selectivity. Fill color of circles represents the
bar luminance. Circles represent the mean +/-SD across all animals. LC12: N=7 flies,

LC15: N=8 flies. (C) Mean GCaMP6f glomeruli signals in response to an 8.8x70° stationary
flickering bar (green) appearing and disappearing at +26° on the display, and the same bar
moving with 44°/s (black). LC12: N=12 flies, LC15: N=10 flies. (C”) Pairwise comparison
of maximum peak responses of the data shown in (C). Circles represent individual animals,
diamonds depict the mean +/-SD. Statistics: paired t-test. LC12: t(11) = 5.97, p = 9.35e-05,
LC15: t(9) = 7.47, p = 3.81e-05. See summary in Table S1.
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Figure 4. LC15 has a larger receptive field than LC12.

(A) Spatial distribution of LC12 and LC15 arbors in the lobula. Single layer confocal images
of stochastically labeled LC12 and LC15 neurons (MCFO-1). Lobula columns indicated
with dashed lines. D=dorsal, V=ventral, M=medial, L=lateral, A=anterior, P=posterior.
Scale bars, 25 um. (B) Single confocal plane image of LC12 in the anterior view illustrating
the recording site (dashed rectangle). (B’) Representation of visual stimuli used to scan the
RF. The gray highlighted region of the display was divided into 13.2° spaced bins within
which a 2.2° dark bar stimulus was moved in all four cardinal directions (up, down, left,
right, 22°/s). (C, D) Single cell RF mapping from representative flies. Left: Single neurite
regions of interest overlaid on single plane two-photon images. Scale bars, 5 pm. Right:
Multiplied calcium traces from representative LC12 and LC15 recordings arranged in a grid
corresponding to (B’). (C’, D) Mean functional RF size of all tested flies, where bin # 0
represents the RF center. Histograms show the mean peak GCaMP6f responses +/-SD for

each normalized bin. LC12: N=8 flies, n=26 neurites, LC15: N=5 flies, n=20 neurites.
Purple sphere indicates the average anatomical RF depicted as retinal ommatidia

corresponding to individual lobula columns. (C”, D”) Spatial distribution of RF centers of
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the cells included in C” and D’ arranged in a grid corresponding to (B). Dots represent
individual cells. See summary in Table S1.
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Figure 5. Neither LC12 nor LC15 are selective for stimulus direction or velocity.
(A) Directional tuning analysis of the data shown in Figure 4C’-D” Each dot represents the

maximum AF/F response of individual cells to a 2.2° dark bar stimulus moving in the four
cardinal directions (22°/s velocity). Bars indicate mean. LC12: N=8 flies, n=26 neurites,
LC15: N=5 flies, n=20 neurites. (B) Responses of LC12 and LC15 to an 8.8x70° dark bar
moving at 22-132°/s. Circles represent mean +/-SD. LC12: N=12 flies, LC15: N=10 flies.
Responses were not statistical significant from each other (one way ANOVA, LC12: LC12:
F(5,66)=0.561, p=0.729, LC15: F(5,54)=0.175, p=0.970). (C) Thin gray traces represent
GCaMPé6f responses of individual flies (three trials averaged), and thick colored traces show
the mean across all animals tested to a 8.8x70° dark bar moving at 22-132°/s. LC12: N=12
flies, LC15: N=10 flies. See summary in Table S1.
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Figure 6. LC12 is an edge detector with spatial saturation and LC15 is a narrow-bar detector
with spatial inhibition.

(A-B) Mean maximum glomerular calcium responses to (A) varying bar height (B) and
varying bar width (velocity: 22°/s). Left: Mean responses +/-SD for LC12 (N=9 flies) and
LC15 (N=10 flies). Vertical dashed lines indicate receptive field (RF) size. (C)
Representative dendritic responses of individual neurites to a 4.4° (orange) and 70° (blue)
wide bar. (C’) Pairwise comparison of maximum responses across animals. Circles represent
single cells, diamonds depict mean responses +/-SD. n.s. = not significant. LC12: N=7 flies,
n=20 dendrites, LC15: N=7 flies, n=19 dendrites. Statistics: paired t-test, LC12: 4.4°: t(19) =
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16.39, p = 1.15e-12, 70°: t(19) = -2.98, p = 0.054; LC15: 4.4°: t(18) = 12.451, p = 2.78e-10,
70°: t(18) = 2.32, p= 0.062. Scale bars, 5 ym. See summary in Table S1.
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Figure 7. Octopaminergic modulation enables object detection against background motion in
LC12 and LC15 but not in LC11.

(A) Glomerular GCaMP6f responses of LC12 and LC15 in response to an 8.8x70° dark bar
moving contra- to ipsilateral with 44°/s over a stationary background (bar only) and both bar
and wide-field background moving 44°/s from contra- to ipsilateral (bar + bkg). Gray traces
represent individual flies while black traces show the mean across all animals tested. Time
of bar and background movement is indicated with solid horizontal bars. Dashed vertical
lines indicate the time when visual stimuli passed the arena midline. LC12: N=7 flies, LC15:
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N=8 flies. (A’) Pairwise comparison of maximum “F/F of traces shown in A. Circles
represent individual flies while diamonds show mean +/- SD. Paired t-test, LC12: t(6) =
5.47, p = 0.0009, LC15: t(7) = 14.97, p = 1.42e-06. (B, B”) Same as A but mean GCaMP6f
responses (+/— SD shaded) for LC12 and LC15 in control condition (saline, black) and in the
presence of 100 UM CDM (magenta). LC12: N=7 flies, LC15: N=8 flies. Paired t-test,
LC12: t(6) = -3.03, p = 0.019, LC15: t(7) = -10.47, p = 1.58e-05. (C, C’) Same as B but
LC11 responses to an 8.8x8.8° dark small object. N=8 flies, paired t-test, LC11: t(7) =
-0.61, p = 0.56. See data from both horizontal stimulus directions in Figure S3.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-brp mouse monoclonal antibody

Developmental Studies Hybridoma
Bank

Nc82 (supernatant)
RRID:AB_2314866

anti-DsRed rabbit polyclonal antibody

Takara

632496, RRID:AB_10013483

anti-GFP chicken polyclonal antibody

abcam

ab13970, RRID:AB_300798

anti-HA rabbit monoclonal antibody

Cell Signaling Technologies

3724S, RRID:AB_1549585

anti-FLAG rat monoclonal antibody

Novus Biologicals

NBP1-06712
RRID: AB_1625981

Alexa Fluor 488, goat anti-chicken

abcam

ab150169, RRID:AB_2636803

Alexa Fluor 488, goat anti-rabbit

ThermoFisher Scientific

A-11008, RRID:AB_143165

Alexa Fluor 568, goat anti-rabbit

ThermoFisher Scientific

A-11036, RRID:AB_10563566

Alexa Fluor 594, goat anti-rat

Jackson Immuno Research Lab

112-585-167
RRID:AB_2338383

Alexa Fluor 647, goat anti-mouse

ThermoFisher Scientific

A-21236, RRID:AB_141725

Chemicals, Peptides, and Recombinant Proteins

Chlordimeform

Sigma-Aldrich

31099; CAS: 6164-98-3

Deposited Data

Deposited Data

Mendeley Data

doi: 10.17632/ssgpb4wmh9.1

Experimental Models: Organisms/Strains

LCA4: R47HO3-p65.AD(attP40); R72E01-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68259
Janelia ID: SS00315

LC6: RI2B02-p65.AD(attP40);, R41C07-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68247
Janelia ID: OL0077B

LC9: VT032961-p65.AD(attP40); \VTO40569-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68342
Janelia ID: SS02651

LC10: R35D04-p65.AD(attP40); R71E06.DBD(attP2),
driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68378
Janelia ID: SS00938

LC11: R22H02-p65.AD(attP40); R20G06-
Gal4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDCS_68362
Janelia ID: OL0015B

LC12: R35D04-p65.AD(attP40); R65B05-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID: BDSC_68352
Janelia ID: OL0007B

LC12: R35D04-p65.AD(attP40); R55F01-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68353
Janelia ID: OL0008B

LC13: R14A11-p65.AD(attP40); R50C10-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68257
Janelia ID: OL0027B

LC15: R26A03-p65.AD(attP40); R24A02-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68258
Janelia ID: OL0042B

LC16: R26A03-p65.AD(attP40); R54A05-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68331
Janelia ID: OL0046B

LC17: R21D03-p65.AD(attP40); [R65C12-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68356
Janelia ID: OL0005B

LC18: R92B11-p65.AD(attP40); R82D11-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68358
Janelia ID: OL0010B

LC20: R35B06-GAL4.DBD(attP2); R17A04-

P65.AD(VK00027), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68260
Janelia ID: SS00343
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

LC21: R41C05-p65.AD(attP40); R55C04-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68330
Janelia ID: OL0045B

LC22: R64G10-p65.AD(attP40); R35B06-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68357
Janelia ID: OL0001B

LC24: VT038216-p65.AD(attP40); \VVT026477-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68340
Janelia ID: SS02638

LC25: VT009792-p65.AD(attP40); VVT002021-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68341
Janelia ID: SS02650

LC26: VT007747-p65.AD(attP40); R85H06-
GAL4.DBD(attP2), driver line

Bloomington Drosophila Stock
Center [12]

RRID:BDSC_68333
Janelia ID: SS02445

LPLC1: R64G09-p65.AD(attP40); R37H04-
GAL4.DBD(attP2), driver line

Janelia Research Campus [12]

Janelia ID: OL0029B

LPLC2: R19G02-p65.AD(attP40); R75G12-
GAL4.DBD(attP2), driver line

Janelia Research Campus [12]

Janelia ID: OL0048B

Pan neuronal: GMR57C10-GAL4(attP2), driver line

Bloomington Drosophila Stock
Center

RRID:BDSC_39171

GFP: 10XUAS-IVS-mCD8::GFP(attP2), effector line

Bloomington Drosophila Stock
Center

RRID:BDSC_32185

GCaMP: 20xUAS-1VS-GCaMP6f(attP40), effector line

Bloomington Drosophila Stock
Center

RRID:BDSC_42747

sytGCaMP: UAS-sytGCaMP6s(attP40), effector line

Bloomington Drosophila Stock
Center

RRID:BDSC_64415

UAS-DenMark; UAS-syt.eGFP, effector line

Bloomington Drosophila Stock
Center [46]

RRID:BDSC_33064

MCFO: pBPhsFIp2:.PEST (attP3); pJFRC201-10XUAS-
FRT > STOP > FRT-myr.:smGFP-HA (VK0005),
PIFRC240-10XUAS-FRT > STOP > FRT-myr::smGFP-
V5-THS-10XUAS-FRT > STOP > FRT-myr..smGFP-
FLAG (su(Hw)attP1), effector line

Bloomington Drosophila Stock
Center [47]

RRID:BDSC_64085

Software and Algorithms

MATLAB R2019a

MathWorks

https://www.mathworks.com/

Adobe Illustrator CS6

Adobe Systems Inc.

RRID:SCR_010279
http://www.adobe.com/products/
illustrator.html

MATLAB analysis code

B. Hardcastle

https://github.com/bjhardcastle/
SlidebookObj

Fiji Rasband, W.S, national Institutes of RRID:SCR_002285
Health http://fiji.sc
SlideBook6 Intelligent Imaging Innovations Inc. RRID:SCR_014300 https:/

(3i)

www.intelligent-imaging.com/slidebook
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