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Effects of Locomotion on Visual Responses in the Mouse
Superior Colliculus
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Visual responses are extensively shaped by internal factors. This effect is drastic in the primary visual cortex (V1), where locomotion
profoundly increases visually-evoked responses. Here we investigate whether a similar effect exists in another major visual structure, the
superior colliculus (SC). By performing two-photon calcium imaging of head-fixed male and female mice running on a treadmill, we find
that only a minority of neurons in the most superficial lamina of the SC display significant changes during locomotion. This modulation
includes both increase and decrease in response amplitude and is similar between excitatory and inhibitory neurons. The overall change
in the SC is small, whereas V1 responses almost double during locomotion. Additionally, SC neurons display lower response variability
and less spontaneous activity than V1 neurons. Together, these experiments indicate that locomotion-dependent modulation is not a
widespread phenomenon in the early visual system and that the SC and V1 use different strategies to encode visual information.
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Introduction
Seeing is an active process that is highly dependent on our intention,
expectation, and behavioral state. In mammals, visual information
captured by the retina is processed in parallel through two major
pathways, one reaching the primary visual cortex (V1) through the
thalamus, and the other projecting to the superior colliculus (SC).
Neurons in these visual structures encode information by respond-
ing to specific features of the stimulus in their receptive fields (Kuf-
fler, 1953; Hubel and Wiesel, 1962). The activity of these visual
neurons is also modulated by nonvisual inputs, such as attention,
arousal, and locomotor activity (Livingstone and Hubel, 1981; Ste-

riade et al., 2001; Maunsell, 2015; Busse et al., 2017), presumably
mediating visual behaviors in a context-dependent manner. Recent
studies in mice have shown that such a modulation occurs early
along the visual pathways. For example, V1 neurons dramatically
increase their visually-evoked responses when the mouse is running
(Niell and Stryker, 2010), and this locomotion-dependent modula-
tion is largely limited to layer 2/3 excitatory cells in adult mice (Niell
and Stryker, 2010; Hoy and Niell, 2015).

Following the original finding by Niell and Stryker (2010),
numerous studies have characterized the state-dependent mod-
ulation of V1 responses and examined the underlying cortical
and subcortical circuits (Ayaz et al., 2013; Bennett et al., 2013;
Polack et al., 2013; Saleem et al., 2013; Fu et al., 2014; Lee et al.,
2014; Vinck et al., 2015; Mineault et al., 2016; Pakan et al., 2016;
Dadarlat and Stryker, 2017; Dipoppa et al., 2018). Others have
shown that the locomotion-dependent response increase can be
observed as early as in the visual thalamus (Erisken et al., 2014;
Aydın et al., 2018). Together, these studies highlight the notion
that behavioral state such as locomotion is an essential compo-
nent of vision and can strongly affect visual responses in the
thalamocortical pathway.
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Significance Statement

Visual information captured by the retina is processed in parallel through two major pathways, one reaching the primary visual
cortex through the thalamus, and the other projecting to the superior colliculus. The two pathways then merge in the higher areas
of the visual cortex. Recent studies have shown that behavioral state such as locomotion is an essential component of vision and
can strongly affect visual responses in the thalamocortical pathway. Here we demonstrate that neurons in the mouse superior
colliculus and primary visual cortex display striking differences in their modulation by locomotion, as well as in response vari-
ability and spontaneous activity. Our results reveal an important “division of labor” in visual processing between these two
evolutionarily distinct structures.

9360 • The Journal of Neuroscience, November 20, 2019 • 39(47):9360 –9368

mailto:cang@virginia.edu


The SC is the other major visual center that is evolutionarily
conserved in all vertebrates. This midbrain structure is layered,
with its superficial layers being visual and deeper layers multi-
modal and premotor (May, 2006; Cang and Feldheim, 2013). The
most superficial cellular layer of the SC is the stratum griseum
superficiale (SGS), which receives direct retinal input from gan-
glion cell axons that course through the deeper stratum opticum
(May, 2006). In mice, �85% of retinal ganglion cells project to
the SC (Ellis et al., 2016), making it the most prominent visual
processing center in this species (Cang et al., 2018). Recent stud-
ies have revealed more diverse visual response properties in the
mouse SGS than in primates, including selectivity for movement
direction and stimulus orientation (Wang et al., 2010; Gale and
Murphy, 2014; Ahmadlou and Heimel, 2015; Inayat et al., 2015;
Ito et al., 2017; De Franceschi and Solomon, 2018). In particular,
the most superficial lamina of the SGS (sSGS) is enriched with
highly direction-selective neurons that are specialized in encod-
ing visual motion (Inayat et al., 2015; Barchini et al., 2018). Given
the SC’s prominent role in mouse visual behaviors and especially
in motion processing, we investigate in this study whether neu-
rons in the sSGS also display locomotion-dependent modulation.

By performing two-photon calcium imaging in head-fixed
mice running freely on a treadmill, we find that only a small
fraction (�30%) of sSGS neurons display a significant modula-
tion during locomotion. This modulation does not follow a par-
ticular trend (increase or decrease) in visual responses and is
small in magnitude (�10% overall increase). We then image V1
under the same condition and found that its responses almost
double during locomotion. Furthermore, our imaging experi-
ments reveal that SC neurons show lower response variability and
fewer spontaneous events than V1 neurons. Together, these ex-
periments reveal an important “division of labor” in visual pro-
cessing between these two evolutionarily distinct structures, in
which the sSGS provides a faithful encoding of visual information
independent of behavioral state, whereas V1 may contribute to
response flexibility under different behavioral contexts by inte-
grating nonvisual inputs.

Materials and Methods
Animals. Adult C57BL/6 mice of either sex were used in this study, in-
cluding both wild-type (n � 12, 2– 6 month old) and transgenic mice to
express the red fluorescent protein tdTomato in glutamate decarboxylase
two positive (GAD2 �, GABAergic) neurons (n � 8, 6 for SC imaging, 2
for V1 imaging, 2– 4 month old). The transgenic mice were obtained by
crossing Gad2-IRES-cre mice (The Jackson Laboratory, Stock #010802;
RRID:IMSR_JAX:010802) with an Ai9 line (RCL-tdT, Stock #007909;
RRID:IMSR_JAX:007909) in our colony. All mice were kept on a 12 h
light/dark cycle, with two to five animals housed per cage. Whenever
possible, social housing was maintained after surgery and animals were
kept for up to 3 months. All experimental procedures were approved by
the University of Virginia Institutional Animal Care and Use Committee.

Surgery: SC. Mice were anesthetized with isoflurane (4% for induction,
2% for maintenance, in O2, �0.5 L/min; VetFlo, Kent scientific). Once
the animals lost reflexes, the scalp was shaved and lidocaine applied on
the ear bars, before placing the animals in a stereotaxic frame (Digital
Model 1900, Stereotaxic Alignment System, Kopf Instruments). Body
temperature was maintained with a heating pad equipped with a feed-
back heater control module monitored via a rectal thermoprobe (Fred-
erick Haer). Artificial tears (Henry Schein) were applied to the eyes for
protection during surgery. Skin was disinfected using alternating scrubs
of 70% ethanol and betadine and removed to expose the skull. The skull
was scraped to remove connective tissue and to allow adherence later in
the procedure.

A �2.5 mm craniotomy was performed over lambda using a dental
drill and a 1⁄4 RA drill bit (Model XL-230, Osada, and Midwest Dental

Equipment, respectively). The skull was thinned and soaked in sterile
saline solution. This eased the separation of the bone from the dura along
the sutures before removal. Gelfoam (Pfizer Injectables) soaked in saline
was used throughout the procedure to stop any bleeding and to maintain
osmosis once the brain was exposed. The dura, which is thick above the
SC, was opened using a 30 G needle and torn along the latero-medial axis,
thus revealing the caudal pole of the SC.

Once the SC was exposed, AAV1-Syn-GCaMP6f viral vector (RRID:
Addgene_100837; pAAV.Syn.GCaMP6f.WPRE.SV40, 1:1 in PBS, titer
2 � 10 13) was injected using a Nanoject II (Drummond Scientific) fitted
with a glass pipette with a beveled tip. Pipette was loaded with the viral
vector and coordinates were zeroed on the SC surface. The pipette was
lowered into the SC down to 500 �m, and then retracted back to two
injections sites at 400 and 200 �m below surface, respectively. At each
depth, a total volume of �50 nl was delivered, in 2.3 nl pulses, 15 s apart.
The pipette was left in the tissue for 5 min before being slowly retracted.
Once injections were done, a glass window was placed into the craniot-
omy. The windows consisted in 4 pieces of #1.5 glass coverslips, custom
cut by Potomac Laser, glued together with UV glue (Norland Optical
Adhesives). From top to bottom, the four pieces are a ring-shaped piece
(inner diameter: 2.2 mm, outer diameter: 4.2 mm), a disk (A2.5 mm) and
two equilateral triangles (2 mm). The triangle shape allowed to catch the
dura and drag it anteriorly, pushing forward the transversal sinus. Once
in place, windows were pushed down and sealed with VetBond (3M). A
head bar was finally mounted on the skull using Metabond (Parkell)
mixed with black ink to avoid reflections during imaging.

Mice were given a dose of carprofen (5 mg/Kg; Sub-Q) and 0.5 ml of
sterile saline (Sub-Q) toward the end of the surgery. Animals were placed
in a heated chamber until ambulatory and then transferred back to their
home cage. They were monitored daily for pain and wound health. Im-
aging was performed �3 weeks after injection.

Surgery: V1. A similar procedure was used for implementing chronic
cranial windows over V1. In this case, windows consisted of only two
pieces of glass coverslips, the ring and the disk. Craniotomy was per-
formed 2.75 mm lateral from the midline and along the lambdoid suture.
The same amount of AAV1-Syn-GCaMP6f viral vector was injected at a
depth of 500 and 250 �m, at three different locations, 500 �m apart,
around the center of the craniotomy.

Two-photon calcium imaging. After the mice had fully recovered, they
were habituated to head-fixation and running on the cylindrical tread-
mill. Once animals were comfortable with the setup, imaging was per-
formed under a two-photon scanning microscope (Ultima Investigator,
Bruker Nano Surface Division; RRID:SCR_017142). A ring was added on
top of the head-plate to hold water for immersion of the objective and
surrounded by a shield to block light originating from the visual stimulus
during imaging. Imaging was performed with a Ti:sapphire laser (Cha-
meleon Discovery with TPC, Coherent) at excitation wavelength of 920
nm for GCaMP6f using a 16� 0.8 NA Nikon objective. Emitted signals
from GCaMP6f and tdTomato were filtered into separate PMTs (green
and red channels).

Imaging data were acquired using the PrairieView software v5.4 with a
resonant scanner at 2� optical zoom, resulting in a 412.2 � 412.2 �m
field-of-view. Image resolution was 512 � 512 pixels and the acquisition
rate was 30 Hz. Frame-averaged data were used for the analysis (4-frame
averages). Imaging was performed in the sSGS (no deeper than 50 �m
from the SC surface). For V1 imaging, data were acquired with the same
parameters at a depth of �150 �m.

Note that animals that had sustained pia inflammation or in which
there was poor expression of GCaMP6f were not subject to imaging.

Visual stimulus. Visual stimuli were generated with MATLAB Psycho-
physics toolbox (Brainard, 1997; Niell and Stryker, 2008; RRID:
SCR_002881) on an LCD monitor (37.5 � 30 cm, 60 Hz refresh rate, �50
cd/m 2 mean luminance, gamma corrected). The screen was placed 25 cm
away from the eye contralateral to the imaging site (the right eye). The
monitor was moved for every imaged field-of-view so that the cells’ re-
ceptive fields were near the center of the screen. The placement of the
monitor center in visual space varied between 30° and 60° in elevation
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(0° representing eye-level) and between 90° and 120° across the azimuth
(0° representing the center of the binocular field) in all imaging experi-
ments reported in this study.

The visual stimulus was a sinusoidal wave drifting gratings (100%
contrast, 0.08 cpd, 2 Hz), presented on a gray background in a circular
patch (40° diameter) at the center of the screen. To assess responses to
motion direction, 12 different directions were used, ranging from 0° to
330° and tiling all direction space in 30° increments. Zero degree repre-
sented forward motion from the animal’s perspective. A blank (gray)
condition was added to the 12 directions. Each stimulus condition of the
gratings was presented for 1 s, followed by a gray screen for 3 s. The entire
stimulus set was shown to the mouse at least 10 times in a pseudorandom
fashion for every imaged field-of-view. For V1 imaging, full screen sinu-
soidal drifting grating of 12 directions (similar to SC) were presented in a
pseudo-randomized fashion (1 s stimuli, 3 s wait interval, 2 Hz, 0.08
cpd).

The timing and parameters of each presented visual stimulus were
recorded by the PrairieView software simultaneously with the imaging
data. Onset and offset of the visual stimulus were recorded in a third
channel (in addition to red and green) to ensure synchronization of the
events, and stimulus conditions were encoded in voltage signals. The
rotation of the treadmill (i.e., the locomotion of the mouse) was recorded
via a rotary encoder generating transistor-transistor logic pulses (100
pulses/revolution), which were used to estimate the speed of the animal.

Imaging data analysis. Time-series frames were used to produce an
average image of the field-of-view to identify cell bodies. In the cases
where the imaging field shifted in the x-y plane over the course of the
series, an automated procedure was used to realign the frames. To deter-
mine whether each selected region-of-interest (ROI) is an inhibitory
(GAD2 �) or excitatory neuron (GAD2 �), the experimenter referred to
the red channel image of each field-of-view where GAD2 � cells were
labeled with tdTomato. This selection process relied exclusively on the
expression of tdTomato and was performed blindly to the functional
properties of the cells, which were determined at a later stage of the
process. Note that cells that displayed a high level of correlation between
the red and the green channels were excluded for this analysis, because
this fluctuation in signal was due to motion artifact.

For the analysis of calcium imaging data, we followed our published
procedures (Inayat et al., 2015; Levine et al., 2017; Barchini et al., 2018).
Briefly, ROIs were manually drawn on the average image of the collected
time-series, and the intensity values of all pixels in each ROI were aver-
aged for each frame to obtain the raw Ca 2� signal. From the raw trace,

and for each stimulus presentation, �F/F0 � (F � F0)/F0, was calculated,
where F0 was the mean of the baseline signal over a fixed number of
frames (6) before stimulus onset and F was the average fluorescence
signal over 8 frames, 1 frame after stimulus onset. A cell was considered
responsive if its mean �F/F0 was �2 SD above its F0 for at least one of the
stimulus conditions. The mean value of �F/F0 for each of the stimulus
conditions was then used for subsequent data analysis for all the respon-
sive cells. Note that in our previous imaging studies of the mouse SGS
(Inayat et al., 2015; Barchini et al., 2018), we compared calcium signals
and spiking activity by simultaneous two-photon imaging and cell-
attached recording. Those experiments revealed a linear correlation be-
tween the two measures that is similar to what was observed in cortical
imaging (Chen et al., 2013), thus indicating that two-photon imaging can
be reliably applied to the SGS.

Running and stationary conditions were defined as follow: if the speed
of the animal was �1 cm/s both prior (0.75 s) and during the stimulus
duration (1 s), the animal was considered running. If the speed of the
animal was below this speed for both periods, the animal was considered
stationary. Trials where both conditions were not fulfilled were excluded.

To quantify the degree of direction selectivity, we calculated a global
direction selectivity index (gDSI), which is the vector sum of �F/F0 re-
sponses normalized by their scalar sum (Gale and Murphy, 2014; Inayat

et al., 2015): gDSI �
�R�ei�

�R�
, where R� is the response magnitude in

�F/F0 at direction � of the stimulus. To determine the locomotion-
dependent modulation of the responses and tuning of sSGS neurons
(Figs. 1–4), we excluded imaging sessions where not all 12 stimulus di-
rections were encountered during both stationary and running
conditions.

To determine the effect of locomotion, we calculated a locomotion

modulation index (LMI) as follow: LMI �
Rrunning � Rstationary

Rrunning � Rstationary
, where

Rrunning is the averaged response during running condition and Rstationary

is the response during stationary condition. For Figures 1–4, the index
was calculated using the average response of the entire tuning curve. For
Figure 5C, the index was calculated using the mean response to each
stimulus direction.

For the analysis of trial-to-trial variability, we analyzed the responses

at the preferred direction, by calculating the Fano factor F �
�2

�
(i.e., the

variance of the response magnitudes over all trials divided by the mean).
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Figure 1. Minor effect of locomotion on visual responses in the sSGS. A, Schematic of the imaging setup. Stimulus monitor was placed at the retinotopic location corresponding to the imaged area
while mice were running freely on a cylindrical treadmill. B, Schematic of the position of the cranial window, which reveals caudal-medial portion of the SC while preserving the cortex. C, An example
image of the field-of-view during two-photon imaging. Neurons were expressing GCaMP6f via AAV transfection. Scale bar, 100 �m. D, Raw calcium trace of an imaged neuron during presentation
of visual stimuli (drifting gratings, 12 directions). The gray line marks the period of visual stimulation, with colored arrows on top indicating the direction of the presented gratings. The red shaded
region indicates the period when the mouse was running. E, Direction tuning curves of the example cell, plotting the mean �F/F0 at each stimulus direction, averaged over multiple repeats per
direction. Black, Stationary; red, running. F, Comparison of SC neurons’ responses between running and stationary conditions. Each dot is the averaged responses of an individual neuron, with red
dots marking those that were statistically different between running and stationary conditions (n � 157 of total 528 cells; 29.7%; n � 12 mice; Wilcoxon signed rank test). The black line indicates
the line of equality to facilitate comparison.
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Only conditions with a minimum of three trials were included in this
analysis, resulting in the exclusion of two V1 cells for running
condition.

For the quantification of spontaneous events, calcium signals were
recorded for 10 min in either complete darkness or with a gray screen at
the previously recorded location. Raw calcium traces were smoothed
over 15 frames (0.5 s). The baseline of each trace was the value that had
the highest occurrence across the recording period. Twice the value of the
baseline was used as a threshold to detect the occurrence of a spontane-
ous event.

Statistics. Significance was calculated using two-sided statistical tests
including Kolmogorov–Smirnov (KS) tests and Wilcoxon signed rank
tests as stated. All analyses and graph plotting were performed in MAT-

LAB (MathWorks; RRID:SCR_001622). No
statistical methods were used to predetermine
sample sizes, but our sample sizes are similar to
those reported in the field. We did not ran-
domly assign animals to groups because it is
not applicable to the experimental design of
this study.

Results
To determine whether neurons in the SC
are subject to modulation during locomo-
tion, we performed two-photon calcium
imaging in awake mice. Animals were
head-fixed under the microscope, able to
run freely on a cylindrical treadmill (Fig.
1A). To gain optical access to the SC, we
adapted a published procedure (Feinberg
and Meister, 2015) to implant an imaging
window at the caudal pole of the SC (see
Materials and Methods; Fig. 1B). During
the same surgery, viral vectors (AAV1)
carrying genetically encoded calcium in-
dicators (GCaMP6f) were injected into
the SC. After 2–3 weeks of recovery, mice
were habituated to head-fixation. Imag-
ing was performed once the animal was
comfortable with running on the tread-
mill. We were able to image visually-
evoked responses of �15% of the SC
surface at cellular resolution (typical field-
of-view shown in Fig. 1C ) while preserv-
ing the entire cortex. This type of window
allowed stable chronic imaging for up to
60 d (data not shown). In this study, we
limited the imaging depth to �50 �m be-
low the SC surface, because large neuropil
signals in deeper SGS render reliable de-
termination of neuronal responses ex-
tremely difficult. We previously showed
in anesthetized mice that most neurons in
this lamina (sSGS) are direction selective
(Inayat et al., 2015). This new preparation
allowed us to study these neurons in
awake condition, and more importantly,
assess whether their responses are modu-
lated by locomotion.

Minor effect of locomotion on visual
responses in the sSGS
During imaging, visual stimuli were pre-
sented on an LCD monitor, placed 25 cm
away from the mouse and centered to the

responsive visual field. The stimuli consisted of a small patch (40°
in diameter) of sinusoidal gratings drifting along 12 different
directions (30° step between 0° and 360°, presented in random
sequences). Consistent with previous results in anesthetized mice
with cortex removed (Inayat et al., 2015; Shi et al., 2017; Barchini
et al., 2018), most neurons in the sSGS were direction selective
(Fig. 1D). Over the population, 69% cells (n � 360/528 cells from
12 mice) had a gDSI (see Materials and Methods for details of
calculation) �0.25, indicating their high direction selectivity.

We next sorted the imaging trials according to the animal’s
locomotion. If the mouse was moving at a velocity �1 cm/s both
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prior (0.75 s) and for the duration (1 s) of
a particular stimulus, that trial was classi-
fied as a running condition; if the velocity
was 	1 cm/s for both time periods, the
trial was considered stationary. The tun-
ing curves of individual neurons were ob-
tained separately for the two conditions
(Fig. 1E). We calculated the mean of each
tuning curve and used it to compare re-
sponses between running and stationary
conditions (Fig. 1F). Overall, no promi-
nent trend (i.e., increase or decrease) of
locomotion-dependent modulation was
seen for the whole population of sSGS
neurons, unlike what has been reported
for V1. We then compared the running
and stationary tuning curves for individ-
ual neurons using paired comparisons,
and a statistically significant change in re-
sponse magnitude was found for 29.7% of
the population (n � 157/528 cells; Wil-
coxon signed ranked test, p 	 0.05; Fig.
1F, red dots). Of these, 103 cells (19.5%)
displayed increased responses and 54
(10.2%) displayed a decrease during
running.

We note that although the paired com-
parison of the two tuning curves is useful
in determining an overall change in re-
sponsiveness for individual neurons, it
could potentially mask more specific modulations. This is espe-
cially relevant given that the majority of sSGS neurons are direc-
tion selective, meaning that response magnitude is low to many
stimulus directions. We thus performed three additional analyses
to further characterize how locomotion might modulate sSGS
responses and direction selectivity.

First, we calculated a LMI to quantify the effect of locomotion

for each cell: LMI �
Rrunning � Rstationary

Rrunning � Rstationary
, (Pakan et al., 2016).

Using the average of the tuning curves, the LMI of sSGS neurons
was distributed �0, with a median of 0.03 (Fig. 2A). Importantly,
no correlation was found between this index and the gDSI of
individual neurons (Fig. 2B), indicating that the effect of locomo-
tion, which appears minor in the sSGS, does not depend on di-
rection selectivity.

Second, we determined whether locomotion modulated sSGS
responses differently at their preferred and non-preferred direc-
tions. At the preferred direction (which is different for each indi-
vidual neuron), locomotion caused a slight, but statistically
significant, reduction of the visual responses over the population
(p � 3.56e-7, Wilcoxon test; Fig. 2C). In contrast, the responses
to the direction opposite to the preferred ones were slightly in-
creased during running (p � 1.16e-16, Wilcoxon test; Fig. 2D).
Together, these changes led to a significant decrease of the gDSI
under running condition across the population (p � 1.37e-19,
Wilcoxon test; Fig. 2E). Nevertheless, the changes in response mag-
nitude were small, such that the sSGS neurons maintained their
direction preference between stationary and running conditions
(Fig. 2F; p � 0.41, Wilcoxon test).

Finally, we determined whether locomotion modulation
could depend on the specific direction of the visual stimulus. For
example, a posteriorly moving stimulus is along the direction of

the optic flow (180° by our convention), and could potentially be
encoded differently in the SC than other directions during loco-
motion. We thus compared running and stationary responses
of individual neurons separately for each of the 12 stimulus
directions (Fig. 3). No apparent direction-specific trend of
increase or decrease was seen, indicating that under our exper-
imental condition, the minor modulation induced by locomo-
tion does not depend on the direction of the visual stimulus.

Locomotion affects excitatory and inhibitory neurons
similarly in the sSGS
Previous studies demonstrated that locomotion increases the re-
sponses of V1 excitatory neurons via a disinhibitory circuit (Fu et
al., 2014; Lee et al., 2014). In other words, excitatory and inhibi-
tory cells are differentially modulated by locomotion in V1. In-
hibitory cells occupy a larger proportion in the SGS than in V1,
accounting for �30% of the population (Whyland et al., 2019).
Consequently, a differential modulation of these two cell types, if
it indeed exists in the SGS, could potentially explain the lack of
consistent changes during running (i.e., increase vs decrease). We
tested this possibility by performing the same imaging experi-
ments in GAD2-cre mice crossed with a reporter strain (Ai9), so
that inhibitory cells could be identified by the expression of td-
Tomato. As shown in Figure 4A, excitatory (GAD2�) and inhib-
itory (GAD2�) neurons could be differentiated by examining the
overlap between red (tdTomato) and green fluorescent signals
(GCaMP6f). We then compared the responses of the identified
cells in stationary and running conditions, and found that the
trend of modulation did not correlate with the identity of the cells
(Fig. 4B). The LMI of the two functional cell types were similarly
small (for GAD2�: n � 51, median � 0.033, for GAD2�; n � 42,
median � �0.008, p � 0.506, KS test; from 6 mice; Fig. 4C).
Overall, these experiments did not reveal a trend in the modula-
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tion as a function of cell type, suggesting different effects of loco-
motion in the SC and V1.

Locomotion has different effects in V1 and SC
The surprisingly subtle effect of locomotion on sSGS neuronal
responses led us to conduct imaging experiments on V1 using the
same setup, allowing us to directly compare those two visual
structures. Consistent with previous studies, layer 2/3 neurons in
V1 displayed a robust increase in response amplitude during lo-
comotion (Fig. 5A,B). Using the same index (LMI) as used in the
SC, we quantified the effect of locomotion on V1 neurons’ re-
sponses to all stimulus directions. The LMI distribution was
skewed toward positive values for V1 cells, with a median value of
0.29 (n � 20 cells, and 240 conditions; Fig. 5C). This value of LMI
indicates an almost twofold (182%) increase of visual responses
under running condition, similar to what has been reported for
V1 layer 2/3 cells (Hoy and Niell, 2015). In contrast, in the sSGS,
the LMI of responses to all stimulus conditions were near 0, with
a median of 0.05 (corresponding to �10% increase; n � 528 cells,
and 6336 conditions), significantly smaller than in V1 (p �
2.98e-24, KS test; Fig. 5C). These results thus highlight the dra-
matic difference in how locomotion affects the encoding of visual
motion throughout the early visual system.

In addition to modulation by locomotion, our imaging exper-
iments also revealed two other differences between V1 and the
SC, namely, response variability and spontaneous activity. First,

to examine trial-to-trial variability, we compared the responses of
collicular and cortical neurons to the repeated presentation of the
same stimulus at their preferred directions. In the sSGS, the same
stimulus elicited strong and consistent responses (Fig. 6A,B),
whereas more variable responses were observed for V1 neurons
(Fig. 6D,E). We quantified this observation by calculating the
Fano factor (variance/mean of the response magnitudes; Kara et
al., 2000; Sarnaik et al., 2014) for V1 and sSGS neurons (Fig. 6G).
The Fano factor was much greater (i.e., more variable responses)
for V1 neurons (median � 0.03 for SC, stationary and running
combined, median � 0.13 for V1, p � 3.5e-8 between SC and V1
under stationary condition, p � 0.027 for running condition, KS
test).

Next, to examine spontaneous activity, we imaged neuronal
populations in V1 layer 2/3 and the sSGS for a period of 10 min in
either complete darkness or with a gray screen. We calculated a
threshold of event detection for each recording (twofold of the
baseline; see Materials and Methods) to quantify the number of
spontaneous events. In the sSGS, very few of these events can be
observed, both in total darkness and with a gray screen (Fig. 6C).
In fact, many sSGS neurons were completely inactive during the
entire 10 min sessions (n � 22/50 cells in dark and 30/50 in gray;
Fig. 6H). In contrast, V1 neurons showed a much greater number
of spontaneous events (median � 2, mean � 6.0 
 5.5 for V1,
n � 56; median � 0, mean � 1.5 
 0.8 for SC, n � 50; Fig. 6H;
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p � 0.0049 for dark condition between SC
and V1 and p � 6.35e-4 for gray condi-
tion, KS test).

Overall, these results demonstrate that
V1 neurons display a higher amount of
spontaneous activity than sSGS neurons,
which might contribute to the larger re-
sponse variability in V1. These observa-
tions, together with the finding of a much
smaller locomotion-dependent modula-
tion in the sSGS, are consistent with the
notion that sSGS neurons provide a more
faithful encoding of visual stimulation in-
dependent of internal state, whereas V1
neurons may contribute to response flex-
ibility under different behavioral contexts
via their nonvisual inputs.

Discussion
Visual processing in the SC and
locomotion-dependent modulation
In this study, we have demonstrated that
visual neurons in the SC and V1 display
striking differences in their modulation
by locomotion, response variability, and
spontaneous activity. These results high-
light the distinct roles that the two struc-
tures play in visual processing. The visual
cortex is involved in perception, and has
been shown to be modulated by many
nonvisual factors. For example, activities
in rodent V1 can be shaped by reward tim-
ing (Shuler and Bear, 2006), locomotion
(Niell and Stryker, 2010), arousal (Reimer
et al., 2014; Vinck et al., 2015), auditory
input (Iurilli et al., 2012; Ibrahim et al.,
2016), sensorimotor mismatch (Keller et
al., 2012; Roth et al., 2016), and perceptual
learning (Poort et al., 2015). On the other
hand, the SC is associated with the detec-
tion of abrupt change, such as light flashes
and motion, to generate orienting or es-
caping responses (Zhao et al., 2014; Liang
et al., 2015; Shang et al., 2015; Wei et al.,
2015; Zingg et al., 2017). With their lower
spontaneous activity and response vari-
ability, as well as the weak modulation by
locomotion, sSGS neurons in the SC are
positioned to faithfully encode visual in-
formation to generate reliable behavioral
response. Our study thus provides novel
insights into the function and organization of the mammalian
visual system.

It is important to note that the sSGS is a direct retinal target,
whereas V1 layer 2/3 are farther away from the retina. The differ-
ence we revealed here could thus reflect their different positions
along each visual pathway, rather than a difference between the
two pathways. Indeed, studies of the mouse dLGN have reported
various degrees of locomotion-dependent modulation (Niell and
Stryker, 2010; Erisken et al., 2014; Aydın et al., 2018), but they are
weaker than the modulation in V1. In fact, even the modulation
of layer 4 neurons is weaker than that of layer 2/3 (Hoy and Niell,
2015; Dadarlat and Stryker, 2017), supporting the idea that state-

dependent modulation might emerge later in visual pathways. V1
layer 5 neurons, which innervate SGS neurons through the
cortico-collicular projection, also increase their visual responses
during locomotion, even though their modulation is smaller
compared with layer 2/3 neurons (Hoy and Niell, 2015; Dadarlat
and Stryker, 2017). Whether and how layer 5 inputs modulate
SGS response during locomotion remains unknown, as well as
their cell-type-specific targeting. However, it is known that their
axons display a depth-dependent profile in the SC (Wang and
Burkhalter, 2013) and they can increase SGS response magnitude
(Zhao et al., 2014). Together, all these considerations argue that it
is possible that locomotion-dependent modulation could occur
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in the lower SGS and deeper layers of the SC. A recent study using
multielectrode recording, which severely under-sample sSGS
neurons, has indeed reported diverse patterns of modulation in
the SC (Ito et al., 2017), presumably mostly below the sSGS.
Future studies will be needed to determine the depth-specific
profile of such modulation in the SC, especially regarding certain
cell types. Of particular interest are the wide-field vertical cells
that are located at the bottom of the SGS (Gale and Murphy,
2016). With extremely broad dendrites, these cells integrate in-
puts from the retina, visual cortex, and local circuits, and send
their outputs to the lateral posterior nucleus (the rodent pulvi-
nar), which has been shown to carry locomotion signal to V1
(Roth et al., 2016). Such experiments will start to unravel how
visual information that is faithfully encoded by the sSGS is fur-
ther processed in the SC.

In our experiments, we imaged the caudal-medial pole of the
SC, which corresponds to the dorsal-lateral part of the visual
field. It thus remains possible that the sSGS neurons in other parts
of the SC could be modulated by locomotion. This is an intrigu-
ing possibility considering the recent reports that stimulus orien-
tation and direction may not be evenly represented by the SGS at
all visual field locations (Ahmadlou and Heimel, 2015; Feinberg
and Meister, 2015; de Malmazet et al., 2018). However, it is im-
portant to note that we have not seen such an organization in the
sSGS (Inayat et al., 2015), and preferred directions distribute over
the full range in the current dataset (Fig. 2F). These observations
are again consistent with the notion that sSGS neurons encode
visual scenes faithfully with an unbiased representation.

We also examined whether the sSGS responses evoked by par-
ticular stimulus directions were modulated by locomotion, and
no obvious trend was seen. In other words, a posteriorly moving
stimulus, which is in the direction of self-generated motion dur-
ing locomotion, has a similarly small effect as the opposite stim-
ulus. This was quite surprising considering the potential role of
direction selectivity in encoding optic flow (Sabbah et al., 2017).
However, in our experiments, the visual stimulus and the ani-
mal’s locomotion was uncoupled. A “closed-loop” configuration
such as in virtual reality (Keller et al., 2012; Zmarz and Keller,
2016) will be needed to determine the effect of optic flow on
modulating direction selective responses. Nevertheless, we showed
here that locomotion dramatically increases V1 responses under the
exact same “open-loop” condition, thus highlighting important dif-
ferences between V1 and the sSGS.

Response variability and spontaneous activity
Neuronal responses in the visual cortex are known to vary across
trials (Churchland et al., 2010; Lin et al., 2015), meaning that the
same visual input can generate different perceptual or behavioral
outputs. Studies in V1 have also reported that locomotion de-
creases the Fano factor of spike count (Erisken et al., 2014) and
the coefficient of variation of membrane potential responses
(Bennett et al., 2013). We did not observe such a change in V1
during locomotion, presumably due to the inferior sensitivity of
calcium imaging in quantifying response fidelity compared with
physiological recordings. Despite this technical limitation, the
difference in response variability is clear between the sSGS and
V1. The more faithful encoding of visual motion by the sSGS is
consistent with the role of the SC in the detection of threats,
where reliable behavioral responses are crucial for the animal’s
survival.

Variability in neuronal responses has been suggested to de-
pend on spontaneous activity (Arieli et al., 1996; Ferezou and
Deneux, 2017). In V1, spontaneous activity is believed to contrib-

ute to the generation of prediction and to reflect the overall state
of the network (Arieli et al., 1996). This type of non-sensory
driven activity could allow greater flexibility in the evoked re-
sponses. In support of this idea, we found that the sSGS and V1
display different levels of spontaneous activity, which is consis-
tent with their difference in response variability. The exact func-
tion of these differences in visual processing remains largely
unknown. Future studies with more sophisticated behavioral de-
sign will be needed to examine how these two visual pathways,
and their interactions, mediate our survival and perception.
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