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Summary

Many animals use the visual motion generated by travelling straight, the translatory
optic flow, to successfully navigate obstacles: near objects appear larger and to move
more quickly than distant objects. Flies are expert at navigating cluttered environments,
and while their visual processing of rotatory optic flow is understood in exquisite detail,
how they process translatory optic flow remains a mystery. Here, we present novel cell
types that have motion receptive fields matched to translation self-motion, the vertical
translation (VT) cells. One of these, the VT1 cell, encodes forward sideslip self-motion,
and fires action potentials in clusters - spike bursts. We show that the spike burst coding
is size and speed-tuned, and is selectively modulated by motion parallax - the relative
motion experienced during translation. These properties are spatially organized, so that
the cell is most excited by clutter rather than isolated objects. When the fly is presented
with a simulation of flying past an elevated object, the spike burst activity is modulated
by the height of the object, and the single spike rate is unaffected. When the moving
object alone is experienced, the cell is weakly driven. Meanwhile, the VT2-3 cells have
motion receptive fields matched to the lift axis. In conjunction with previously described
horizontal cells, the VT cells have properties well-suited to the visual navigation of
clutter and to encode the fly’s movements along near cardinal axes of thrust, lift and
forward sideslip.

Highlights
* VT1lis a novel cell encoding sideslip translatory optic flow with spike bursts
* Spike burst rate is modulated by size, speed and motion parallax to detect clutter
* These properties enable spike bursting to signal object depth from motion
* VT2-3 are complementary novel cells with receptive fields matching lift
translation
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Introduction

When an animal travels along a straight path, it experiences a pattern of visual motion
containing information about the layout of its environment. This is because the
movement of the image of the surround over the retina — the optic flow —is large for
near objects, while distant objects and places appear to hardly move at all [1]. In the
many visual animals that lack significant stereovision for depth perception, translation-
induced optic flow is an invaluable source of spatial information [2—11]. Flies structure
their trajectories into periods of nearly straight translations followed by sharp rotations
[12,13]. This movement strategy allows them to take advantage of depth information
during translation self-motion, and execute fast and robust responses to visual
disturbances in the sideslip or lift directions [14].

A visual interneuron sensitive to translatory optic flow can therefore encode potentially
precious information about the layout of the world. One way that spiking neurons can
signal privileged information is through brief bursts of action potentials, known as spike
bursts. Spike bursting is widespread in sensory systems and carries many potential
advantages for coding [15]. For instance, the number of spikes in a burst can encode
stimulus features, or increase the signal-to-noise ratio [16,17]. Spike bursting has not
been reported in the fly visual system, but fly visual interneurons sensitive to motion
spike with millisecond precision, and their spike activity patterns correlate with specific
sequences of motion [18,19].

The cellular basis of motion vision for rotation-induced optic flow is understood in
exquisite detail, from photoreceptor signals through the successive optic lobe neuropils
to the lobula plate. In this neuropil, large cells responsive to wide sections of the visual
field, the lobula plate tangential cells (LPTCs), have receptive fields that match the
patterns of rotation-induced optic flow. Meanwhile, there is a conspicuous absence of
cells to encode translation-induced optic flow. Extensive anatomical work has
established that the lobula plate contains approximately sixty cells with the large
dendritic arbor of a wide-field motion-sensitive cell [20]. Of these, around 50 have been
characterized, none of which are thought to encode the optic flow generated by lift or
sideslip self-motion. In this report, we present novel cell types with motion receptive
fields matched to patterns of optic flow induced by lift and sideslip. We call them
Vertical Translation cells, as they are predominantly driven by vertical motion matching
translation optic flow fields. We have characterized the properties of one of these cells,
the VT1 cell, in detail. We show that the cell uses clusters of spikes to encode salient
features of the optic flow generated by forward sideslip motion, including speed tuning
and sensitivity to apparent depths generated by relative motion.
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Results

The VT1 cell encodes the optic flow of forward sideslip translation with spike bursts

The VT1 cell is a novel cell type that has two unusual properties for the fly visual system.
First, it has a motion receptive field that best matches the pattern of optic flow
generated by translatory and not rotatory self-motion (p < 0.001, N = 10, paired t-test;
Fig. 1A,B). The focus of expansion of the receptive field is at azimuth 61°, elevation 20°,
as determined from the best fitting translation optic flow field. The cell’s direction
selectivity radiates from this point to a focus of contraction at azimuth -119°, elevation -
20°. These points of expansion and contraction correspond to motion in a forward
sideslip direction, with a small upwards component. The response was greatest in the
ventral visual field, where near objects and ground dominate the optic flow field during
translation self-motion. Above the midline in the ipsilateral visual field (right-hand side
of Fig. 1A), the direction selectivity of the response was upward, consistent with a
forward sideslip translation: if the cell were tuned to a rotation, the direction selectivity
here would have been downward.

The second unusual property is that the cell fires action potentials in clusters of spikes,
which we refer to as spike bursts, in which the intervals between spikes are typically 2-3
ms (Fig. 1C,D). These spike bursts were present in the cell’s spontaneous activity (Fig.
1C), and in the recordings presented in this report, spike burst activity accounted for
approximately half of the cell’s spikes (Fig. 1E). We classified spikes as belonging to a
burst if the interspike interval was less than 7 ms [21]. Spike bursts with more than 3
spikes were rare in all recordings, and so in the analysis that follows, we analyzed the
stimuli that generated single spikes, 2 spike bursts, and spike bursts with three or more
spikes (3+ spike bursts).

Spike bursting in VT1 supports size tuning and is triggered by the onset of motion

If VT1 was a matched filter for detecting forward sideslip motion, then it would have
been optimally stimulated by motion throughout the visual field mimicking this pattern
of optic flow. However, as the area of a local motion stimulus increased around a
location in the receptive field where the response was vigorous (at azimuth 60°
elevation -35°) the cell’s response peaked and then decreased to a lower level (Fig. 2A).
This size tuning was generated by spike bursts of three or more spikes: single spikes did
not show size tuning (Fig. 2A).

In the dynamics of the response, 3+ spike bursts encoded the onset of motion,
regardless of the area stimulated (Fig. 2B,C). Spike bursts also followed the dynamics of
the stimulus at the preferred stimulus size (a grating moving at 2 cycles/s in Fig. 2B), a
feature that was missing when the stimulus diameter increased (Fig. 2C). A small
amount of oscillation in the response is predicted by models of visual interneurons
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integrating elementary motion detector inputs over small areas [22], but the spike
bursting amplified this effect: the single spike rate followed the phase of motion to a
much smaller extent (Fig. 2B).

At high speeds, the spike bursting also resulted in spatial wavelength tuning (Fig. 2D).
For the gratings moving at 7 cycles/s, the response plateaued for single spikes for
wavelengths greater than 15°, while the spike bursting peaked at this value. This spatial
wavelength tuning was not present for 2 cycles/s stimuli and emerged as the stimulus
speed increased. As a result, we next explored how the velocity and spatial organization
of motion affected spike bursting.

VT1 spike bursts encode motion velocity, and velocity tuning depends on area
stimulated

First, we used a random velocity stimulus to calculate the stimuli that, on average,
triggered single spikes and spike bursts (Fig. 3A1-3). The peak velocities of the spike- and
spike burst-triggered averages increased with the number of spikes (Fig. 3A2), indicating
that the stimulus velocity drives the number of spikes in the burst. To test this, we
measured the velocity tuning to motion throughout the stimulus area (Fig. 3B1-3). The
tuning of single spikes peaked at 1 cycle/s, while 3+ spike bursts peaked at 7 cycles/s
(Fig 3B2).

However, the velocity tuning of the spike bursting depended on the area stimulated.
When motion was shown in the center of the stimulated area, the velocity tuning of
spike bursts peaked at 1 cycle/s (Fig. 3C1-3). Meanwhile, when the motion was shown in
the surrounding area, the response was even greater and the velocity tuning of the
spike bursting peaked at 7 cycles/s (Fig. 3D1-3). For all the areas stimulated, the initial
response transient was dominated by spike bursting (Fig. B3,C3,D3). In the responses
that followed, the sustained spike burst activity was maintained with little adaptation
when there was only motion in the stimulus surround.

Overall, the VT1 cell has a complex receptive field that combines spatial and velocity
cues. Although it exhibited size tuning when there was motion throughout a circular
area (Fig. 2A), small targets do not optimally drive the cell. Rather, it is maximally driven
by spatially inhomogeneous motion, out of the stimuli we have presented so far.

VT1 spike bursts encode relative motion

Translation movements result in the relative motion of objects of different distances —a
visual signature of depth known as motion parallax. Accordingly, depth perception is
one possible function for a cell with a motion receptive field aligned with translation-
induced optic flow, and strongly driven by spatially inhomogeneous motion. To test the
idea that VT1 spike activity may encode parallax motion, we presented motion at
different velocities in the center and surround of the stimulus area (Fig 4A).
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The distribution of 3+ spike bursts was dominated by the velocity in the stimulus
surround, and peaked at 7 cycles/s (dashed line, Fig. 4B). The effect of additional motion
in the stimulus center was to inhibit this response. For example, for a fixed stimulus
surround velocity of 7 cycless/s, the spike burst spike rate peaked when the stimulus
center velocity was maximally different at 0 cycles/s (Fig. 4C). For center velocities
greater than 1 cycle/s, the spike burst rate slowly recovered to a near maximal rate
when the center velocity was 25 cycles/s. Meanwhile, the single spike rate was constant
across this transect (Fig. 4C).

This saddle-point organization of the distribution of 3+ spike bursting for the spatial
organization of the velocities indicates that the cell is not tuned to all parallax motion. If
this was the case, it would be tuned to the off-diagonal elements of the distribution
space in Fig. 4B. Indeed, 3+ spike bursting in the cell was not tuned to the motion of an
object against a stationary background: it was not maximally driven by motion in the
center and not in the surround. Rather, it was sensitive to the parallax motion that
arises when one patch of the visual field moves at a different velocity to the
background. This is a subtle distinction, but important for understanding the function of
the cell: rather than detecting the motion of an object, it is sensitive to variable
distances.

The structure of the single spike rate distribution was also dominated by motion in the
surround (Fig. 4E). However, motion in the stimulus center augmented the response to
fast and slow velocities in the surround: along the transect where the stimulus center
velocity was 2 cycles/s (dotted line, Fig. 4E), the single spike rate was increased by
motion in the stimulus surround (Fig. 4F). Meanwhile, the spike burst frequency was
constant along this transect (Fig. 4F). Thus, single spike activity was not recruited by
parallax motion.

We were concerned that alignment of the stimulus with the preferred direction might
have affected our results. For instance, in bursting cells in cat striate cortex, bursts have
greater orientation selectivity than single spikes [16]. The burst firing of the VT1 cell was
likewise more direction selective than single spike activity (Fig. 4D). The local preferred
direction throughout the stimulus area did not deviate from the stimulus direction by
more than 11° (Fig. 4A), which lies within the peak of the 3+ spike burst direction tuning
curve (Fig. 4D), so changes in direction selectivity within the stimulus area did not
account for the spatial dependence of the velocity tuning.

VT1 spike bursts signal depth from motion

To test whether these features of spike burst coding of velocity, spatial organization of
motion, and parallax motion can combine to signal depth from motion, we presented
simulations of two situations. In the first situation, the fly was presented with a
perspective-corrected simulation of translation self-motion over a high contrast ground
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pattern, heading towards an object along a constant heading of azimuth 60°, elevation
0° (Fig. 5A-D). The object was one period of a square wave grating across the visual
scene, oriented perpendicular to the direction of motion: the period, A, was measured
as a length, so that as the object height increased, the angle subtended by the object
increased. The space-time plots of the visual stimulus in Fig. 5B show how the object
moved relative to the ground when it was above (height = -A/2) or below (height = +A)
the ground, or blends in when it was the same height (height = 0).

When the object was above the ground, it moved more rapidly than the ground, and its
angular spatial wavelength increased as it approached. As a result, spike burst activity
was inhibited (Fig. 5D, height = -A\/2). In contrast, the single spike rate was not affected
by the object motion, and remained near constant. When the object was lower than the
ground, the object moved more slowly and with a smaller angular spatial wavelength
than the ground, but was not occluded by the ground. Consistent with the changes in
object’s relative velocity and spatial frequency, spike bursting was not inhibited, and
again the single spike rate was not modulated (Fig. 5D, height = A).

In the second situation, the object moved over a gray ground that was without visual
contrast (Fig. 5E), but all other aspects of the trials were identical. In these trials, the
object motion recruited the activity of both single spikes and spike bursts, regardless of
the object height (Fig. 5F).

For all the experimental conditions, the stimuli were designed so that the object
reached the region of the simulated environment closest to the fly in its ventral visual
field at 3 s. If the simulated visual field had been larger, the object would have appeared
to pass under the fly rapidly after this time. To quantify the dynamics of the responses
for different heights in the two simulated situations, we measured the mean spike rate
in the second before the leading edge of the object reached the edge of the screen (2-3
s), and in the interval that the object left the screen (3-3.5 s). Spike bursting in these
periods is modulated by object height in the presence of the high contrast background
(Fig.5F). In the absence of the background, spike bursting is proportionally much lower.
In summary, VT1 spike bursting is not driven by object motion (Fig. 5H). Rather, it is
driven by the relative motion of an object against its background, in a way that varies
with the height of the object over a range of heights (Fig. 5F).

VT1 cell is not sensitive to loom

The focus of expansion in the motion receptive field (Fig. 1A) may indicate that the cell
is sensitive to loom, rather the optic flow of translation [23—-25]. We presented
expanding patterns centered at azimuth 60°, elevation 0° (Fig. S1). The responses were
weak compared to the responses to moving gratings. Looms recruited single spikes and
spike bursts equally, and we could only identify one aspect of looms encoded by spike
bursts. For fast looms (r/v = 10 ms), spike bursts signaled the point at which the loom
stimulus reached full size (Fig. S1B). This did not depend on the darkening of the screen,
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as it also occurred with equal strength for an expanding ring loom (Fig. S1C), and the cell
showed no response to the changes in luminance that accompany flicker stimuli (Fig.
S1E).

VT cells with motion receptive fields matched to lift

Finally, we present the motion receptive fields of other novel VT cell types that were
mapped in the search for the VT1 cell (Fig. 6). The VT2 and VT3 cells have motion
receptive fields matched to motion in the vertical, lift direction (Fig. 7A,B). Along with
VT1, they share the property of having their greatest motion sensitivity in the ventral
visual field, consistent with a role in detecting translatory self-motion [26], and a greater
fit to translation than rotation optic flow (Fig. 6D).

We also present the motion receptive fields of a heterogeneous class of spiking cells
sensitive to front-to-back motion, Hu cells [27,28], whose motion receptive fields have
not been described in detail before (Fig. 6C). Their motion receptive fields equally match
rotation and translation optic flow fields (Fig. 6D). Their best fitting translation flow
fields are generated by movement along an axis of -59° azimuth 24° elevation. This is an
axis aligned with the translation axis of the VT1 motion receptive field (Fig. 6E), for the
contralateral cell.

The VT1-3 cell types demonstrate that the fly visual system has the capacity to encode
the optic flow of translation movements in nearly orthogonal Cartesian coordinates of
sideslip, lift and thrust: VT1 encodes forward sideslip, VT2-3 encode lift, and thrust can
be encoded by cells sensitive to horizontal optic flow, including HS and Hx cells [29,30].
The Hu cells, along with other horizontal cells [31], have motion receptive fields that
allow them to contribute to encoding yaw rotations, and thrust and sideslip translations.

Discussion

The VT1 cell is a novel spiking cell in the fly visual system whose motion receptive field is
unambiguously matched to a translation along a forward sideslip direction (Fig. 1). In
addition, its spiking activity encodes more than the direction of translation. Its spike
bursts selectively encode motion onset in this direction (Fig. 2B-C), fast, spatially
inhomogeneous motion (Fig. 3), and parallax motion (Fig. 4). As a result of these
properties, the spike bursts are selectively recruited during translation self-motion
through a variable height environment (Figs 5). Finally, additional cells encode lift, the
novel VT2 and VT3 cell types, and thrust [29,30,32—-34], such that the fly has the neural
capacity to encode its translation along cardinal axes of lift, thrust and sideslip.

In the fly lobula plate, previously described cells respond to motion parallax and exhibit
size-tuning. The FD1-4 cells are direction-selective motion cells that respond to the
horizontal motion of small targets, but are inhibited by horizontal motion throughout
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the visual field [35]. As a result, these cells respond to the parallax motion generated by
a small target moving at a different speed to the surround. Likewise, a class of the
functionally similar and possibly overlapping rCl cells respond to the parallax motion of
small targets moving horizontally [28]. In contrast to these cells, the VT1 cell is sensitive
to vertical motion, and rather than being excited by small targets and inhibited by
movement in the surround, it is excited by movement in the surround and inhibited by
movement in the center. In this way, the cell is does not appear to be tuned to the
detection of small targets, but rather to variable distances in the environment, that is, to
clutter in the environment.

In other animals, visual interneurons with similar optic flow response properties have
been described in primates. Cells in cortical area MST are involved in the perception of
heading from wide-field optic flow, and individual MST cells have large motion receptive
fields that match combinations of translation and rotation optic flow that the animal
might experience while moving [36]. Despite this role in sensing the wide-field pattern
of motion, the responses of MST cells are augmented by the presence of multiple planes
of depth in the visual scene [37], and so these responses may contribute to depth
perception as well as heading. Similarly, cells in the pretectum of pigeons are sensitive
to wide-field patterns of optic flow congruent with self-motion, and their responses to
wide-field motion are augmented by multiple depth planes [38]. It is therefore possible
that these animals, with their very different motor control needs, implement similar
computational strategies for one component of their visual control of self-motion.

While motion consistent with translation in the forward sideslip direction drives
indiscriminate spiking activity in the cell, specific features of the stimulus drive spike
bursting, including speed, spatial organization, and relative motion. In this way, the VT1
cell has the capacity to encode parallel streams of information. As Fig. 5D shows, the
spike burst rate can be selectively modulated by the relative motion of an object’s
height, while the single spike rate is largely unaffected. This property of dual-coding by
cluster of spikes is not uncommon. For example, spike bursts in complex cells in cat
striate cortex can encode spatial frequency and orientation, while their single spike rate
is controlled by the contrast [16].

The cell types expressed in the lobula plate show a remarkable degree of homology
across Diptera [39], and it is possible that cells sensitive to translation-induced optic
flow are also found in other species where the circuitry may be more tractable, such as
Drosophila melanogaster [40,41]. All flies generate lift and thrust, and sideslip poses a
major problem for flight control, as it is orthogonal to the generation of lift [42,43]. For
Drosophila, sideslip is generated during the course of normal turns [44], and sideslip
visual stimuli involving relative motion in the ventral field evoke particularly strong
stabilizing responses in tethered flies [43]. We have developed an amplifier for
recording spiking neural activity that can fit in the blowfly’s head, and so one day we
may be able to measure how the VT cells contribute to flight control in vivo [45].
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Experimental Procedures

Animal preparation and electrophysiology

Flies were female Calliphora vicina from the lab colony, reared on a 12 hour on, 12 hour
off light cycle, at 50% humidity and 20°C, supplied with liver, sucrose and water ad
libitum. The colony is regularly outbred with wild-caught flies. All flies were 2-7 days old.
Each fly was briefly immobilized by cooling, the legs, wings and proboscis were
removed, and the wounds sealed with beeswax. The fly was mounted on a custom
holder, attached using beeswax, with the head aligned using the pseudopupil technique.
The cuticle was removed from the rear head capsule on both sides, the fat cells and air
sacs were removed, and the brain was kept moist using fly Ringer solution.

A tungsten recording electrode (FHC Inc, Bowdoin, ME, USA) was inserted in the right-
hand side, and a tungsten reference electrode was inserted in the hemolymph of the
left-hand side. The signals were amplified by an EXT 10-2F amplifier (NPl Electronic
Gmbh, Tamm, Germany) and sampled using at 20 kHz using a NI USB 6211 data
acquisition card (National Instruments Corporation, Austin, TX, USA). Data acquisition
was controlled using MATLAB (The MathWorks Inc, Natick, MA, USA). Spikes were
identified using custom MATLAB software. All recordings were performed at room
temperature, between 20.4 °C and 24.9 °C.

The VT1 cell is found by recording at the ventral edge of the lobula plate. During
recordings of the V1 cell, it is frequently in the background of the extracellular
recording, and by moving ventrally, the magnitude of the V1 signal decreases and the
VT1 cell can be regularly recorded in the absence of spiking activity from other cells. The
VT2 and VT3 cells are regularly found in the background when recording in the medial
lobula plate —it is exceedingly difficult and rare to record the cells in isolation as has
been done here. We have put considerable effort into recording these cells
intracellularly, so that they might be anatomically stained, and failed to find them.

Visual stimuli and data analysis

Equipment

Stimuli were displayed using one of two methods. In the first method, they were
generated by a Picasso Image Synthesizer (Innisfree, Crozet, VA, USA), and custom
electronics (Dept Zoology, University of Cambridge, UK), and displayed on a CRT display
(Tektronix, Berkshire, UK) at 182 Hz. The CRT was mounted on a frame so that it could
be positioned at a given azimuth and elevation. For all stimuli shown on the CRT, the
Michelson contrast was 60%.

In the second method, stimuli were displayed on an liyama Vision Master Pro 454
monitor (liyama, Tokyo, Japan) at 200 Hz using PowerStrip software (EnTech, Taipei,
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Taiwan) and an NVIDIA Quadro NVS 290 graphics card (NVIDIA, Santa Clara, CA, USA).
These stimuli were generated using Psychophysics Toolbox [46]. For all stimuli shown on
the monitor, the Michelson contrast was 98%.

Local motion receptive fields

We characterized the cell’s local motion direction tuning using a rotating dot stimulus,
displayed at locations throughout the visual field [47]. A 7.6° diameter black dot was
displayed inside a 20° diameter aperture moving on a 10.4° diameter path. The dot
travelled clockwise for 3 s moving round the path at a speed 2 cycles/s, before a blank
screen was displayed for 2s, and then the dot travelled counterclockwise for 3 s. The
local preferred direction (LPD) was the circular mean of the resulting tuning curve, and
the local motion sensitivity the difference between the mean response over LPD +45°
and LPD+180 +45°. Stimuli were shown in a pseudorandomly ordered series of locations.
Number of animals: VT1, N = 10 for wide field maps, and an additional N =9 for local
maps in the ipsilateral ventral visual field; VT2 N =3; VT3, N =5.

To find the rotation and translation optic flow maps that best fitted the local preferred
direction in the motion receptive fields, we performed an exhaustive search of all
rotation and translation axes, at the resolution of 1°. At every location, we generate the
rotation or translation optic flow field specified by that axis, calculated the average
inner product of the optic flow field and interpolated motion receptive field vectors. The
contributions at every elevation were weighted by the cosine of the elevation, to correct
for the oversampling of space in the interpolated maps. The resulting value, the fit of
the optic flow map to the motion receptive field, ranges from 1 for a perfect fit, to -1, a
perfect fit in the opposite direction at every point. For the VT1 cell, we used the
ipsilateral motion receptive field only: the ventral contralateral visual field has no
structure and including this part results in overfitting to noise. For the VT2-3 and Hu
cells we used the ipsilateral and contralateral visual fields, since these cells exhibit non-
random local preferred motion directions throughout their visual fields.

Size tuning

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
with a circular aperture of diameter of 48°. The spatial wavelength of the square wave
grating was 15°, the velocity 4 cycles/s. In a trial, an isoluminant gray screen was shown
for 0.5 s, followed by the stimulus for 0.5 s, followed by a gray screen for 0.5 s. The
grating moved in an aperture sizes of one of the following randomly shuffled diameters:
6.3°,12.4°, 18.3°, 23.8°, 28.8°, 33.4°, 37.6°,41.4°, 44.7°, 47.7°. Outside this aperture
diameter, the screen was an isoluminant gray. Number of trials: n = 30. Number of
animals: N =11.

Spatial wavelength and temporal frequency tuning

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
with a circular aperture of diameter of 48°. In a trial, an isoluminant gray screen was
shown for 0.25 s, followed by the stimulus for 0.5 s, then a gray screen for 0.25 s. The
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spatial wavelength of the square wave grating was one of the following values,
randomly shuffled: 5°, 10°, 12.5°, 15°, 22.5°, 30°. The velocity of the grating was one of
the following values, randomly shuffled: 0.1, 0.5, 2, 4, 7, 10, 17, 20 cycles/s. Number of
trials: n = 25. Number of animals: N = 11.

Motion in stimulus center and surround

The CRT was centered at azimuth 60°, elevation, -45°. The spatial wavelength of the
square wave grating was 10°. The center diameter was 24°, and the surround diameter
was 48°. In a trial, an isoluminant gray screen was shown for 0.25 s, followed by the
stimulus for 0.5 s, followed by a gray screen for 0.25 s. In the center and the surround,
the gratings moved at one of the following velocities, in a randomly shuffled order: 0, 1,
2,4,7,10, 13, 17, 25 cycles/s. Number of trials: n = 10. Number of animals: N = 10.

Random velocity motion and spike- and spike burst-triggered averages

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
and at 0°, the azimuth spanned 18° to 102°. A square wave grating with spatial
wavelength of 20° moved vertically with a velocity updated every 5 ms with a value
drawn randomly from the interval -25 cycles/s to +25 cycles/s. Each trial lasted 30 s. To
calculate the spike-triggered averages, the stimuli in the 150 ms time window that
preceded every single spike were averaged, and likewise the 2 and 3+ spike burst-
triggered averages were calculated, with the timing of the first spike determining the
timing of the spike burst. We also calculated the spike and spike-burst triggered
covariance matrices, but did not find significant eigenvalues in their decomposition.
Number of trials: n = 50. Number of animals: N = 11.

Direction tuning

The CRT was centered at azimuth 60°, elevation, -45°. The square wave grating had a
spatial wavelength of 10°, a velocity of 2.5 cycles/s. Trials lasted for 1.5 seconds: an
isoluminant gray screen was presented for 0.5 s, followed by the stimulus, followed by a
gray screen for 0.5 s. The grating moved in one of sixteen equally spaced directions, in a
randomly shuffled order. Number of trials: n = 20. Number of animals: N = 6.

Depth from motion

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
and at 0°, the azimuth spanned 18° to 102°. Trials lasted for 4 s. The screen height was
263 mm, and we simulated the situation shown in Fig. 5C and E, by calculating the view
the fly would see if it were translating in the azimuth 60° elevation 0° direction at a
height of 263 mm at 200 mm/s over a ground of a sinusoidal pattern of spatial
wavelength 100 mm, and began to pass over an object of one period of a 100 mm
square wave grating at an elevation of -52° after 3 s. We did not model shadowing and
the object perfectly occluded the ground. In the trials with the gray ground, the stimulus
was identical except that the ground was gray. Number of trials: n = 30. Number of
animals: high contrast background, N = 10; gray background, N = 11.
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Loom

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
and at 0°, the azimuth spanned 18° to 102°. Looms were characterized by the ratio of
the loom radius (r) and loom velocity (v), and presented at r/v = 1667, 333, 100, 10 ms.
They were centered on azimuth 60°, elevation 0°. Two forms of loom were presented: a
dark loom with a single moving edge, and a bullseye pattern of three equally spaced
black rings, as drawn in Fig.S1C. The looms were shown in a randomly shuffled order. An
isoluminant gray screen was shown for 0.5 s, then the loom stimulus for 3 s, followed by
the final frame of the loom stimulus for 0.5 s. The looms were constructed so that the
maximum radius of the loom, of 42°, occurred at 3 s. Number of trials: n = 30. Number
of animals: N = 11.

Flicker

The monitor was centered at azimuth 60°, such that its elevation spanned 0° to -52°,
with a circular aperture of diameter of 48°. The stimulus was full field flicker. A gray
isoluminant screen was presented for 0.5 s, followed by the stimulus for 0.5 s, followed
by a gray screen for 0.5 s. Stimuli were presented in a randomly shuffled order from the
following frequencies: 1, 2, 4, 8, 10, 15, 25, 50, 100 Hz. Number of trials: n = 25. Number
of animals: N = 6.

Author Contributions

KDL, SJH and HGK conceived of the study. KDL, MW, BJH and HGK designed
experiments. KDL collected and analyzed the data. SJH and MW contributed individual
recordings. KDL and HGK wrote the manuscript, with feedback from MW, BJH and SJH.

Acknowledgements

This work was supported by award FA8655-09-1-3083 to H.G.K from the US Air Force
Office of Scientific Research and the European Office of Aerospace Research and
Development. We thank Michael Dickinson and Michael Reiser for helpful comments on
early versions of the work.

References

=

Gibson J]. The Perception of the Visual World. Boston: Houghton Mifflin; 1950.

2. Collett TS. (1988). How ladybirds approach nearby stalks : a study of visual
selectivity and attention. ] Comp Physiol A 163:355-63

3. Riabinina O, de Ibarra NH, Philippides A, Collett TS. (2014). Head movements

and the optic flow generated during the learning flights of bumblebees. ] Exp

Biol 217:2633-42


https://doi.org/10.1101/086934
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086934; this version posted November 15, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

under aCC-BY-NC-ND 4.0 International license.

Schuster S, Strauss R, Gotz KG. (2002). Virtual-reality techniques resolve the
visual cues used by fruit flies to evaluate object distances. Curr Biol 12:1591-
4

Stewart FJ, Kinoshita M, Arikawa K. (2015). The roles of visual parallax and
edge attraction in the foraging behaviour of the butterfly Papilio xuthus. ] Exp
Biol (218):1725-32

Werner A, Stiirzl W, Zanker J. (2016). Object Recognition in Flight: How Do
Bees Distinguish between 3D Shapes? PLoS One 11:e0147106

Boeddeker N, Mertes M, Dittmar L, Egelhaaf M. (2015). Bumblebee Homing:
The Fine Structure of Head Turning Movements. PLoS One 10:e0135020.
Geurten BRH, Kern R, Braun E, Egelhaaf M. (2010). A syntax of hoverfly flight
prototypes. ] Exp Biol 213:2461-75

Eckmeier D, Geurten BRH, Kress D, Mertes M, Kern R, Egelhaaf M, et al. (200*).
Gaze Strategy in the Free Flying Zebra Finch Taeniopygia guttata. PLoS One
3:e3956

Kubo F, Hablitzel B, Dal Maschio M, Driever W, Baier H, Arrenberg AB. (2014).
Functional Architecture of an Optic Flow-Responsive Area that Drives
Horizontal Eye Movements in Zebrafish. Neuron 81:1344-59

Dakin R, Fellows TK, Altshuler DL. (2016). Visual guidance of forward flight in
hummingbirds reveals control based on image features instead of pattern
velocity. Proc Natl Acad Sci 113:8849-54

Schilstra C, van Hateren JH. (1998). Stabilizing gaze in flying blowflies. Nature
395:654

Kern R, Boeddeker N, Dittmar L, Egelhaaf M. (2012). Blowfly flight
characteristics are shaped by environmental features and controlled by optic
flow information. ] Exp Biol 215:2501-14

Theobald JC, Ringach DL, Frye MA. (2010). Dynamics of optomotor responses
in Drosophila to perturbations in optic flow. ] Exp Biol 213:1366-75

Krahe R, Gabbiani F. (2004). Burst firing in sensory systems. Nat Rev Neurosci
5:13-23

Cattaneo A, Maffei L, Morrone C. (1981). Patterns in the Discharge of Simple
and Complex Visual Cortical Cells. Proc R Soc London Ser B 212:279-97
Gabbiani F, Metzner W, Wessel R, Koch C. (196). From stimulus encoding to
feature extraction in weakly electric fish. Nature 384:564-7

Nemenman [, Lewen GD, Bialek W, de Ruyter van Steveninck RR. (2008).
Neural coding of natural stimuli: Information at sub-millisecond resolution.
PLoS Comput Biol 4(3):e1000025

de Ruyter van Steveninck R, Bialek W. (1988). Real-Time Performance of a
Movement-Sensitive Neuron in the Blowfly Visual System: Coding and
Information Transfer in Short Spike Sequences. Proc R Soc B 234:379-414
Strausfeld NJ. (1976). Atlas of an Insect Brain. Berlin: Springer-Verlag
Debusk BC, Debruyn EJ, Snider RK, Kabara JF, Bonds AB. (1997). Stimulus-
Dependent Modulation of Spike Burst Length in Cat Striate Cortical Cells. ]
Neurophysiol 78:199-213

Borst A, Reisenman C, Haag J. (2003). Adaptation of response transients in fly
motion vision. II: Model studies. Vision Res 43:1309-22


https://doi.org/10.1101/086934
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086934; this version posted November 15, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

under aCC-BY-NC-ND 4.0 International license.

Clark DA, Fitzgerald JE, Ales JM, Gohl DM, Silies MA, Norcia AM, et al. (2014).
Flies and humans share a motion estimation strategy that exploits natural
scene statistics. Nat Neurosci 17:296-303

Wicklein M, Strausfeld NJ. (2000). Organization and significance of neurons
that detect change of visual depth in the hawk moth Manduca sexta. ] Comp
Neurol 424:356-76

Gabbiani F, Krapp HG, Koch C, Laurent G. (2002). Multiplicative computation
in a visual neuron sensitive to looming. Nature 420:320-4

Franz MO, Krapp HG. (2000). Wide-field, motion-sensitive neurons and
matched filters for optic flow fields. Biol Cybern 83:185-97

Haag |, Borst A. (2001). Recurrent Network Interactions Underlying Flow-
Field Selectivity of Visual Interneurons. | Neurosci 21:5685-92

Gauck V, Borst A. (1999). Spatial response properties of contralateral
inhibited lobula plate tangential cells in the fly visual system. ] Comp Neurol
406:51-71

Kern R, van Hateren JH, Michaelis C, Lindemann JP, Egelhaaf M. (2005).
Function of a Fly Motion-Sensitive Neuron Matches Eye Movements during
Free Flight. PLoS Biol 3:e171

Krapp HG, Hengstenberg R. (1996). Estimation of self-motion by optic flow
processing in single visual interneurons. 384:463-6

Hausen K. (1993). Decoding of retinal image flow in insects. Rev Oculomot Res
5:203-35

Ullrich TW, Kern R, Egelhaaf M. (2015). Influence of environmental
information in natural scenes and the effects of motion adaptation on a fly
motion-sensitive neuron during simulated flight. Biol Open 4:13-21

Geurten BRH, Kern R, Egelhaaf M. (2012). Species-Specific Flight Styles of
Flies are Reflected in the Response Dynamics of a Homolog Motion-Sensitive
Neuron. Front Integr Neurosci 6:1-15

Liang P, Heitwerth ], Kern R, Kurtz R, Egelhaaf M. (2012). Object
representation and distance encoding in three-dimensional environments by
a neural circuit in the visual system of the blowfly. ] Neurophysiol 107:3446-
57

Egelhaaf M. (1985). On the Neuronal Basis of Figure-Ground Discrimination
by Relative Motion in the Visual System of the Fly II. Figure-detection cells, a
new class of visual interneurones. Biol Cybern 52(3):195-209

Duffy CJ. (1998). MST Neurons Respond to Optic Flow and Translational
Movement. ] Neurophysiol 80:1816-27

Upadhyay UD, Page WK, Duffy C]. (2000). MST Responses to Pursuit Across
Optic Flow With Motion Parallax. ] Neurophysiol 84:818-26

Xiao Q, Frost BJ. (2013). Motion parallax processing in pigeon (Columba livia)
pretectal neurons. Eur ] Neurosci 37:1103-11

Buschbeck EK, Strausfeld NJ. (1997). The relevance of neural architecture to
visual performance: Phylogenetic conservation and variation in Dipteran
visual systems. ] Comp Neurol 383:282-304

Triphan T, Poeck B, Neuser K, Strauss R. (2010). Visual Targeting of Motor
Actions in Climbing Drosophila. Curr Biol 20:663-8


https://doi.org/10.1101/086934
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086934; this version posted November 15, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

41.

42,

43.

44,

45.

46.
47,

under aCC-BY-NC-ND 4.0 International license.

Triphan T, Nern A, Roberts SF, Korff W, Naiman DQ, Strauss R. (2016). A
screen for constituents of motor control and decision making in Drosophila
reveals visual distance-estimation neurons. Sci Rep 6:27000

Straw AD, Lee S, Dickinson MH. (2010). Visual control of altitude in flying
Drosophila. Curr Biol 20:1550-6

Cabrera S, Theobald JC. (2013). Flying fruit flies correct for visual sideslip
depending on relative speed of forward optic flow. Front Behav Neurosci 7:76
Dickinson MH, Muijres FT. (2016). The aerodynamics and control of free flight
manoeuvres in Drosophila. Phil Trans R Soc B 371:20150388

Yue X, Peterson K, Krapp HG, Drakakis EM. (2010). A low-power low-
distortion amplifier for fly neural recordings. 4th Int. Conf. Bioinforma.
Biomed. Eng. iCBBE, IEEE, p. 1-4

Brainard DH. (1997). The Psychophysics Toolbox. Spat Vis 10:433-6

Krapp HG, Hengstenberg R. (1997). A fast stimulus procedure to determine
local receptive field properties of motion-sensitive visual interneurons. Vision
Res 37:225-34


https://doi.org/10.1101/086934
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/086934; this version posted November 15, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

>
<
=
W

5 Ny g e -~ ™ A - 078
NI NNt s 8 os
. ez
45‘\#!#”"‘"\\::::f’ =8
- \ t ¢ e
NV - -
C o
S B9 N v N Vs - - - t v O 4 o .
T o - . .t T
o o AL B s LA B D Rotation Translation E
s I A R I A A N S W T T SRR I 041
R 3 5
-45 [ T J l \ F S S
e e e o 3 £
P A \ @ @
700 # 7 ¢ s s 4 L QL o
'y PAVNNN] @ L
TP MANAE] R o
120" 90" —e0r 30 o 00 60r 90" 1200 012345 10 Slr_\kgle 2 3 4 5 6
Azimuth Interspike interval (ms) SPiKeS gpikes per burst

Figure 1. VT1 encodes the optic flow of forward sideslip translation with spike bursts. A)
The local motion receptive field of the VT1 cell. The direction of each arrow indicates
the local preferred direction at that location. The length of the arrow is the square root
of the motion sensitivity; this scaling ensures the directions of all responses are visible.
Black arrows are mean values, and gray arrows are interpolated values. The map is
formed from recordings of N = 10 cells throughout the visual field, and an additional N =
9 cells in the ipsilateral ventral quadrant. B) Normalized integrals of the dot products
between the local motion receptive field and the best fitting rotation and translation
optic flow fields in the ipsilateral visual field (see Experimental Procedures). Individual
cells are shown in gray, the mean values are in black, and error bars denote standard
error (N = 10). For all 10 cells, the best fit to translation is greater than the best fit to
rotation (p < 0.001, N = 10, paired t-test). C) Example of a recorded voltage trace. The
insets give an expanded view of, from left to right: a 3 spike burst, a 2 spike burst, a 4
spike burst, and a single spike. D) The interspike interval distribution of the data used to
calculate the local motion receptive field. The spikes in the spike bursts typically have
intervals of 2-3 ms. E) The distribution of the number of spikes per burst for the data
used to create the local motion receptive field. In these cells, which are not driven
strongly by the local motion stimuli, around half the spikes are single spikes. Across all
the datasets recorded, the proportion of single spikes varied from 30-55%. Error bars
denote standard error.
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Figure 2. Spike bursting in VT1 supports size tuning and is triggered by the onset of
motion. A) Responses to the motion of grating with a spatial wavelength of 15°, moving
at 4 cycles/s in the preferred direction inside a circular aperture whose diameter varied
between trials. The total response peaks at 24°, due the 3+ spike burst rate peaking at
24°. Mean =S.E. values shown, N = 11. B) Raster plot of trials from a single cell (B1) and
mean peristimulus spike histograms of all cells (N = 11), in response to the grating
moving in a 24° diameter aperture. 3+ spike bursts reliably indicate the onset of motion,
and follow the phase of the grating. C) As for (B) but with a stimulus aperture of 48°. 3+
spike bursts still reliably signal the onset of motion, but no longer follow the phase of
the grating. D) Spatial wavelength tuning of responses to a grating moving at 7 cycles/s.
The peak in the mean spike rate response at 15° is due to the spike burst rate peaking at
15°. Mean =S.E. values shown, N = 10.
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Figure 3. VT1 spike bursts encode motion velocity, and velocity tuning depends on area
stimulated. A) Random velocity motion and spike- and spike burst-triggered averages.
(A1) The grating moved vertically, with a velocity randomly updated every frame
displayed and taken from the interval 25 cycles/s. (A2) The average stimuli that
triggered single spikes and spike bursts. The envelopes around the lines denote S.E. The
peak velocities of the triggered averages increase with the number of spikes in the burst
(N =11). (A3) Examples of a single spike and a two spike burst, and the stimuli that
generated them. B) Velocity tuning to a 10° grating moving in the preferred direction in
a 48° diameter aperture. (B1) Spatial location of the stimulus. (B2) Mean +S.E. values
shown, N = 10. (B3) Mean peristimulus time histogram of responses to the grating
moving at 7 cycles/s. C) As for (B) for motion in a 24° diameter aperture. D) As for (B) for
motion in the annular space surrounding the 24° diameter center, inside a 48° diameter

aperture.
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Figure 4. VT1 spike bursts encode relative motion. A) The spatial organization of the
stimulus, with the local motion sensitivity and preferred directions plotted in gray. The
cell is excited by local vertical motion throughout the area. B) The joint 3+ spike burst
response distribution to gratings moving with independent velocities in the stimulus
center and surround. The velocity axes have been scaled by the square root so that
changes in response magnitude at low velocities can be appraised. The peak 3+ spike
burst responses occur when the center velocity is 0 or 25 cycles/s. C) Responses to 7
cycles/s motion in the stimulus surround, the dashed lines in (B) and (E). Motion in the
center inhibits 3+ spike bursting, for all but the slowest (0 cycles/s) and fastest (25
cycles/s) velocities, but does not affect the rate of single spike and 2 spike bursts. Mean
+S.E. values shown, N = 10. D) 3+ Spike bursts have increased directional selectivity
compared to single spikes and 2 spike bursts. The directional tuning curves have been
normalized by subtracting the spontaneous spike rate and dividing by the resulting peak
rate. Mean =S.E. values shown, N = 6. E) As for (B) but calculated for single spikes and 2
spike bursts. The distribution is dominated by the surround velocity and motion in the
center does not inhibit the rate of single spikes and 2 spike bursts. F) Responses to 2
cycles/s motion in the stimulus center, the dotted lines in (B) and (C). Motion in the
surround augments the rate of single spikes and 2 spike bursts, but does not affect 3+
spike bursts. Mean +S.E. values shown, N = 10.
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Figure 5. VT1 spike bursts signal depth from motion. A) Spatial organization of the
stimuli for the electrophysiological recordings. B) In every frame, the same stimulus y-
axis pixel values were displayed across the screen. The space-time plots show how those
y-axis pixel values changed over the duration of the trial, for the stimuli with the high
contrast background pattern. The stimuli in B are aligned by columns to match the
panels in (D). All stimuli are organized so that the object begins to leave the monitor
screen at 3 s. C) A schematic alternative view of the situation simulated by the stimuli in
(B). The object, the single period A of a square wave grating, sits above (-ve heights) or
below the ground (+ve heights). The fly moves at a velocity of 2A/s, and the ground has
a high contrast sinusoidal grating of wavelength A. D) Mean single spike and 3+ spike
burst responses to the object at heights of, from left to right, \/2 above the ground,
level with the ground, or A below the ground. The 3+ spike burst rate is modulated by
the object height, while the single spike rate is unaffected. N = 10. The gray boxes along
the x-axis highlight the times over which the mean responses are averaged in (G) and
(H). E) As for (C) but with a gray, zero contrast ground. The motion of the object is now
the only motion cue. N = 11. F) Mean single spike and 3+ spike burst responses to the

same object motion in (D), but with the object moving against a gray ground. G) The
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mean +S.E responses for the second before the object starts to leave the monitor screen
(2 to 3 s) and the 0.5 seconds after this time (3 to 3.5 s), while it moves against the high
contrast background. The 3+ spike burst rate is highly modulated by the object depth. N
=10. H) As for (G), but for the object moving over the gray ground. The spike burst rate
is no longer highly modulated by the object depth, and follows the single spike rate. N =
11.
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Figure 6. VT cells with motion receptive fields matched to lift. A-C) The local motion
receptive fields of the VT2, VT3, and Hu cell types respectively. The data are displayed
following the same procedures as in Fig. 1A. D) Normalized integrals of the dot products
between the local motion receptive field and the best fitting rotation and translation
optic flow fields in the entire visual field (see Experimental Procedures). Individual cells
are shown in gray, the mean values are in black, and error bars denote S.E: VT2 N = 3;
VT3, N =5; Hu, N = 8. E) The azimuth and elevations of the axes of translations that best
match the local motion receptive fields of the VT1-3 and Hu cells. Solid markers indicate
mean values, and the green and red bars indicate the mean fitted azimuths of the
translation axes of the Hu and VT1 cells, respectively.
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Figure S1. VT1 is not sensitive to loom, and does not respond to flicker. A) The loom
stimuli span a range from slow looms that may be encountered during a slow approach
to an object (r/v = 1667 ms) to the rapid looms of a rapid predator such as a dragonfly
(r/v =10 ms). The looms are organized so that the maximum radius is reached at 3.5 s,
whereupon the loom remains for 0.5 s. B,C) Mean single spike and 3+ spike burst
responses to dark looms (B) and striped looms (C), aligned by columns with the stimulus
time courses in (A). Responses do not appear to follow the loom speed, and looming
neither recruits spike bursting, nor drives the cell as strongly as grating motion. D) Mean
+S.E responses to dark (solid lines) and striped (dashed lines) looms in the 0.5 s after the
loom has reached its maximum size (3.5 to 4. S). N = 11. E) Mean =S.E responses to
flicker. N = 6.
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