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Supplementary Figure 1. Airpuffs evoke horizontal saccades. (A) Sample traces showing pupil azimuth (top) and
elevation (middle) and attempted head rotation (bottom). Black corresponds to left eye, gray corresponds to right eye.
Small arrowheads indicate spontaneous saccades. Large arrowheads indicate stimulus-evoked directed saccades.
Green and magenta dashed vertical lines correspond to left and right ear airpuffs, respectively. (B) Ear airpuff-evoked
saccade endpoints and linear fit. n =5 mice, 2337 trials. (C) Distribution of angles between airpuff-evoked saccade
vectors and horizontal axis. Gray bars indicate population means. n =5 mice, 2337 trials (D) Distributions of saccade
endpoints in horizontal and vertical axes. n = 5 mice; trials = 16291 (spontaneous), 1067 (left airpuff), 1270 (right
airpuff). (E) Relationship between saccade amplitude and peak velocity. (F) Relationship between right and left eye

saccade amplitudes. n = 4 mice, 1861 trials.
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Supplementary Figure 2. Evoked saccades occur within a narrow window after stimulus delivery. (A-E)
Cumulative probabilities of detecting evoked (red) and spontaneous (black) saccades as a function of response
window length for ear airpuffs (A), whisker airpuffs (B), ear tactile stimuli (C), auditory airpuffs (D), and visual stimuli
(E). Thin lines denote values for individual mice, thick lines denote population mean. Dashed vertical line indicates

end of window used for analyses of evoked saccades.
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Saccade Endpoint (%)
o

Supplementary Figure 3. Endpoints of airpuff-evoked saccades are ordered according to site of stimulation.
Each line corresponds to a single mouse and shows mean endpoint of saccades evoked by (in order, from left to

right) left ear airpuffs, left whisker airpuffs, right whisker airpuffs, and right ear airpuffs).
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2 Supplementary Figure 4. Endpoints and trajectories of sensory-evoked saccades for an additional cohort of
3 mice. (A-D) Endpoints for ear airpuff-, whisker airpuff-, ear tactile-, and auditory airpuff-evoked saccades. Top,
4 schematics of stimuli. Middle, scatter plots showing endpoints of all saccades for all animals made spontaneously
5 (blue) and in response to left (green) and right (magenta) stimuli. Darker shading indicates areas of higher density.
6 Bottom, endpoint distributions for spontaneous and evoked saccades. (E-H) Trajectories of individual stimulus-
7 evoked saccades. Each arrow denotes the trajectory of a single saccade. Saccades are sorted according to initial eye
8 positions, which fall on the dashed diagonal line. Saccade endpoints are indicated by arrowheads. Because the
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probability of evoked gaze shifts differed across stimuli, data are randomly subsampled to show roughly equal
numbers of trials for each condition. (I-L) Relationship between eye position and saccade probability. Green and
magenta lines indicate population means for saccades evoked by left and right stimuli, respectively. Blue lines
indicate spontaneous saccades. Error bars indicate s.e.m Saccade numbers for A-L: ear airpuff sessions,
spontaneous = 14304, left ear airpuff-evoked = 1221 (244 in E), right ear airpuff-evoked = 1755 (351 in E); whisker
airpuff sessions, spontaneous = 8971, left whisker airpuff-evoked = 1107 (221 in F), right whisker airpuff-evoked =
1482 (296 in F); whisker tactile sessions, spontaneous = 13242, left whisker-evoked = 1473 (294 in G), right whisker-
evoked = 2408 (481 in G); auditory sessions, spontaneous = 8774, left auditory-evoked = 833 (333 in H), right

auditory-evoked = 757 (302 in H).
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2 Supplementary Figure 5. Effects of sensory history and arousal on saccade generation. (A) Overall gaze shift

3 probability across 5 sessions for ear airpuffs, whisker airpuffs, ear tactile, and auditory airpuffs stimuli. Each thin
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colored line corresponds to an individual mouse. Black line corresponds to mean (B) As in (A) but for gaze shift
probability within sessions. (C) Effects of arousal on saccade probability. u denotes mean pupil diameter. Statistical

1
2
3 significance assessed using paired Student’s t-test.
4
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Supplementary Figure 6. Head-eye coupling for different stimuli. (A) Top, stimulus schematics. Middle left, mean
trajectories of rightward (solid traces) and leftward (dashed traces) saccades during spontaneous (blue, n= 7146) and
ear airpuff-evoked (red, n = 1437) gaze shifts. Middle right, mean attempted head displacement accompanying
rightward (solid traces) and leftward (dashed traces) saccades during spontaneous (blue) and ear airpuff-evoked
(red) gaze shifts. Bottom left, mean velocities of all rightward (solid traces) and leftward (dashed traces) saccades
during spontaneous (blue) and ear airpuff-evoked (red) gaze shifts. Bottom right, mean attempted head movement
velocities accompanying rightward (solid traces) and leftward (dashed traces) saccades during spontaneous (blue)
and ear airpuff-evoked (red) gaze shifts. (B-D) As in (A) for whisker airpuffs (B), ear tactile (C) and auditory airpuffs

(D). n =5 mice. Trial numbers: whisker airpuff sessions (spontaneous = 7790, evoked = 628), ear tactile sessions
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(spontaneous = 6706, evoked = 187), auditory airpuff sessions (spontaneous = 10240, evoked = 148). (E-H)
Distributions of attempted head movement latencies relative to saccade onset for spontaneous (top) and evoked
(bottom) saccades. Medians indicated by blue and red arrowheads (ear airpuff sessions, spontaneous: -90 ms,
evoked: 30 ms; whisker airpuff sessions, spontaneous: -110 ms, evoked: 20 ms; ear tactile sessions, spontaneous: -
90 ms, evoked: 20 ms; auditory sessions, spontaneous: -90ms, evoked: 10 ms) For each condition, distributions are
significantly different for spontaneous and evoked gaze shifts (p < 10°, permutation test) (I-L). Head-eye amplitude
coupling of spontaneous (blue) and evoked saccades (red). Each dot corresponds to a single gaze shift. Regression
statistics in figure. For every stimulus type, spontaneous and evoked regression slopes were significantly different (p
<107, permutation test). Histograms above and beside scatter plot indicate distributions of saccade and attempted
head movement amplitudes, respectively. For each condition, distributions were significantly different between

spontaneous and evoked (p < 107, permutation test).
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Supplementary Figure 7. Different head-eye coupling during spontaneous and touch-evoked gaze shifts is
not due to differences in gaze shift amplitudes. (A) Mean trajectories of amplitude and initial position-matched
rightward (solid traces) and leftward (dashed traces) saccades during spontaneous (blue, n= 1437) and ear airpuff-
evoked (red, n = 1437) gaze shifts. (B) Mean attempted head movement amplitudes accompanying rightward (solid
traces) and leftward (dashed traces) saccades during spontaneous (blue) and ear airpuff-evoked (red) gaze shifts.

(C) Mean velocities of all rightward (solid traces) and leftward (dashed traces) saccades during spontaneous (blue)
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and ear airpuff-evoked (red) gaze shifts. (D) Mean head movement velocities accompanying rightward (solid traces)
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and leftward (dashed traces) saccades during spontaneous (blue) and ear airpuff-evoked (red) gaze shifts. (E, F)
Timing of attempted head movements relative to saccades during all spontaneous (E) and ear airpuff-evoked (F)
gaze shifts. Each row corresponds to a single gaze shift. Darker shades indicate larger attempted head displacement.
Dashed vertical line indicates time of saccade onset. Trials are sorted by latency of attempted head movements.
Trials above and below dashed horizontal line correspond to attempted head movements that began before and after
the saccade, respectively. (G) Distributions of attempted head movement latencies relative to saccade onset for
spontaneous (top) and ear airpuff-evoked (bottom) saccades. Arrowheads indicate median latencies. (H). Head-eye
amplitude coupling of spontaneous (blue) and ear airpuff-evoked saccades (red). Each dot corresponds to a single
gaze shift. Attempted head amplitude was measured 150 ms after saccade onset. Spontaneous: R?=0.60, slope =
0.224, p < 10™*°. Evoked: R*= 0.69, slope = 0.135, p < 10™°. Spontaneous and evoked regression slopes were
significantly different (p < 10°, permutation test). Histograms above and beside scatter plot indicate distributions of
saccade and attempted head movement amplitudes. Difference in means were not significant (p = 0.46 for saccades,

p = 0.31for head, permutation test).
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Supplementary Figure 8. Whisker-evoked saccade and attempted head movement direction and amplitude
vary according to initial eye position. (A) Saccade amplitude as a function of initial eye position for left and right
whisker airpuff-evoked gaze shift. Each dot corresponds to a single saccade. Brighter areas indicate higher densities
of points. Linear fits for left and right airpuffs, respectively: slope =-0.92 and -0.85, R?=0.74 and 0.63, p< 10" and
p< 10, n = 441 and 606. (B) Attempted head movement amplitude as a function of initial eye position for left and
right whisker airpuff-evoked gaze shifts. Linear fits for left and right airpuffs, respectively: slope = -0.10 and -0.09, R?
=0.19 and 0.13, p < 10™ and p < 10™, n = 441 and 606. Dashed lines correspond to 0. Values above and below

dashed line correspond to attempted rightward and leftward movements, respectively.
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Supplementary Figure 10. Controlling for the effects of initial eye position on superior colliculus
manipulations. (A) Effects of SC optogenetic inhibition on saccade endpoints for trials matched for initial eye
position. Top, scatter plots and histograms of endpoints for control (white background) and LED on (orange
background) trials. Middle, endpoint histograms for control (black) and LED on (orange) trials. Bottom, saccade

vectors for control (black) and LED on (orange) trials. (B) Head-eye amplitude coupling during ear airpuff-evoked
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gaze shifts for control (black) and LED on (orange) trials matched for initial eye position. Each dot represents an
individual gaze shift. Control: R*= 0.57, slope = 0.124, p < 10™°. LED on: R?= 0.53, slope = 0.125, p < 10™*°. Control
and LED-on regression slopes were not significantly different (p = 0.41, permutation test) Histograms above and
beside scatter plot show distributions of saccade amplitude and head displacement, respectively. Distribution means
were significantly different (p = 0.002 for saccades, p < 10° for attempted head movements, permutation test). (C)
Effects of weak SC optogenetic stimulation on saccade endpoints for trials matched for initial eye position. Top,
scatter plots and histograms of endpoints for control (white background) and LED on (blue background) trials. Middle,
histograms of endpoints for control (black) and LED on (blue) trials. Bottom, saccade vectors for control (black) and
LED on (blue) trials. (D) Head-eye amplitude coupling during ear airpuff-evoked gaze shifts for control (black) and
LED on (blue) trials matched for initial eye position. Each dot represents an individual gaze shift. Control: R®=0.74,
slope = 0.15, p < 10™°. LED on: R?= 0.52, slope = 0.164, p < 10™*°. Control and LED-on regression slopes were not
significantly different (p = 0.35, permutation test) Histograms above and beside scatter plot show distributions of
saccade amplitude and head displacement, respectively. Means were significantly different (p < 10 for saccades, p

= 0.002 for attempted head movements, permutation test).
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Materials and Methods

Mice: All experiments were performed according to Institutional Animal Care and Use
Committee standard procedures. C57BL/6J wild-type (Jackson Laboratory, stock 000664) mice
between 2 and 6 months of age were used. Mice were housed in a vivarium with a reversed
12:12 h light:dark cycle and tested during the dark phase. No statistical methods were used to
predetermine sample size. Behavioral experiments were not performed blinded as the

experimental setup and analyses are automated.

Surgical procedures: Mice were administered carprofen (5 mg/kg) 30 minutes prior to surgery.

Anesthesia was induced with inhalation of 2.5% isoflurane and buprenorphine (1.5 mg/kg) was
administered at the onset of the procedure. Isoflurane (0.5-2.5% in oxygen, 1 L/min) was used
to maintain anesthesia and adjusted based on the mouse’s breath and reflexes. For all surgical
procedures, the skin was removed from the top of the head and a custom titanium headplate
was cemented to the leveled skull (Metabond, Parkell) and further secured with dental cement
(Ortho-Jet powder, Lang Dental). Craniotomies were made using a 0.5 mm burr and viral
vectors were delivered using pulled glass pipettes coupled to a microsyringe pump (Micro4,
World Precision Instruments) on a stereotaxic frame (Model 940, Kopf Instruments). Following

surgery, mice were allowed to recover in their home cages for at least 1 week.

Viral injections and implants: Coordinates for SC injections were ML: 1.25 mm, AP: 0.7 mm

(relative to lambda), DV: -1.9 and -2.1 mm (100 nL/depth). Coordinates for SC implants were
ML: 1.25 mm, AP: 0.7 mm (relative to lambda), DV: -2.0 mm. Fiber optic cannulae were
constructed from ceramic ferrules (CFLC440-10, Thorlabs) and optical fiber (400 mm core, 0.39

NA, FT400UMT) using low-autofluorescence epoxy (F112, Eccobond).

Behavioral procedures: To characterize stimulus-evoked gaze shifts (figures 1, 2, 3 and related

supplements), data were collected from 5 mice over 53 days (maximum of 1
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session/mouse/day). Session types were randomly interleaved to yield a total of 6 ear airpuff
sessions, 6 ear tactile sessions, 6 whisker airpuff sessions, 10 auditory airpuff sessions, and 5
visual sessions. During experiments, headplated mice were secured in a custom 3D-printed
mouse holder. Timing and synchronization of the behavior were controlled by a microcontroller
(Arduino MEGA 2560 Rev3, Arduino) receiving serial commands from custom Matlab scripts. All
behavioral and data acquisition timing information was recorded by a NI DAQ (USB-6001) for
post hoc alignment. All experiments were performed using awake mice. Left and right stimuli
were randomly selected and presented at intervals drawn from a 7-12 s uniform distribution.
Each session consisted of 350 stimulus presentations and lasted ~55 minutes. No training or

habituation was necessary.

Stimuli: Airpuff stimuli were generated using custom 3D-printed airpuff nozzles (1.5 mm wide,
10 mm long) connected to compressed air that was gated by a solenoid. 3D-printed nozzles
were used to standardize stimulus alignment across experimental setups but similar results
were obtained in preliminary experiments using a diverse array of nozzle designs. For whisker
airpuffs, the nozzles were spaced 24 mm apart and centered 10 mm beneath the mouse’s left
and right whiskers. For ear airpuffs, the nozzles were directed toward the ears while maintaining
10 mm of separation between the nozzles and the mouse. For auditory-only airpuffs, the
nozzles were directed away from the mouse while maintaining the same azimuthal position as
the ear airpuffs. For tactile-only stimulation, the ears were deflected using a thin metal bar
coated in epoxy to soften its edges (7122A37, McMaster). A stepper motor (Trinamic,
QSH2818-32-07-006 and TMC2208) was programmed to sweep the bar downward against the
ear before sweeping back up. The stepper motor was sandwiched between rubber pads
(8514K61, McMaster) and elevated on rubber pedestals (20125K73, McMaster) to reduce any
sound due to vibration. For visual stimulation, white LEDs (COM-00531, Sparkfun) were

mounted 6 inches from the mouse at the same azimuthal position as the airpuff nozzles.
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Eye tracking: The movements of both left and right eyes was monitored at 100 Hz using two
high-speed cameras (BFS-U3-28S5M-C, Flir) coupled to a 110 mm working distance 0.5X
telecentric lens (#67- 303, Edmund Optics). A bandpass filter (FB850-40, Thorlabs) was
attached to the lens to block visible illumination. Three IR LEDs (475-1200-ND, DigiKey) were
used to illuminate the eye and one was aligned to the camera’s vertical axis to generate a
corneal reflection. Videos were processed post hoc using DeepLabCut, a machine learning
package for tracking pose with user-defined body parts (Mathis et al., 2018). Data in this paper
were analyzed using a network trained on 1000 frames of recorded behavior from 8 mice (125
frames per mouse). The network was trained to detect the left and right edges of the pupil and
the left and right edges of the corneal reflection. Frames with a DeepLabCut-calculated
likelihood of P < 0.90 were discarded from analyses. Angular eye position (E) was determined

using a previously described method developed for C57BL/6J mice (Sakatani and Isa, 2004).

Attempted head rotation tracking: Attempted head rotations were measured using a 3D-printed

custom headplate holder coupled to a load cell force sensor (Sparkfun, SEN-14727). Load cell
measurements (sampling frequency 80 Hz) were converted to analog signals and recorded
using a NI DAQ (sampling frequency 2000 Hz). The data were then low-pass filtered at 80 Hz
using a zero-phase second-order Butterworth filter and then downsampled to match the pupil

sampling rate.

Optogenetics: Optogenetic experiments were performed using the ear airpuff nozzles. Fiber
optic cables were coupled to implanted fibers and the junction was shielded with black heat
shrink. A 470 nm fiber-coupled LED (M470F3, Thorlabs) was used to excite ChR2-expressing
neurons, and a 545 nm fiber-coupled LED (UHP-T-SR, Prizmatix) was used to inhibit
eNpHR3.0-expressing neurons. Optogenetic excitation during WISLR sessions was delivered

on a random 50% of trials using 1 s of illumination centered around airpuff onset.
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SC inhibition: For optogenetic inactivation of SC neurons, AAV1.hSyn.eNpHR3.0 was injected
into the right SC of 5 wild-type mice (0.6 AP, 1.1 ML, -2.1 and -1.9 DV; 100 nl per depth).
Experiments were performed 35-40 days post injection. LED power was 12 mW. Mice

underwent 5 sessions each.

SC stimulation: For subthreshold optogenetic stimulation of SC neurons,
AAV1.CaMKlla.hChR2(H134R)-EYFP was injected into the right SC of 4 wild-type mice.
Experiments were performed 67-71 days post injection. LED power was individually set to an
intensity that did not consistently evoke saccades upon LED onset (50-120uW). Mice underwent

5 sessions each.

Histology: For histological confirmation of fiber placement and injection site, mice were perfused
with PBS followed by 4% PFA. Brains were removed and post-fixed overnight in 4% PFA, and
stored in 20% sucrose solution for at least 1 day. Brains were sectioned at 50 pm thickness
using a cryostat (NX70, Cryostar), every third section was mounted, and slides were cover-
slipped using DAPI mounting medium (Southern Biotech). Tile scans were acquired using a

confocal microscope (LSM700, Zeiss) coupled to a 10X air objective.

Saccade detection: Saccades were defined as eye movements that exceeded 100°/s, were at

least 3° in amplitude, and were not preceded by a saccade in the previous 100 ms. The initial
positions and endpoints of saccades were defined as the first points at which saccade velocity
rose above 30°/s and fell below 20°/s, respectively. Analyses focused on horizontal saccades

because saccades were strongly confined to the azimuthal axis (Supplementary Fig. 1).

Behavioral analysis: Eye position analyses were performed using the averaged left and right
pupil positions, and the mean eye position was subtracted from each session prior to combining
data across sessions and mice. Similarly, attempted head rotation data was Z-scored prior to

combining data across sessions and mice. To quantify stimulus-evoked saccade probability, we

52


https://doi.org/10.1101/2021.02.10.430669
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430669; this version posted September 8, 2021. 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

10

11

12

13

14

15

16

17

18

19

20

21

22

23

available under aCC-BY 4.0 International license.

calculated the fraction of trials in which a saccade occurred in the 100 ms period following
stimulus onset (i.e. the response window). To quantify stimulus-evoked attempted head rotation
probability in Figure 1, we calculated the fraction of trials in which the Z-scored head sensor
reading exceeded 0.25Z 150 ms following stimulus onset. To determine the baseline head
movement probability, we calculated the fraction of trials in which the head sensor reading

exceeded 0.25Z between -500 ms and -350 ms relative to saccade onset.

To examine saccade endpoints, we first identified trials in which mice maintained fixation in the
500 ms preceding saccade onset. We then considered stimulus-evoked saccades those

occuring within 100 ms of stimulus onset.

To examine attempted head movement latencies, we first identified trials in which the mice
maintained head fixation from -1 to -0.5 s prior to saccade onset and used this period as the
baseline. Latency was defined as the first frame between -0.5 and 0.5 s relative to saccade
onset when the attempted head movement amplitude exceeded 5 standard deviations from that

trial’s baseline.

To examine head-eye amplitude coupling during spontaneous and stimulus-evoked gaze shifts,
we identified trials in which the mouse maintained fixation in the 500 ms preceding saccade
onset. We defined attempted head rotation amplitude as the load cell value 150 ms following
saccade onset (the time point at which average load cell value plateaus during stimulus-evoked
gaze shifts (Fig. 3)). For certain analyses, we identified saccades matched (without
replacement) for initial eye position and/or saccade amplitude using Euclidean distance as a

metric and a 3° distance cutoff.

Tests for statistical significance are described in the text and figure legends. Data were shuffled

10,000 times to generate a null distribution for permutation tests.
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