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Lack of Evidence for Stereotypical Direction Columns in the
Mouse Superior Colliculus
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Neurons in the visual system can be spatially organized according to their response properties such as receptive field location
and feature selectivity. For example, the visual cortex of many mammalian species contains orientation and direction columns
where neurons with similar preferences are clustered. Here, we examine whether such a columnar structure exists in the
mouse superior colliculus (SC), a prominent visual center for motion processing. By performing large-scale physiological re-
cording and two-photon calcium imaging in adult male and female mice, we show that direction-selective neurons in the
mouse SC are not organized into stereotypical columns as a function of their preferred directions, although clusters of simi-
larly tuned neurons are seen in a minority of mice. Nearby neurons can prefer similar or opposite directions in a largely
position-independent manner. This finding holds true regardless of animal state (anesthetized vs awake, running vs station-
ary), SC depth (most superficial lamina vs deeper in the SC), research technique (calcium imaging vs electrophysiology), and
stimulus type (drifting gratings vs moving dots, full field vs small patch). Together, these results challenge recent reports of
region-specific organizations in the mouse SC and reveal how motion direction is represented in this important visual center.
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The superior colliculus (SC) is an evolutionarily conserved structure that serves important functions in multimodal integra-
tion and sensorimotor transformation. Here, we determine the spatial organization of visual motion representation in the SC
of mice, a popular animal model in vision research. Our results demonstrate that direction-selective neurons in the mouse SC
represent stimulus directions largely independent of retinotopic location, without forming direction columns as recently
reported. Our results thus provide a more nuanced and more accurate description regarding this organization and have signif-
icant implications for understanding visual processing and ethological functions of the mouse SC. /
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Introduction in modern imaging and recording techniques, have enabled
rapid progress in functional studies of the mouse visual system.
In particular, the mouse SC has received increased attention
because of its clear importance in visually-guided behaviors and

Gandhi and Katnani, 2011). It was the most sophisticated visual the rich literature O.f SC studies in other species (Cang et al,
center until the neocortex emerged in mammals. In mice, >85%  2018; Ito anfl Feldhelm,'2018). o

of retinal ganglion cells (RGCs) project to the SC (Ellis et al., The SC is characterlze.d by two orgamzatlone}l features that
2016), making it the most prominent visual center in this species. ~ 3¢ conserved over evolution, namely depth-specific segregation

The currently available genetic and viral tools, as well as advances and topography. First, it is a layered structure with alternating
strata of fibers and cell bodies. Inputs to the SC are organized
according to modality along the dorso-ventral axis, with superfi-
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Additionally, the maps are in register across layers, allowing the
SC to integrate multisensory information and to initiate orient-
ing movements toward salient stimuli (Cang and Feldheim,
2013).

In addition to retinotopic maps, neurons in the visual system
can be arranged in higher-order organizations according to their
response properties, such as orientation selectivity or direction
selectivity. Such maps are seen in the visual cortex of carnivores
and primates, but not in rodents (Ohki et al., 2005). Intriguingly,
a few recent studies reported possible region-specific organiza-
tions of feature selectivity in the mouse SC (Ahmadlou and
Heimel, 2015; Feinberg and Meister, 2015; de Malmazet et al.,
2018; Li et al., 2020). These reported patterns are different from
the columnar organization seen in the visual cortex of higher
mammals, in that not all stimulus orientations or movement
directions are represented at a given retinotopic location. These
findings, if confirmed, would have important implications for
understanding the behavioral and ethological functions of the
mouse SC. However, the reported patterns of organizations are
inconsistent from each other, and are not supported by studies
from our lab (Inayat et al., 2015; Savier et al., 2019).

A number of technical differences exists among these studies,
such as the retinotopic location being studied, the state of the
animal, visual stimuli, and the recording methods. To address
these differences, we have conducted a comprehensive study to
determine whether direction selectivity in the mouse SC is spa-
tially organized. We perform both large-scale electrophysiologi-
cal recording and two-photon imaging, in both anesthetized and
awake mice freely running on a treadmill. We also use a large
dome to deliver visual stimuli that cover almost the entire visual
field, allowing us to record from a large region of the SC.
Together, our data demonstrate that the preferred direction of
direction-selective (DS) neurons is not systematically represented
in a region-specific manner in the SC, although clusters of simi-
larly tuned neurons are seen in a minority of animals. Our results
thus provide a more nuanced and more accurate description
regarding the spatial organization of the mouse SC.

Materials and Methods

Animals

Adult wild-type C57BL/6 mice and transgenic mice, both males and
females, were used in this study. The transgenic mice were obtained by
crossing Gad2-IRES-cre (The Jackson Laboratory, stock #010802; RRID:
IMSR_JAX:010802) with Ai9 (RCL-tdT, Stock #007909; RRID: IMSR
JAX:007909). These included 16 for two-photon calcium imaging (six
wild-type and 10 GAD2xAi9), 11 for anesthetized recording, and eight
for awake recording. All mice were kept on a 12/12 h light/dark cycle,
with two to five animals housed per cage. All experimental procedures
were approved by the University of Virginia Institutional Animal Care
and Use Committee.

Physiological recording in the mouse SC

We performed large-scale physiological recordings from both anesthe-
tized and awake mice. For anesthetized recording, we followed our pub-
lished surgical procedures (Wang et al.,, 2009, 2010; Liu et al,, 2014;
Sarnaik et al., 2014; Zhao et al., 2014; Shi et al., 2017, 2018). Briefly, mice
were anesthetized with an intraperitoneal injection of urethane (1.2-1.3
g/kg in 10% saline, i.p.) and supplemented by chlorprothixene (10 mg/kg
in 4mg/ml water, i.m.). Atropine (0.3 mg/kg in 10% saline) and dexa-
methasone (2.0mg/kg in 10% saline) were administrated subcutane-
ously. The animal’s body temperature was monitored through a rectal
probe and maintained at 37°C through a feedback heater control module
(Frederick Haer Company). Artificial tears (Henry Schein Medical)
were applied to the eyes for protection during surgery. The
mice were then put on a stereotaxic instrument (Narishige), with
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lidocaine applied on the ear bars. The scalp was shaved and skin
removed to expose the skull. A metal bar was mounted on top of the
skull with Metabond (Parkell). A craniotomy (~2.0 x 2.0 mm?) was
performed on the right hemisphere for inserting the probe into the
SC. The animal was then transferred to the recording station, still
on heating pad, and the head bar clamped for fixation. A thin layer
of silicon oil was applied on both eyes to replace the artificial tears.
Additional urethane (0.2-0.3 g/kg) was administered when neces-
sary by monitoring toe-pinch reflex during experiments.

For awake recording, a survival surgery was first performed for head
bar implant. This was done with isoflurane anesthesia (4% for induction,
2% for maintenance, in O,, ~0.5 I/min, VetFlo, Kent Scientific), and fol-
lowed by the above procedure. After surgery, mice were given a dose of
carprofen (5mg/kg, Sub-Q) and placed in a heated chamber until ambu-
latory. They were then transferred back to home cage and monitored
daily for pain and wound health. Two days after surgery, mice were habi-
tuated to head-fixation and running on a cylindrical treadmill for
another 3-4d. Recording was performed once they were comfortable
with the setup. Note that craniotomy was done on the first day of record-
ing under isoflurane anesthesia, ~3 h before recording.

Recordings were done using high-density multielectrode silicon
microprobes developed by Sotiris Masmanidis from University of
California, Los Angeles (Yang et al.,, 2020). The particular design we
used was “128 AxN Sharp,” which consisted of two prongs (300-pum spac-
ing). On each prong, 64 electrodes were aligned into three columns with
25-um vertical spacing and 20-pum horizontal spacing (Fig. 1C). The
probe was carefully inserted into the craniotomy and vertically through
the overlaying cortex to reach the SC. The tips of probes were ~2.5 mm
below the cortical surface, at a distance of 0.2-1.5 mm lateral of the mid-
line and 0.2-0.8 mm anterior to the A suture.

Visual stimulation for physiological recordings

Visual stimuli were displayed on a dome purchased from PhenoSys
GmbH. The dome was shaped as a part of a sphere that is 120 cm in di-
ameter (Fig. 14,B). It is bigger than a quarter sphere such that, with the
animal at the center of the sphere, it extends from —120° to 120° across
azimuth (0° representing vertical meridian) and from —30° to 90° in ele-
vation (0° representing eye level). This extent covers much of the entire
visual field of a mouse, thus creating an immersive environment for vis-
ual stimulation.

Visual images were generated by our custom MATLAB scripts based
on “ViRMEn” (the Virtual Reality MATLAB Engine), a freely available
software package developed by Dmitriy Aronov and David Tank at
Princeton University (Aronov and Tank, 2014). The images were pro-
jected by a video projector (Epson, HC1060) to a quarter-sphere pano-
ramic mirror under the treadmill, which then reflects the images to the
dome surface (Fig. 1A). In order to correct the distortion on the dome, a
transformation function was generated to determines how coordinates
on the 3D dome surface correspond to 2D coordinates used by the pro-
jector display on a flat screen. We did this empirically by modifying ev-
ery intersection of a grid, with increasingly small spacing from 30°, 10°,
and 5° to 2.5°, to straighten longitude and latitude lines on the dome sur-
face (Fig. 1B).

Four different types of stimuli were used. First, a checkerboard was
displayed over the entire dome or a smaller patch (50° x 50° to 80° X
80°, covering the receptive fields of recorded neurons). This was used to
collect local field potentials (LFPs) for estimating the depth of SC sur-
face. Each checker was 12.5° x 12.5° and its contrast was reversed at
1 Hz at ~20 cd/m” mean luminance. Second, flashing spots were used to
determine receptive field locations. A 10° circular bright dot was flashed
at different locations on a grid with 10° spacing. The flashes stayed ON
(~25cd/m? luminance) for 500 ms on a black background (~1 cd/m?
luminance) and OFF for 500 ms between stimuli. This was repeated for
10 times for each grid location in a pseudorandom sequence. We then
used two different moving dots to examine direction selectivity of SC
neurons. The stimuli were bright dots (~15 cd/m* mean luminance)
moving on a black background, and displayed over the entire dome sur-
face or in a smaller patch (30° x 30° square covering the receptive fields
of recorded neurons from one prong of the probe). The dots
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Physiological recording of SC neurons under a large dome. 4, A photograph of the setup, with the video projector, panoramic mirror, and treadmill for the mouse highlighted. B,

Inside view of the dome surface for stimulation. A grid of longitude and latitude lines were used to adjust the display, C, Schematic of the two-prong silicone probes used in this study. Each
dot indicates the position of one electrode contact, with a total of 64 channels per prong organized into three columns (vertical spacing: 25 pm; horizontal spacing: 20 pum). D, Overlay of aver-
age LFP of all channels evoked by checkerboard reversal. E, Plots of LFPs as a function of the depth (y-axis) and the time (x-axis). Each panel is for one column of electrodes, with cold colors
indicating negative LFPs. The vertical dashed line in each panel marks the time point when the LFPs reached the maximum negative amplitude, and the LFP amplitudes at this time point of
all channels is plotted as a function of depth (blue lines) and fitted to a Gaussian curve (overlaying red line). The black dashed horizontal lines in each panel and the red horizontal line indicate
the estimated SC surface (for details, see Materials and Methods). F, A similar plot as panel E, but for CSD calculated from the LFPs to estimate SC surface. The current sink is represented in
blue and the other lines mark same information as in panel E. G, Plot of spike sorting metrics obtained from MountainSort. Units with isolation >0.96 (x-axis) and noise overlap <<0.07 (y-

axis) were classified as single units (red dots). For details, see Materials and Methods.

(4° diameter, at a density of 450 dots of the total sphere surface area)
were moving along one of eight directions (0-315° in 45° steps, speed of
30°/s) for 2 s and then stopped for 1 s before the next direction. All direc-
tions were repeated 10-12 times in a pseudorandom sequence.

Data analysis for physiological recordings

Electrical signals from the probes were recorded by a multichannel am-
plifier from Intan Technologies at 20 kHz. Spike and LFPs were sepa-
rately filtered (300-6000Hz for spikes and 1-120Hz for LFPs) and
analyzed.

LEPs were used to determine the depth of SC surface (Fig. 1D-F).
We compared two different approaches. First, we modified the method
by Ito et al. (2017) to the following steps. (1) For each vertically aligned
column of electrodes (three columns per prong), the LFPs evoked by the
checkerboard reversal were averaged for each channel of electrode
(~120 repeats; Fig. 1D). The LFPs were then plotted as a function of
depth (Fig. 1E, y-axis) and time (Fig. 1E, x-axis). (2) We found the chan-
nel where the LFP reached the maximum negative amplitude and deter-
mined the time point when that occurred (Fig. 1E, black dashed vertical
lines). The LFP amplitudes at this time point of all channels were plotted
as a function of depth (Fig. 1E, blue curves). (3) We then fitted these
data to a three-term Gaussian curve (Fig. 1E, red lines). (4) The position

where the fitted curve had the maximum negative amplitude was deter-
mined as the center of SO. The surface was estimated to be 250 jum above
the SO center (Fig. 1E, black dashed horizontal lines; Zhao et al., 2014).
(5) This procedure was repeated for all six columns of electrodes, and
the SC surface of each prong was calculated as the mean of its three col-
umns (Fig. 1E, red horizontal lines). Additionally, we also used current
source density (CSD) analysis following our published procedures (Zhao
et al,, 2014). Specifically, at a given time point, the value of CSD for a
particular electrode was calculated as the average difference of the LFP
between four adjacent electrodes (two above and two below). We plotted
CSD of each column of electrodes as a function of time. The CSD map
was then smoothed by linear interpolation with a factor of 10 (Fig. 1F).
The strong current sink at the beginning of the response was used to
locate the SO and the surface was estimated to be 250 um above this
point. We compared the estimated surface between the two methods
and found the difference was only 25.6 + 2.8 um, supporting the validity
of both methods. The depth estimated from the first method (Fig. 1E))
was used in this study.

Spike waveforms were sorted offline into single-unit and multiunit
spikes using a software package MountainSort (Chung et al., 2017). We
separated single units and multiunits based on two metrics from
MountainSort. One is noise overlap, which measures how similar the
detected cluster is to randomly sampled spikes from noise. The second
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Figure 2.  SC direction selectivity studied by large-scale physiological recording. A, An example tuning curve of a DS SC neuron (gDSI = 0.59). The four insets show peristimulus time histo-

gram at 4 directions (0°, 90°, 180°, and 270°). Red dashed line indicates the spontaneous rate. B, Receptive field mapping plots of an example neuron, with response magnitude at each stimu-
lus position represented in grayscale (scale bars to the right). The responses to bright spot appearance (ON) and disappearance (OFF) were separately plotted. C, Distribution of responsive
single units along SC depth. Red bars mark the number of DS units (gDSI > 0.25). D, Percentage of DS single units at each depth. E, Polar plots of all DS units (gDSI > 0.25, including 62 single
units and 149 multiunits), illustrating their preferred direction (angle in the plot) and gDSI (distance from origin). F, Same plot as in E, for highly DS cells (gDSI > 0.50, including 26 single units

and 47 multiunits).

one is isolation, which indicates how well isolated a cluster is from other
clusters. The clusters that have noise overlap <0.07 and isolation >0.96
were classified as single units (Fig. 1G). Additionally, clusters with sig-
nal-to-noise ratio <2 (defined as the peak absolute amplitude of the av-
erage waveform divided by the peak SD) were excluded to remove those
contaminated by artifacts (Chung et al., 2017). The sorted units were
subsequently analyzed to determine their responses and selectivity. First,
average spike rate in response to a particular stimulus condition (e.g.,
movement direction for moving dots or spatial location for flashing
spots) were calculated by averaging the number of spikes over the
stimulus duration, across all trials and subtracting the spontaneous
rate. We determined the spontaneous rate as the rate during the
“blank” condition, which is a black screen for flashing spots and sta-
tionary dots for moving spots. If the evoked spiking rate was

significantly different from the spontaneous responses (¢ test) and
larger than two spikes per second, the unit was considered respon-
sive to that condition. Units that had at least one responsive condi-
tion were included for further analysis.

For moving dots, global direction selectivity index (gDSI) and pre-
ferred direction were calculated as the vector sum of response magnitude
normalized by their scalar sum (Gale and Murphy, 2014; Inayat et al,,
2015; Shi et al., 2017; Barchini et al., 2018; Savier et al., 2019):
Z RH ei@

2Ry
The preferred direction was the angle of the vector. For flashing spot
stimulus, the grid locations in which the flashes evoked responses were
determined and plotted separately for ON and OFF responses (Fig. 2B).
The center of mass was calculated from these responsive locations. The

gDSI =

, where Ry is the response magnitude at direction 6.
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cell’s receptive field location was defined as the center of mass of the ON
or OFF responses, whichever had the larger magnitude.

Finally, the animal’s locomotion was monitored by a rotary encoder
generating TTLs (Transistor-Transistor Logics, 100 pulses/revolution
of the treadmill). The animal was considered running if the speed
was higher than 1 cm/s within the stimulus duration of a trial. To
determine the effect of locomotion, we calculated a locomotion
Rrunning - Rsrutionary

modulation index (LMI) as follow: LMI =

>

Rrunning+Rsrationary
where Riunning is the averaged response during running condition
and Rgationary 18 the response during stationary condition (Savier
etal., 2019).

Two-photon calcium imaging of SGS responses and data analysis

To determine the direction preference of SGS neurons, we reanalyzed
data from our recent two-photon imaging study (Savier et al., 2019), as
well as performed new imaging experiments. The details of all experi-
mental procedures, including viral injection, imaging, visual stimulation,
and data analysis, were provided in the previous paper (Savier et al.,
2019), with only the most relevant information listed below.

Briefly, the imaging experiments were done in the caudal pole of the
SC of head-fixed mice running on a treadmill (Fig. 6A). The imaging
experiments were restricted to this region because it is the only location
accessible with optical methods while preserving the visual cortex.
Specifically, a ~2.5-mm craniotomy was performed over A point in a
survival surgery a few weeks before imaging. AAV1-Syn-GCaMP6f viral
vector (Addgene 100837, pAAV.Syn.GCaMP6f.WPRE.SV40, titer 2-
x 10713) was injected into the SC (50 nl each at 200 and 400 pm below
the surface). After injection, a glass window that consisted of four pieces
of #1.5 coverslip glass was placed into the craniotomy. The window
caught the dura and dragged it anteriorly, pushing forward the transver-
sal sinus and exposing the SC surface for imaging. A small titanium plate
was apposed to the skull to allow head-fixation during recordings.

Three to 5 d after the surgery, mice were habituated to head-fixation
and running on the cylindrical treadmill. Imaging started 13-21d post-
surgery under a two-photon scanning microscope (Ultima Investigator,
Bruker Nano Surface Division) with a Ti:sapphire laser (Chameleon
Discovery with TPC, Coherent) at 920 nm using a 16x, 0.8 NA Nikon
objective. Imaging data were acquired using the PrairieView software
(versions 5.4) with a resonant scanner at 2x optical zoom, resulting in a
4122 x 412.2 um field of view (at 512 x 512 pixel resolution). The ac-
quisition rate was 30 Hz, and four-frame averages were used for analysis.

Visual stimuli were displayed on an LCD monitor (37.5 x 30 cm, HP
L1976; and 59.7 x 33.6 cm, Samsung C27F398FW; 60 Hz refresh rate,
~50 cd/m” mean luminance, y corrected) using MATLAB Psychophysics
toolbox (Brainard, 1997; Niell and Stryker, 2008). The screen was placed
25 cm away from the eye contralateral to the imaging site (the right eye).
The monitor was moved slightly for every imaged field of view to center
the cells’ receptive fields. The visual stimulus was a sinusoidal drifting gra-
ting (100% contrast, 0.08 cpd, 2 Hz), presented on a gray background in a
circular patch (40° diameter) at the center of the screen. 12 directions
were used in 30° steps. Each stimulus condition of the gratings was pre-
sented for 1 s, followed by a gray screen for 3 s, and repeated for at least 10
times in a pseudo-random manner.

We followed our published procedures to analyze the imaging data
(Inayat et al., 2015; Levine et al., 2017; Barchini et al., 2018; Savier et al.,
2019). Regions of interest (ROIs) were manually drawn on the average
image of the collected time-series, and the intensity values of all pixels in
each ROI were averaged for each frame to obtain raw Ca>" signal. From
the raw trace, AF/F, = (F - F,)/F, was calculated, where F, was the mean
of the baseline signal over six frames before stimulus onset, and F was
the average fluorescence signal over eight frames, one frame after stimu-
lus onset. A cell was considered responsive if its mean AF/F, was >2
SDs above its F, for at least one stimulus condition. The mean value of
AF/F, for each stimulus condition was then used for subsequent data
analysis for all the responsive cells. To quantify the degree of direction

ZRge”’
>Ry

selectivity, we calculated the vector sum gDSI = , where Ry is
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the response magnitude in AF/F, at direction 6. The preferred direction
was the angle of the vector.

Experimental design and statistical analysis

All pooled data were presented as mean * SEM. Mann-Whitney test
was applied for comparing data from different groups of cells, while
Wilcoxon signed-rank test was applied for paired comparison.
Kolmogorov-Smirnov (K-S) test was applied for comparing distribu-
tions of continuous data. All analyses and graph plotting were performed
in MATLAB (MathWorks), including circular statistics by MATLAB
toolbox, CircStat (Berens, 2009). The number of cells and animals, as
well as details of statistical tests, are provided in Results. In figures,
#p < 0.05, *#xp<0.01, and *##p <<0.001. No statistical methods were
used to predetermine sample sizes, but our sample sizes are similar to
those reported in the field. We did not randomly assign animals to
groups because it is not applicable to the experimental design of this
study.

Results

Physiological recording of the SC in anesthetized and awake
mice

To determine whether SC neurons are organized into clusters or
columns according to their preferred directions, we conducted
large-scale physiological recordings. We used 128-channel silicon
microprobes developed by Sotiris Masmanidis (Yang et al., 2020)
to record electric signals from the SC (Fig. 1C). Spike and LFP
data were separately filtered and analyzed, and LFPs were used
to determine the position of SGS surface following procedures
detailed in Materials and Methods (Fig. 1D-F; Zhao et al., 2014;
Ito et al., 2017). The recorded spikes, both sorted single units and
multiunits, were analyzed to determine their selectivity for visual
stimulation (Fig. 1G). The stimuli, which were moving bright
dots on a black background, were shown on a large dome that
covered from —120° to 120° across azimuth and from —30° to
90° in elevation (Fig. 1A,B). The size of the dome allowed investi-
gation of visual responses over a large region of the SC without
the need to move visual display, thus facilitating comparison and
combination of data obtained from different animals.

We recorded from both urethane-anesthetized and awake
mice. In total, n=464 visually responsive single units were
recorded from 19 mice (n =11 anesthetized and 8 awake mice).
As expected, the probes severely undersampled the superficial
laminas, with most recorded cells at depth > 300 pum below the
surface, and very few from the topmost lamina (within 50 pm
below the surface; Fig. 2C). Overall, only 62 of these units were
DS. In terms of proportion, a higher percentage in the SGS were
DS than in the deeper layers (Fig. 2D), consistent with previous
finding of a depth-specific distribution of direction selectivity in
the SC (Inayat et al., 2015; Ito et al., 2017; Barchini et al., 2018).
Within the SGS and SO (top 300 pm), 20.4% of cells (28 out of
137 single units) were DS (gDSI > 0.25), slightly lower than what
was reported using single tungsten electrodes and other types of
visual stimuli (Wang et al., 2010). This is likely because of the
undersampling of the topmost SGS lamina, where most respon-
sive cells are DS according to our imaging data (Inayat et al,
2015; Barchini et al., 2018; Savier et al., 2019). Finally, nearly
identical depth profiles of DS units were seen in both anesthe-
tized and awake mice (p=0.28, K-S stat=0.14 for combining
multiunit and single unit, two-sample K-S test, anesthetized
n=85, awake n=126; p=0.07, K-S stat=0.32 for single units
only, two-sample K-S test, anesthetized n =30, awake n=32). In
addition, no difference was observed between anesthetized and
awake mice in the distribution of preferred directions (p =0.30,
circular Kruskal-Wallis test, anesthetized n =85, awake n =126,
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combining multiunit and single unit). We therefore combined
the two datasets and analyzed them together for this section.

We focused our analysis on the DS cells to determine whether
their preferred directions were organized in any region-specific
manner. These included the 62 single units (30 from anesthetized
and 32 from awake) and 149 multiunits (55 from anesthetized
and 94 from awake) that showed DS responses (gDSI > 0.25).
These units showed diverse direction preference, with a slight
bias toward upward movement (76 units within +45° of upward
direction, out of 211, 36%; Fig. 2E). This bias became more
obvious when analyzing highly selective units (gDSI> 0.5;
n=37/73, 51%; Fig. 2F). The preferred directions of these units
appeared to form four clusters, largely along the cardinal direc-
tions (Fig. 2F).

We next analyzed the distribution of preferred directions
according to retinotopic locations. The receptive fields of the DS
units were determined by flashing small light spots at random
locations in the dome (Fig. 2B). The preferred direction of each
unit was then plotted against its receptive field location. No
obvious region-specific pattern was observed for the organiza-
tion of preferred direction of DS units (n =191 responsive units
to both moving dots and flashing spots, gDSI > 0.25; Fig. 3A). A
diversity of tuning preferences was seen at any given retinotopic
region. To quantify this, we first examined the preferred direction
difference between two nearest units. The observed distribution
for DS units (gDSI> 0.25) was slightly different from the one
randomly drawn from the dataset (p = 0.02, two-sample K-S test;
Fig. 3B). This indicates that nearby units tended to prefer similar
directions. However, this tendency was very subtle, with the dif-
ference still covering the whole range of 180°. Furthermore, we
calculated the difference of preferred direction of pairs of DS
units and plotted against the retinotopic distance between their
receptive fields. The direction difference had similar mean and
median values across all receptive field distances (Fig. 3C). The
slightly higher density near 0°, 90°, and 180° direction difference
likely reflected the clustering of cells’ preference along cardinal
directions, and it did not appear to vary with receptive field dis-
tance. This observation held true when different gDSI cutoff val-
ues were used (and the weak trend became insignificant for gDSI
>0.50 units; Fig. 3D-F), and for both pairs combined from differ-
ent animals (Fig. 3A-G) and only pairs from the same recording
sessions (Fig. 3H). Finally, we grouped these DS units based on
retinotopic location and plotted their preferred direction in 30°
bins along both azimuthal and elevation axis (Fig. 3I). Again, no
systematic change was seen from this analysis. Together, these
analyses demonstrate that DS cells in the SC may display a slight
trend toward clustering with similarly tuned cells, but they are
not organized into columns that vary systematically according to
retinotopic locations.

Comparison between full dome and small visual stimuli

The above analyses were done with responses evoked by mov-
ing dots shown on the full dome. We also used moving dots in
a 30° x 30° square that covered the receptive fields of recorded
neurons to determine direction selectivity. When comparing
between the two stimulus conditions, we found that the pre-
ferred directions of DS neurons remained largely unchanged
(Fig. 4A,B). The difference in preferred direction between the
two stimuli was only 15.5 £ 1.7° for anesthetized mice (but
with a consistent trend, p=0.02, z statistic = —2.27, n =289,
Wilcoxon test), and 31.8 * 3.1° for awake mice (no consistent
trend, p=0.91, z statistic=0.11, n =128, Wilcoxon test; Fig.
4C). These small differences indicate that the lack of region-
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specific organization is independent of stimulus size. The
small visual stimuli did decrease gDSI of these units, in both
anesthetized and awake mice (p = 1.4e-6, z statistic =4.83 for
anesthetized; and p=1.4e-10, z statistic=6.41, for awake,
Wilcoxon test; Fig. 4D-F). To understand this reduction, we
aligned all tuning curves by their preferred direction and aver-
aged them. The peak response was similar between the two
stimulus conditions under anesthesia (p=0.22, z statistic =
—1.23, Wilcoxon test), and showed a small but statistically sig-
nificant difference in awake mice (p=0.0096, z statistic =
—2.59, Wilcoxon test). Importantly, the full field stimulus
suppressed the tuning curves, thus increasing direction selec-
tivity (for responses at the opposite direction, p=1.66e-8, z
statistic = —5.65 for anesthetized; and p=1.67e-7, z statistic =
—5.23 for awake, Wilcoxon test; Fig. 4G-H). Unexpectedly, we
found that the peak response to moving dots was higher under
anesthesia than in awake mice (p=2.0e-5, z statistic=4.27 for
full field; and p=5.1e-5, z statistic=4.0513 for small patch,
Mann-Whitney test), possibly because of an increased inhibition
under awake condition as seen in V1 (Haider et al., 2013).

Comparison between running and stationary behavioral
states

We next analyzed whether locomotion could affect the organiza-
tion of direction preference in the SC of awake mice. For the DS
cells that yielded full tuning curves under both stationary and
running conditions (for details of analysis of the two states, see
Materials and Methods), we analyzed changes in their preferred
directions between the two states. These neurons maintained
their direction preference between stationary and running condi-
tions, whether in response to full field moving dots or a smaller
patch (p=0.60, z statistic = —0.53, Wilcoxon test, n=42 for full
field, and p=0.84, z statistic=0.20, n=25 for patch; Fig. 5A).
This is similar to what we previously found for the superficial
SGS neurons using two-photon imaging (Savier et al., 2019). In
addition, locomotion did not cause systematic increase or
decrease to their gDSI, although many of the cells showed a dif-
ference between the two conditions (p = 0.16, z statistic = —1.39,
Wilcoxon test; n=42 for full field, and p=0.22, z statistic =
—1.22, n=25 for patch; Fig. 5B). We then analyzed these cells’
response amplitude at the preferred direction and found that
they were not altered by the animal’s locomotion (p=0.22,
z statistic=1.22, Wilcoxon test; n=42 for full field, and
p=0.86, z statistic=0.17, n =25 for patch; Fig. 5C), which is
again similar to what we showed for the most superficial SGS
neurons (Savier et al., 2019) and unlike the locomotion-
induced increases in V1 (Niell and Stryker, 2010). We calcu-
lated a LMI to quantify the effect of locomotion for each
Rrunning - Rstationary (Pakan et
Rrunning+Rstationury

al., 2016; Savier et al., 2019). This index was close to zero and
did not show any obvious trend through the depth of SC (Fig.
5D). Finally, we performed a similar analysis on the non-DS
single units that were recorded in the same sessions. Like the
DS cells, no prominent trend of increase or decrease was seen
when comparing running and stationary conditions (p=0.18,
z statistic = —1.35, Wilcoxon test; n=121 for full field, and
p=0.42, z statistic = —0.81, n=106 for patch; Fig. 5E).
However, the locomotion-dependent modulation of non-DS
cells appeared to be more scattered. Indeed, the LMI was more
widely distributed for non-DS cells than DS cells for full field
(p=0.03, K-S stat =0.25, two-sample K-S test; Fig. 5, compare

unit’s peak response: LMI =
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Figure 3.  No region-specific organization of SC direction selectivity. A, Distribution of DS units as a function of their receptive fields retinotopic location. Each red circle is one DS unit

(gDSI > 0.25), and the connecting line indicate its preferred direction (angle) and gDSI (length). B, Distribution of preferred direction difference between each unit and its nearest neighbor
(gDSI > 0.25, the 191 units in A, red curve). The black curves are for differences between each unit and randomly selected unit from the dataset (1000 repeats), and blue curve is the distribu-
tion combining all the randomly drawn ones. The p value is for comparison between the red and blue curves (K-S test). C, Plot of difference in preferred direction between pairs of units (the
191 units in A) as a function of the distance between their receptive field locations. The red line is the mean of direction difference at 5° bins of receptive field distance. D—F, Same plot as A—
€, for units with gDSI >0.50. G, Same plot as B, E, for units with gDSI >0.10. H, Same plot as C, F, but only for pairs obtained in the same recordings and gDSI >0.10. H, Distribution of DS
units as a function of their receptive fields retinotopic location, for units with gDSI >0.10, and the units are grouped into 30° x 30° bins.

D, F) but not for patch (p=0.72, K-S stat=0.15, two-sample
K-S test), leaving the possibility that certain subtypes of non-
DS cells in the deeper SC could be specially modulated by
locomotion, as suggested previously (Ito et al., 2017).

Two-photon imaging of the superficial SGS in awake mice
The above experiments indicate that direction tuning in the
mouse SC are not organized systematically according to

retinotopic locations. However, it remained possible that some
clustering may still exist in individual mice, which could “average
out” when combined across animals. This possibility could not
be easily tested by electrophysiological recording because of the
limited DS cells that were encountered in each animal. We there-
fore performed two-photon calcium imaging with which many
SGS neurons can be imaged simultaneously. As in our previous
study (Savier et al., 2019), these imaging experiments were done
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Stimulus size does not change preferred directions. A, B, Plots of preferred directions in response to full field (x-axis) and small patch (y-axis) of moving dots under anesthetized

(A) and awake (B) conditions. €, The mean difference in preferred direction between the two stimulus conditions in anesthetized and awake mice (p = 1.82e-5, Mann—Whitney test). D, E,
Plots of gDSI in response to full field (x-axis) and small patch (y-axis) of moving dots under anesthetized (D) and awake (E) conditions. F, The difference in gDSI between the two stimulus con-
ditions (p = 1.4e-6 for anesthetized; and p = 1.4e-10 for awake, Wilcoxon test). G, H, Average tuning curves in response to full field (black) and small patch (blue) moving dots under anesthe-
tized (G) and awake (H) conditions. The blue dashed line represents mean spontaneous firing rate. The responses to the preferred direction (0°) were similar between the two stimulus
conditions, while significant differences were seen at the direction opposite to the preferred (==180°). The peak response was higher under anesthesia than in awake mice (p = 2.0e-5 compar-

ing full field, and p = 5.1e-5 comparing small patch, Mann—Whitney test).

at the caudal pole of the SC in awake head-fixed mice that had
intact cortex (Fig. 6A). The imaged area had receptive fields in
far peripheral visual space, at 90—120° of azimuth (0° represent-
ing the vertical meridian) and 30—60° of elevation (0° represent-
ing eye level). Imaging depth was limited to the topmost lamina
of the SGS [within ~50 um below the SC surface (sSGS)], which
is enriched with DS neurons (Inayat et al., 2015; Barchini et al.,

2018; Savier et al, 2019). We re-analyzed the published data
(Savier et al., 2019), as well as imaged new mice for this study.
We included only mice in which at least 20 visually responsive
cells were in the same field of view to analyze variability across
individual animals (1 = 16 mice, 691 cells).

In the area we imaged, which was clearly in the monocular
region, many movement directions were represented (Fig. 6B).
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Figure 5.  Comparison between running and stationary behavioral states. A, The preferred direction of DS neurons remained largely unchanged between stationary (x-axis) and running (y-

axis) conditions. In this and all following plots, the responses to full field moving dots were shown by black circles, and those to a smaller patch by blue circles. The number of cells were noted
in the figures. For DS group, n =42 for full field, and n = 25 for patch; for non-DS group, n =121 for full field, and n = 106 for patch. B, €, Comparison of gDSI (B) and peak response ampli-
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The directional preference of most sSGS neurons roughly fell
into four groups, largely along the four cardinal directions (Fig.
6B). This is consistent with our previous finding that direc-
tion selectivity in the SGS is inherited from the retina (Shi et
al., 2017), where DS ganglion cells prefer movement in one
of the four cardinal directions (Oyster and Barlow, 1967;
Elstrott et al., 2008). However, this is different from a recent
study that reported that SC cells in the monocular region almost
entirely preferred temporal direction and those in the binocular
region prefer nasal direction (de Malmazet et al., 2018). We did
see a slight bias toward temporal compared with nasal direction
(n =97 with gDSI > 0.25 and 221 with gDSI > 0.10, within *=45°
of temporal direction, compared with n=77 and 100 within
+45° of nasal direction), but all four cardinal directions were
strongly represented (Fig. 6B).

To examine potential clustering of direction preference in
individual animals, we then analyzed each mouse separately. For
each field of view (Fig. 6D-G, left column), we plotted the pre-
ferred direction and gDSI of all visually-responsive neurons (Fig.
6D-G, middle column). While most fields did not show any
obvious cluster (Fig. 6D-F), others did display a bias toward cer-
tain directions (Fig. 6G). Because a cell’s preferred direction and
gDSI was represented as a vector, we calculated a sum of all the
vectors for each field of view (normalized by the scalar sum) to
represent the extent of the clustering (Fig. 6C). This vector sum,
which we call region selectivity index (RSI), was quite variable
among the imaged mice, ranging from 0.05 to 0.79 (mean:
0.32 £0.05), with the examples in Figure 6D-G representing
25th, 50th, 75th, and 100th percentiles of the data set (#4, #8,
#12, and #16, rank ordered by the RSI, from low to high).
Furthermore, we compared the preferred direction of pairs of DS

neurons (gDSI> 0.10). Over all pairs of DS neurons for each
individual, the difference in direction preference distributed over
the entire range from 0—180° (Fig. 6D-G, right column), with
bias toward 0° (i.e., similar direction preference) only in individ-
uals with the highest RSI values. Importantly, direction difference
did not show a clear trend according to the distance between pairs.
Neurons that were close to each other (e.g., <50 um) could prefer
similar or opposite directions, just as those cells that were further
apart (e.g., ~200 um), confirming what we showed previously in
anesthetized mice with cortex removed (Inayat et al., 2015).
Because all mice were imaged at similar locations (ie., the
medial-caudal sSGS), as constrained by the surgical procedure
and confirmed by receptive field position, these data demon-
strate intriguing variabilities among individual animals.

Finally, to examine whether the individual variability could
be because of unstable tuning of DS neurons, we repeatedly
imaged the same fields of view and tracked the response proper-
ties of individual ROIs. Only ROIs that could be reliably identi-
fied across sessions were used for this analysis. Overall, we were
able to track 107 neurons in seven mice for up to six weeks (Fig.
7). The vast majority of these cells showed stable tuning for stim-
ulus direction (Fig. 7B,C), with 57% of cells displaying fewer
than 10° difference between successive recording sessions (Fig.
7D, median: 7.7°% mean: 16.7 * 1.4°, n=373 comparisons
between successive sessions, 107 neurons from seven mice). The
neurons with large changes were mostly those with low gDSI
(Fig. 7E, r = —0.3, p=4.15 x 107, n=373). In other words, our
chronic imaging experiments demonstrate that DS neurons in
the sSGS maintain stable direction tuning, with the direction
preference clusters seen in some animals consistent across re-
cording sessions (Fig. 7A, the blue clusters).



470 - ). Neurosci., January 20, 2021 - 41(3):461-473

A

gDSI <0.1 05 >0.9 270
oo Y )
prefD 0 180 330°
20
O.Zs
0.6
|
270
90

X

4
270

90

0
0.6
0.63 E
1
270
0
0.6

MS TPH1

0

90
Nasal -2

270

Figure 6.

180°

Temporal

180°

Temporal

180°

Temporal

180°

Temporal

Chen, Savier et al. e Lack of Evidence for Columns in the SC

C 90
180° 0 B 2 180°
Temporal  Nasal 0.2 Temporal
0.6
4
270

gDSI>0.10; N Pairs=465
180 oo
150
120
90
60
30

A\ Pre-Direction

0 100 200 300
Distance (um)

gDSI>0.10; N Pairs=990
180 .

150
120
90
60
30

A\ Pre-Direction

0 100 200 300
Distance (um)
gDSI>0.10; N Pairs=561

180 AR

150

120

90

60

30

A\ Pre-Direction

0 100 200 300
Distance (um)

gDSI>0.10; N Pairs=1378
180} ., A e
150}
120

A Pre-Direction

0 100 200 300
Distance (um)

Characterization of the distribution of preferred directions in the superficial SGS using two-photon calcium imaging. A, Experimental setup. Stimulus was presented on a movable

screen, 25 cm away from the mouse’s eye and centered on the retinotopic location. B, Vector representation of the preferred direction (direction) and gDSI (magnitude) of all responsive neu-
rons (n =691 from 16 mice). C, Distribution of RSI (region selectivity index). Each line represents an RSI, which is the vector sum of all visually responsive cells in that field of view. D—G, Four
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Discussion

Spatial organization of visual motion representation in the
mouse SC

In this study, we have determined the spatial organization of vis-
ual motion representation in the mouse SC. Our results demon-
strate that DS neurons in the SC are not organized into
stereotypical columns according to their preferred directions. A
minority of animals did show some clustering of neurons with

similarly tuning, but nearby neurons can overall prefer similar or
opposite directions that is largely independent of retinotopic
position and proximity. This finding holds true under both anes-
thetized and awake conditions, for superficial and deeper lami-
nae, regardless of stimulus size, and independent of animal’s
locomotion state. Together, these results provide a more nuanced
and more accurate description of collicular organization than
recent reports of this issue and thus have significant implications
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for understanding visual processing and ethological functions of
the mouse SC.

The debate regarding spatial organization of SC feature selec-
tivity dates back to early days of vision research and goes beyond
mice. In studying the cat SC, Mcllwain and Buser noted that
when DS units were recorded, their preferred directions tended
to be the same as those of their immediate neighbors (Mcllwain
and Buser, 1968). Similarly in ground squirrel, Michael found
that successively recorded units in vertical penetrations of the SC
preferred same directions (Michael, 1972). Furthermore, it was
shown that DS cells in the cat SC are retinotopically organized
such that they signaled centrifugal movements (Straschill and
Hoffmann, 1969). However, the experiments by Sterling and
Wickelgren did not support the existence of direction columns
in the cat SC, although they did report that the vast majority of
the DS cells they recorded preferred horizontal movements
(Sterling and Wickelgren, 1969). These discrepancies and obser-
vations, as far as we know, have not been resolved or confirmed.

Driager and Hubel were the first to study receptive field prop-
erties of mouse SC neurons, including direction selectivity
(Driger and Hubel, 1975a,b, 1976). They found that the vast ma-
jority of the recorded DS neurons (35 of 38 cells) preferred
upward motion (Dréager and Hubel, 1975b). A slight bias toward
upward motion is indeed seen in our physiology data, but
nowhere near that extent. More importantly, all directions,

especially the four cardinal directions, were represented in the
mouse SC. However, it was suggested that the mouse SC might
represent motion direction in a location-specific manner. For
example, it was reported that “a sharp transition” in direction
preference existed at the monocular-binocular border in the
mouse SC, such that DS neurons in the binocular zone (central
visual field) overwhelmingly preferred nasal movements, while
those in the monocular zone (peripheral) preferred temporal
ones (de Malmazet et al., 2018). Curiously, very few cells were
shown to prefer upward or downward movements in that study. A
more recent study also reported “locally biased representation” of
motion direction, which contains large patches of the SC that pre-
fer similar directions (~30° in visual angle, and up to ~350 um in
depth; Li et al., 2020). However, the patterns revealed by the two
studies are inconsistent, and are not supported by our experimental
studies and data analysis. The reason for these discrepancies
remains unknown, but could be because of the individual differen-
ces we revealed here. Some mice did show clusters where nearby
neurons preferred similar directions, but they were a minority.
These individual differences should be taken into consideration in
future studies, such as using individual animals as a unit of analysis
and regularly refreshing mouse lines including even the wild type.
A columnar organization in the mouse SC has also been
reported for the representation of orientation, but the exact
patterns were again inconsistent between the two studies
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(Ahmadlou and Heimel, 2015; Feinberg and Meister, 2015). We
did not examine orientation selectivity because very few cells in
the most superficial lamina were orientation selective and only
moving dots were used in physiology recordings. However, our
data of direction selectivity are not congruent with the existence
of orientation columns, because of the orthogonal relationship
between orientation and direction preference (Li et al., 2020; but
see de Malmazet et al., 2018). Nevertheless, it is tantalizing to
ponder why so many studies, in several species, have observed
clusters or columns of DS/OS neurons in the SC. It remains pos-
sible that the SC may indeed encode visual features in a region-
specific manner, but beyond direction or orientation selectivity
in a way that we still do not understand. Future studies with
more sophisticated stimulus design and behavioral paradigms
may help resolve this interesting puzzle.

Locomotion-dependent modulation of SC responses

In this study, we also examined locomotion-dependent modula-
tion of SC responses. This was motivated by the series of studies
showing that V1 neurons dramatically increase their visually-
evoked responses when the mouse is running (Niell and Stryker,
2010; Busse et al., 2017). We had previously shown that the most
superficial SGS neurons did not display such a profound poten-
tiation (Savier et al., 2019). Instead, only a minority of neurons
displayed significant changes during locomotion, which included
both increase and decrease in response amplitude. Here, we
expanded this finding to deeper and non-DS SC neurons. Again,
both response increase and decrease were seen, but the level of
modulation was more widespread. The observed heterogeneity is
consistent with a previous study of locomotion-dependent mod-
ulation in the mouse SC (Ito et al., 2017). Nevertheless, we were
surprised by the lack of overwhelming potentiation during loco-
motion, given that cortical input is known to increase SGS
response gain (Zhao et al., 2014). This is likely because of the fact
that V1 layer 5 neurons, where cortico-collicular projections
originate, only display weak potentiation during locomotion,
with an amplitude much smaller than layer 2/3 neurons (Hoy
and Niell, 2015; Dadarlat and Stryker, 2017). Finally, our data
leave open the possibility that certain cell types in the SC could
still be specifically modulated by locomotion. For example, wide-
field vertical (WFV) cells send outputs to the lateral posterior nu-
cleus (the rodent pulvinar), which has been shown to carry loco-
motion signal to V1 (Roth et al.,, 2016). Future studies with cell
type precision will be needed to determine how WFV and other
neuron types are modulated by locomotion.
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