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SUMMARY

From mammals to insects, locomotion has been shown to strongly modulate visual-system physiology. Does
the manner in which a locomotor act is initiated change the modulation observed? We performed patch-
clamp recordings from motion-sensitive visual neurons in tethered, flying Drosophila. We observed motor-
related signals in flies performing flight turns in rapid response to looming discs and also during spontaneous
turns, but motor-related signals were weak or non-existent in the context of turns made in response to brief
pulses of unidirectional visual motion (i.e., optomotor responses). Thus, the act of alocomotor turn is variably
associated with modulation of visual processing. These results can be understood via the following principle:
suppress visual responses during course-changing, but not course-stabilizing, navigational turns. This prin-
ciple is likely to apply broadly—even to mammals—whenever visual cells whose activity helps to stabilize a

locomotor trajectory or the visual gaze angle are targeted for motor modulation.

INTRODUCTION

Motor signals modulate sensory physiology in varied brain re-
gions and during diverse actions, from the twitching of facial
muscles to the act of locomotion.”™ A deeper understanding
of the function of these motor-related modulations would be an
important step forward for systems neuroscience.

An intriguing aspect of motor control is that the same physical
movement can serve different functions depending on context.
Consider, for example, a person jogging in nature. This individual
is likely to make many internally initiated or spontaneous naviga-
tional turns as they explore their new environment. They might
also turn rapidly away from a looming object, like an elevated
boulder tumbling toward them. Both the spontaneous and
loom-evoked turns can be considered course-changing in that
their purpose is to alter the navigational trajectory. On the other
hand, a very strong gust of wind might come and cause this per-
son’s body to rotate during the jog, which might then drive them
to quickly turn back toward their initial direction of travel. Such
turning-back behavior is a course-stabilizing turn in that its pur-
pose is to help maintain a consistent navigational trajectory after
an unexpected perturbation. Should we expect this person’s vi-
sual system to be modulated the same way during all the above-
mentioned turns—if the kinematics were generally matched—or
might course-changing and course-stabilizing navigational turns
lead to different modulations because their behavioral purpose is
different? Answering this question might illuminate at least some
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of the reasons why sensory physiology is so pervasively modu-
lated by movement.

We studied modulations of visual signaling in the Drosophila
gaze control system during tethered flight. Flying flies inter-
sperse periods of straight flight (or hovering) with quick turns,
called saccades. We previously reported on motor-related sig-
nals in optic-flow processing neurons whose sign, timing, and
magnitude are appropriate for silencing the expected visual re-
sponses of those neurons during rapid flight turns.®” To date,
however, these motor-related signals have only been observed
during spontaneous saccades, which are course-changing turns
that occur at unpredictable times relative to any measurable
external event.®"" Many locomotor turns in flies, however, are
evoked by visual stimuli.® %2

In this study, we compare motor-related signals in optic-flow
processing neurons during spontaneous flight turns with those
observed during two types of visually driven turns: loom-evoked
and optomotor (Figures 1A and 1B). In loom-evoked turns, flies
rapidly turn away from an expanding disc. In optomotor re-
sponses, flies turn in the direction of rotational visual motion.
Loom-evoked turns are course-changing and reflect an attempt
by the fly to evade an approaching object. Optomotor responses
are course-stabilizing because they reflect corrective turns that
help to maintain a consistent gaze or traveling angle. We
observed motor-related inputs to optic-flow processing neurons
during loom-evoked flight turns, akin to our original observations
during spontaneous turns, but we could not detect motor-related

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Course-changing and course-stabilizing flight turns and motor-related inputs to the horizontal system (HS) cells

(A) Schematic of different types of flight turns.

(B) We will test the hypothesis that loom-evoked and optomotor turns are associated with motor-related input to HS cells.
(C) Top: fly visual lobe with HS cells schematized. Bottom: a sample recording of an HSN cell in the right lobula plate responding to clockwise (preferred direction)

and counter-clockwise (null direction) panoramic visual motion.

(D) Setup for patch-clamp recordings in tethered, flying Drosophila and tracking of wing-steering behavior.
(E) Example membrane potential (Vm) trace from an HSN cell in the right lobula plate (top) and the concomitant left-minus-right wingbeat amplitude (L-R WBA)
wing-steering trace (bottom) in the context of a uniformly lit screen. Spontaneous turns/saccades (arrows, bottom) coincide with saccade-related potentials

(arrows, top).

inputs during optomotor responses. The simplest interpretation
is that the motor-related inputs in this system act to suppress
the visual activation of these cells during course-changing, but
not course-stabilizing, navigational turns. This interpretation—
based upon the magnitude of motor-related signals during
different modes of action initiation—generally supports the
notion that these inputs function as efference copies, as classi-
cally defined,'*'® consistent with past interpretations based on
other lines of evidence.® Comparing the magnitude of motor-
related signals across modes of action initiation may be a gen-
eral way, even beyond insects, to gain insight into the function
of motor-related modulations in varied visual systems.

RESULTS

Optic-flow processing neurons show transient
membrane potentials during loom-evoked flight turns
We studied motor-related signals in the horizontal system (HS)
cells of the fly’s optic lobe'®'® during course-changing and
course-stabilizing flight turns (Figures 1A and 1B). HS cells are
large visual interneurons located in the lobula plate, four synap-
ses downstream of photoreceptors. There are three uniquely

identifiable horizontal system cells in each lobula plate: the hor-
izontal system north (HSN) cell, horizontal system equatorial
(HSE) cell, and the horizontal system south (HSS) cell (Figure 1C).
These three cells anatomically span the top, middle, and bottom
part of the lobula plate and, correspondingly, their receptive
fields span the ipsilateral dorsal, middle, and ventral fields of
view, respectively.'®"” All three HS cell types show direction-se-
lective responses to visual motion, and they are particularly sen-
sitive to panoramic, wide-field motion, called optic flow. HS cells
on the right side of the fly brain are depolarized by clockwise
rotational visual motion (preferred direction) and they are hyper-
polarized by counterclockwise motion (null direction) (Figure 1C).
HS cells on the left side show the opposite tuning.

By performing whole-cell patch-clamp recordings from HS
cells in tethered, flying Drosophila (Figure 1D), we previously
showed that these neurons, in addition to their classic visual re-
sponses, receive motor-related inputs during rapid flight turns or
saccades. We can detect spontaneous saccades as quick devi-
ations in the left-minus-right wingbeat amplitude (L-R WBA)
behavioral signal®” (Figure 1E, arrows, bottom trace). The mo-
tor-related inputs are evident as saccade-related potentials
(SRPs) that hyperpolarize HS cells on the right side during
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leftward turns (Figure 1E, arrows, top trace), and vice versa,
which is the appropriate sign if SRPs are to suppress the ex-
pected visual activation of HS neurons during a turn. To date,
however, SRPs have only been described in the context of spon-
taneous saccades. Are SRPs also evident in HS cells during sen-
sory-evoked turns, in particular during rapid evasive maneuvers
made in response to looming visual objects?

In preliminary experiments, we performed patch-clamp re-
cordings from HS cells while presenting looming stimuli in the
context of an otherwise uniformly lit (i.e., blank) screen. Whereas
HS cells showed membrane potential (Vm) modulations to the
looming stimuli, we could not definitively determine whether
the signals reflected visual responses to the expanding disc or
motor-related potentials to the saccade (data not shown). HS
cells are tuned to rotational motion, but they also activate to an
expanding-disc stimulus, albeit more weakly. One of the main
challenges in dissociating visual and motor contributions in
these initial experiments was that SRPs tend to be small, and
thus hard to detect, in the absence of depolarizing visual drive.®

We therefore modified our stimulus to increase the size of
SRPs. We previously discovered that hyperpolarizing SRPs
grow in magnitude when HS cells are tonically depolarized by vi-
sual motion, either because the saccade-related conductance is
actively strengthened in this context or because the HS cells’ Vm
is further away from the reversal potential of a consistent
saccade-related conductance.® We thus presented looming
stimuli in the context of a widefield motion stimulus that tonically
depolarized HS cells. Specifically, we recorded from HS cells in
the right lobula plate and depolarized them with a set of bars
(a square-wave grating) rotating clockwise on the contralateral
side of the screen, extending 54° into the ipsilateral side. During
loom trials, we additionally presented a looming disc on the ipsi-
lateral side (Figure 2A; Video S1; STAR Methods). We also
included no-loom trials, which were identical to loom trials
except that the disc never expanded (Figure 2A; Video S2).

In a typical loom trial, we observed that an HS cell tonically de-
polarized in response to the grating (Figure 2B, top) and the fly
performed a slow, ramping optomotor response with her wings
(Figure 2B, bottom, rising L-R WBA trace after grating motion
onset). This rightward optomotor response was interspersed
by frequent saccades to the left, as previously described,’ which
co-occur with large hyperpolarizing SRPs (Figure 2B, small ar-
rows). These nystagmus saccades are reminiscent of the rapid,
nystagmus eye movements that vertebrates make while per-
forming an optokinetic response to a rotating grating.'® Toward
the end of the loom’s expansion (shaded area), the fly performed
the expected saccade away from the looming disc (Figure 2B,
large arrow), and this saccade was associated with a Vm hyper-
polarization that resembled the nystagmus-saccade SRPs.

The single trial was representative for all trials measured from
this fly (Figure 2C). Nystagmus saccades largely averaged out in
the mean behavioral trace, consistent with them having variable
onset times relative to the onset of grating motion across trials
(Figure 2C, bottom, thick line before loom). Because the occur-
rence times of nystagmus saccades are variable in relation to
the onset of visual motion, we will consider them as “sponta-
neous” actions herein, but how one wishes to categorize these
saccades is not essential for our main points. The behavioral
response to the loom, on the other hand, remained visible in
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the average trace, alongside a concomitant Vm hyperpolar-
ization. In principle, this hyperpolarization could reflect a feedfor-
ward visual response to the looming disc or a motor-related po-
tential related to the act of turning. Which interpretation is most
parsimonious?

Analyses leveraging trial-to-trial variability in behavioral
responses argue that the loom-evoked modulation in HS
cells has a strong motor-related component

To examine whether the loom-associated hyperpolarization was
a motor-related signal, we took advantage of the fact that some
flies (unlike the example fly in Figures 2B and 2C) showed signif-
icant trial-to-trial variability in their behavioral response to the
loom. This meant that we could analyze whether the magnitude
of the loom-associated potential correlated with the size of the
variable behavioral response to the loom, which would be ex-
pected if the loom-associated potential were to reflect a mo-
tor-related signal.

In Figure 2D, we show two loom trials recorded in a fly that
showed significant variability in her response to the expanding
discs. A clear membrane hyperpolarization was evident on a trial
in which the fly responded strongly to the loom (dark blue), but
not on a trial where she responded weakly (light blue) (STAR
Methods). We observed the same trend in averaged traces
from trials with large behavioral responses to the loom (Figure 2E,
right column, dark blue) and those with small behavioral re-
sponses to the loom (Figure 2E, right column, light blue). On trials
with large behavioral responses, the average loom-associated
potential grossly resembled the average nystagmus SRP (Fig-
ure 2E, red top trace). We observed that trials with small re-
sponses to the loom often tended to be those where the fly
had just performed a spontaneous saccade immediately prior
to the loom (e.g., light-blue saccade that begins right before
the gray region in Figure 2D, marked by a light blue arrow), which
might explain some of the variability in behavior. These pre-loom
saccades on small response trials led to a lower L-R WBA and
Vm baselines prior to the loom (light blue curves are lower than
dark blue curves at baseline in Figure 2E), an issue we consider
further below. Note that this observation means that L-R WBA
and HS Vm were well correlated both before and throughout
the time course of the response to the loom (Figures 2D and 2E).

We quantified the magnitude of behavioral responses on a
trial-by-trial basis by first defining two 120-ms time windows.
The first window began when the disc started expanding and
extended forward 120 ms. This window was our baseline win-
dow because the flies were not yet responding during this time
period. The second window started at the end of the first window
and extended forward 120 ms. This window was our response
window because the flies performed their loom-evoked turns in
this time period. We quantified the magnitude of behavioral
and neuronal responses on a trial-by-trial basis by subtracting
the mean L-R WBA and Vm, respectively, in these time windows.
In this fly, we found a strong linear relationship between behav-
ioral and neuronal responses across trials (Figure 2F, r = 0.92,
slope = 0.19 mV/deg). Such a correlation could arise if both
neuronal and behavioral responses get weaker over time, due
to adaptation/fatigue.'® However, the fly alternated, trial-to-trial,
between large and small turn responses (gray shading in Fig-
ure 2F reflects trial number, with darker points indicating later



Current Biology

¢? CellPress

OPEN ACCESS

A B Grating motion C Grating motion
L(_)Om N_O_Loom 44 lonset """ ‘ Loom
trial trial — ‘ —>
I E— E !
My s
: H]]E H]]E
SRR E
11 ° =
. o o
B =
= =
— 15 Y
D Loom E Loom F 5
-46 -48 r= 09, p < 0.001
S | M M b s
£ f\'-',ﬂp i f ‘Jn .\lwllj | W\h E _ o
g VN S > °
> > 1S °
x e’
58 -55] Is)
§ ot 200 ms § . 100 ms Large turn (7 trials) 2
Z T 04
1 p o]
é ° ‘/\IVM\,\ Aﬁ/\f/\/\/\/ﬁﬁ é ~/\/ W\ °
i L E Spontaneous \\/ -
N _', saccades B
—40 X 35 -30 0 20
AL-R WBA (deg)
G H |
46 No loom 48 No loom *1 r=0.9, p<0.001

(mV)
=

Vm
&
[e-]
N
o
o
3
7]

10,

I
w
o
1
'

1
w
o

L-R WBA (deg)
- o
%
'
S
L-R WBA (deg)

Vm
| <
I
AVm (mV)

Spontaneous
saccades

{z

L-R WBA
saccade onset

(7 trials)

-30 0 20
AL-R WBA (deg)

Figure 2. Single-cell analyses of motor-related inputs to HS cells during spontaneous and loom-evoked saccades
(A) Stimulus paradigm for HS cell recordings on the right side of the brain. After 2 s of clockwise grating motion a disc expands on the right (loom trials, Video S1).

Trials without loom expansion served as a control (Video S2).

(B) Example Vm (top) and left-minus-right wingbeat amplitude (L-R WBA) (bottom) for a loom trial. Grating motion onset is indicated by a dotted vertical line. Disc

expansion is indicated by the gray rectangle.

(C) Individual Vm and L-R WBA traces (light traces, n = 15 trials) together with the averages (dark blue).
(D) Individual trials from one fly showing strong (dark blue) and weak (light blue) behavioral responses (black arrows) to the loom (bottom) and concomitant

changes in Vm (top).

(E) Left column shows the mean + SEM spontaneous saccade (bottom) and SRP (top) during grating motion (n = 9 flies). Right column shows loom-aligned, trial-
averaged data from strong loom-response trials (mean + SEM, dark blue, n = 7 trials) and weak loom-response trials (light blue, n = 7 trials).

(F) Mean Vm change between the 120 ms following the loom and 120 ms preceding the loom plotted against the mean L-R WBA change in the same time
windows. Shading of data points indicates trial number; darker points are trials that occurred later. Blue line: linear regression of scattered data.

(G-I) Example traces, averages, and AVm to AL-R WBA relationship for no-loom trials as in (D)-(F). (H) Orange, n = 7 trials, yellow, n = 7 trials.

trials), arguing against any fatigue-related explanation for the
observed correlation.

At face value, the high correlation between behavioral and
neuronal responses during looms argues that motor-related in-
puts impact HS cell physiology during loom-evoked turns. How-
ever, a potential concern is that when we analyzed no-loom trials

in the same manner, we observed a similar correlation (Figures
2G-2l). This result makes sense when one keeps in mind that
flies were constantly performing spontaneous saccades. Thus,
when testing any arbitrary time window, one expects to observe
a correlation between Vm and L-R WBA due to the known
relationship between Vm and L-R WBA for spontaneous
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Figure 3. Population-level analyses of motor-related inputs to HS cells during spontaneous and loom-evoked saccades

(A) Change in Vm plotted against change in left-minus-right wingbeat amplitude (L-R WBA) (across the 120 ms before and after the end of the loom) for loom trials
(blue, n = 211 trials) and no-loom trials (orange, n = 220 trials). One dot represents one trial; data from 9 flies are shown. Colored lines: linear fits (p < 0.001).
Histograms of AL-R WBA (horizontal) and AVm (vertical) for both stimulus conditions are shown.

(B) Average L-R WBA and Vm of loom trials with large turns (dark blue) and small turns (light blue). Average L-R WBA and Vm of no-loom trials with large turns

(dark orange) and small turns (light orange).

(C) Same as (A) but for a subset of trials that met the no-nystagmus-saccade criterion (n = 104 loom trials, n = 77 for no-loom trials). p < 0.001 for both linear fits.
(D) Same as (B) but for the subset of trials that met the no-nystagmus-saccade criterion. Loom trials with large responses (dark blue) and small responses (light
blue). No-loom trials with large responses (dark orange) and small responses (light orange).

See also Videos S1 and S2.

saccades.®’ The fact that we observed the same Vm and L-R
WBA correlation in the loom window, in which the fly showed var-
iable behavioral responses, suggests that similar motor-related
input arrives to HS during spontaneous and loom-evoked turns.
The observed correlation could, in principle, also have occurred
from this fly performing spontaneous saccades around the time
of the visual expansion while completely ignoring the loom. How-
ever, the large changes in the average L-R WBA traces, indi-
cating leftward turns, around the time of the real loom compared
to the no-loom (compare dark L-R WBA traces in the right col-
umn of Figures 2E and 2H) argue that the fly performed bona
fide visually evoked turns away from the expanding disc.

Do the arguments laid out for the single cell and fly in Figure 2
hold for our entire population? Across all our recorded neurons
(n = 9), we observed a significant linear relationship between
behavioral and neuronal responses during loom trials (Figure 3A,
blue dots, r = 0.8, slope = 0.19 mV/deg) and during no-loom trials
(Figure 3A, red dots, r = 0.6, slope = 0.19 mV/deg). Importantly,
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the distributions of AL-R WBA clearly differed between these
two conditions: in the no-loom condition the mean behavioral
response was slightly positive (indicating a weak rightward
turn) (mean AL-R WBA = 1.7 deg), whereas during the loom con-
dition the mean behavioral response was strongly negative (indi-
cating a leftward turn, i.e., a turn away from the looming stimulus)
(mean AL-R WBA = -7.0 deg) (Figure 3A). This result demon-
strates that the flies indeed were responding to the looming
disc on many trials and thus the similar correlation observed in
loom and no-loom trials supports the hypothesis that a consis-
tent motor-related signal arrives to HS cells during both sponta-
neous and loom-evoked turns.

To visualize the presumed motor-related input to HS cells as a
function of time, we plotted the mean Vm from trials with large
and small behavioral responses separately (Figure 3B, selected
based on the difference between the mean L-R WBA in the
120-ms baseline and response time windows described earlier)
(STAR Methods). In loom trials, a large average behavioral
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response was associated with a large average Vm hyperpolar-
ization (Figure 3B, dark blue), and a small average behavioral
response (Figure 3B, light blue) was associated with a small
Vm hyperpolarization, as expected (Figure 3B, blue arrowheads).
Small-response trials were associated with low pre-stimulus Vm
and L-R WBA—i.e., a nystagmus saccade prior to the loom—
emphasizing again that some of the behavioral-neuronal correla-
tion in Figure 3A was due to nystagmus saccades causing a fluc-
tuating baseline.

To test whether loom-associated modulations of HS cells are
correlated with behavior independently of nystagmus saccades,
we had sufficient recorded trials across our population to
analyze only trials in which the animals did not make a
nystagmus saccade prior to the loom. Trials with a high baseline
Vm, indicating no SRP prior to the loom (STAR Methods),
showed a similar, significant, linear relationship between behav-
ioral and neuronal responses during loom trials (r = 0.8, slope =
0.17 mV/deg) and no-loom trials (r = 0.5, slope = 0.14 mV/deg)
(Figure 3C). In these no-nystagmus trials, we observed a seem-
ingly bimodal AL-R WBA distribution (Figure 3C, blue distribu-
tion at top), which would suggest that flies either responded or
did not respond to the loom on any given trial. A statistical test
for bimodality, however, did not achieve significance (p > 0.05,
UniDip) (STAR Methods).?° A statistically significant bimodality
was, however, evident in the distribution of Vm changes across
trials (Figure 3C, blue distribution at right, 0.025 significance
level, UniDip). Average time-domain traces (Figure 3D) empha-
size that the correlation between behavioral and neuronal re-
sponses are evident even in the context of stable L-R WBA
and Vm baselines (Figure 3D, blue traces). Overall, these data
argue that HS cells receive motor-related inputs during loom-
evoked turns, not just spontaneous ones.

Note that the strong correlation between behavior and
neuronal responses in Figure 3 does not necessarily mean that
SRP magnitude scales with L-R WBA magnitude on each
saccade. Rather, once a tethered-flight saccade is executed,
HS cells might express an SRP with a relatively consistent
size, irrespective of the size of the L-R WBA deflection (see,
for example, Figure 2B). In this view, on any given trial, flies either
saccade away from the loom or do not, and HS cells get a
consistent motor-related input on saccade trials. In other words,
there are two sets of blue points in Figure 3C, one set related to
responder trials (in the bottom left) and another related to non-
responder trials (in the middle), with a strong correlation arising
only when both sets are taken into account. Even if this interpre-
tation is correct and our measured L-R WBA saccades in teth-
ered flight are associated with a nominally consistent SRP, it
does not rule out the possibility that SRPs in free flight are in
fact tuned in strength to the expected visual input on a turn-
by-turn basis. Future work will be needed to fully resolve this
issue.

The loom-evoked modulation is consistent with a strong
motor-related input interacting linearly with a weaker
visual input

We observed a consistent, brief deflection in the population’s Vm
on trials with weak behavioral responses (Figures 3B and 3D,
black arrows). A similar potential was evident in the single-cell
example shown earlier (Figure 2E, blue arrow). Perhaps this
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signal reflects a small, looming-disc-associated visual input to
HS cells, present on all trials independent of behavior? We favor
this interpretation because when we recorded Vm responses to
the same stimulus in non-flying, quiescent flies, we observed a
very similar Vm signal as in the weak responder trials during flight
(Figure 4A, yellow curve). In non-flight, it is reasonable to imagine
that the observed Vm modulations to a looming stimulus largely
reflect a feedforward visual input because the fly was not pro-
ducing an overt locomotor turn. The Vm signal we measured dur-
ing large-response flight trials would be, in this interpretation, the
result of the feedforward visual drive combined with a motor-
related input. Under the assumption that visual and motor-
related inputs sum linearly —an assumption that is not unreason-
able in these non-spiking neurons’—one could estimate the
shape of the average motor-related signal during loom-evoked
saccades by subtracting the signal during small-response trials
(the putative visual component) from the signal measured during
large-response trials (the putative visual component summed
with a motor-related component) (Figure 4A, dark and light
gray). This subtracted “L-S” curve (Figure 4B, black) resembles
a spontaneous-saccade SRP (Figure 4B, red trace), consistent
with the hypothesis that the Vm trace in flight reflects the sum
of motor and visual inputs to these cells.

The timing of SRPs argues that the motor-related inputs
aim to counteract head-movement-related visual input
While the SRPs associated with spontaneous turns (red) and the
proposed SRPs for loom-evoked turns (black) in Figure 4B had a
similar overall shape, the onset time of the initial dip differed be-
tween the two curves. We quantified this onset-timing difference
by calculating the moment at which each signal reached 30% of
its peak deviation (STAR Methods). The measured, spontaneous
saccade SRP (Figure 4B, top, red trace) started dipping ~40 ms
earlier relative to the onset of the turn—as measured in the
wings’ L-R WBA trace—by comparison to the inferred loom-
associated SRP (Figure 4B, top, black trace), which seemed to
dip closer to turn onset. One concern is that the black trace in
Figure 4B is rather derived (a subtraction of two population-aver-
aged Vm curves), which might induce a variety of artifacts. If we
instead, more simply, extract saccades in the post-loom time
window (which should enrich for loom-evoked saccades over
spontaneous ones) and compare their associated SRPs to those
observed in association with saccades made in the pre-loom
time window (spontaneous saccades), we also observed a trend
for the SRP to start earlier relative to the L-R WBA saccades on
spontaneous turns, in this case by ~20 ms (Figures 4C and 4D).
In loom-evoked turns we thus observed that SRPs start to
become evident at roughly the same time as the L-R WBA
saccade signal (Figure 4D), arguing against the notion that
SRPs in HS cells drive the loom-evoked saccades to take place.
How might one explain the timing differences between spon-
taneous and loom-evoked SRPs? Past work has revealed that
when HS cells are silenced, head movements made to stabilize
the visual image are smaller in magnitude and made more slowly
than normal; L-R WBA wing steering signals are only mildly
impaired (if impaired at all).” We therefore measured the timing
of head, wing, and abdomen movements made in association
with spontaneous and loom-evoked saccades (Figures 4E-4J).
We tethered the fly’s thorax to a rigid pin with the head
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Figure 4. Motor-related inputs to HS cells as well as the onset of head movements are delayed relative to the wing-steering response on
loom-evoked turns

(A) Population-averaged L-R WBA and Vm from large-response (dark gray) and small-response (light gray) no-nystagmus-saccade loom trials. Mean Vm in
response to the loom stimulus from non-flying flies is also shown (yellow).

(B) Population-averaged L-R WBA and Vm from nystagmus/spontaneous saccades (red). The time-point-by-time-point subtraction of the dark gray and gray
traces on the right is shown in black here (black, “L-S”).

(C) Population-averaged saccade-triggered L-R WBA and Vm for loom-evoked (blue) and spontaneous saccades (red).

(D) The time at which L-R WBA and Vm reach 30% of their peak deviation. Each point represents one fly. Error bars indicate 95% confidence intervals.

(E) A schematic of the experimental setup for pin-tethered flight.

(F) A DeepLabCut neural network computes the L-R WBA, head-to-thorax, and abdomen angles at 100 Hz.

(G) Saccade-triggered averages of L-R WBA, head angle, and abdomen angle for a sample fly (thin lines, single trials; thick lines, mean).

(H) Same as (E), but population averaged traces (thin lines, single fly averages; thick line, mean).

() Peak angular amplitude of the L-R WBA, head, and abdomen signals during spontaneous and loom-evoked saccades (dots, single fly means). Error bars
indicate 95% confidence intervals.

(J) The time at which L-R WBA, head, and abdomen angles reach 30% of their peak deviation after saccade onset.

See also Figure S1.
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unglued,”’*** and we used a deep neural network?® to track the

position of body parts, imaged at 100 Hz, during tethered-flight
saccades (Figures 4E-4J). Head movements associated with
saccades were generally delayed in relation to L-R WBA wing-
steering movements (Figure 4J),° but the delay was 32 ms
shorter (and more variable) for spontaneous saccades in com-
parison to loom-evoked saccades (Figure 4J). This timing rela-
tionship remained unchanged when we selected saccades
with a different method (STAR Methods) (Figure S1). The 32-
ms timing difference in the onset time of head movements is
similar to the 20-40 ms timing difference between spontaneous
and loom-evoked SRPs in our electrophysiology experiments
(Figures 4A and 4B), supporting the hypothesis that SRPs reflect
motor-related inputs that aim to suppress the visual activation
associated with head movements during saccades. In other
words, when head movements occur earlier on a given saccade,
SRPs arrive earlier to HS cells as well.

Optomotor responses are not associated with
measurable motor-related inputs to optic-flow
processing neurons

If both spontaneous and loom-evoked saccades are associated
with motor-related inputs to HS cells, perhaps all flight turns are
associated with such inputs? An observation that gave us pause
with regard to this idea was that when the widefield grating in our
electrophysiological experiments first started to rotate—well
before the loom—and the HS cells’ Vm thus rapidly depolarized,
we did not observe a strong correlation between the Vm of HS
cells and L-R WBA (r = 0.2 in Figures 5A and 5B versus
r = 0.5-0.8 in Figures 3A and 3C). Flies presented with
widefield, rotational visual motion perform a so-called optomotor
response, i.e., a turn in the same direction as the panoramic mo-
tion. The low correlation in Figure 5B thus suggested that motor-
related inputs may not arrive to HS cells during optomotor
responses. An important concern, however, was that the rise in
the L-R WBA curve in Figure 5A was very slow by comparison
to the rapidly changing L-R WBA signals during saccades.
Furthermore, HS cells were depolarized close to saturation in
these experiments, and putative motor-related signals for opto-
motor turns would have been expected to have the same sign as
the strong visual responses. To properly test whether motor-
related inputs arrive to HS cells during optomotor responses,
we sought to elicit fast optomotor turns that mimicked, as closely
as possible, the turning dynamics during spontaneous and loom-
evoked saccades, while using visual stimuli that induced as little
a visual response as possible.

We again tonically depolarized the HS cells, but this time by
presenting a panoramic starfield, rather than a square-wave
grating, which rotated in the preferred direction of the cells on
all trials. That is, the starfield rotated clockwise because we re-
corded from HS cells on the right side (Figures 5C and 5D). On
optomotor trials, we presented an irregularly spaced, vertical
grating overlayed on the starfield on the contralateral side. This
grating rapidly rotated counterclockwise by 11.25° in 120 ms
(Figure 5C; Video S3), inducing a fast, leftward optomotor
response. We used a grating with irregularly spaced stripes®
because gratings with regularly spaced stripes induce an unnat-
ural, oscillatory Vm response in HS cells when moved extremely
fast (data not shown). On loom trials, we presented a looming
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disc over the starfield on the ipsilateral side (Figure 5D; Video
S4), inducing a loom-evoked, leftward saccade, akin to those eli-
cited in the experiments described in Figures 2 and 3.

Flies responded with rapid, leftward turns both to the optomo-
tor grating and to the looming disc (Figure 5E). The Vm changes
made in association with the looming disc were generally larger
than those observed in response to the grating. Like in our initial
dataset, the Vm change to the looming disc in flying flies (Figures
5E and 5F, top, green and blue traces) exceeded the response to
the same stimulus measured in non-flying, quiescent flies (Fig-
ures 5E and 5F, top, magenta traces); the difference between
the blue and magenta curves in Figures 5E and 5F reflects, in
our interpretation, a motor-related input to HS cells during
loom-evoked saccades. The size of the loom-evoked SRP in
this dataset (Figure 5F, right, difference between magenta and
blue traces in loom trials) was smaller than that observed in the
first dataset (Figures 2 and 3), likely because the starfield did
not depolarize the HS cell from rest as much as the square-
wave grating did, and the less depolarized an HS cell is at the
time of a saccade, the smaller the measured SRP.%"

Unlike 