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Neurons in the Most Superficial Lamina of the Mouse Superior
Colliculus Are Highly Selective for Stimulus Direction
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The superior colliculus (SC) is a layered midbrain structure important for multimodal integration and sensorimotor transformation. Its
superficial layers are purely visual and receive depth-specific projections from distinct subtypes of retinal ganglion cells. Here we use
two-photon calcium imaging to characterize the response properties of neurons in the most superficial lamina of the mouse SC, an
undersampled population with electrophysiology. We find that these neurons have compact receptive fields with primarily overlapping
ON and OFF subregions and are highly direction selective. The high selectivity is observed in both excitatory and inhibitory neurons.
These neurons do not cluster according to their direction preference and lack orientation selectivity. In addition, we perform single-unit
recordings and show that direction selectivity declines with depth in the SC. Together, our experiments reveal for the first time a highly
specialized lamina in the most superficial SC for movement direction, a finding that has important implications for understanding signal
transformation in the early visual system.
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Introduction
The superior colliculus (SC) in mammals [or optic tectum (OT)
in lower vertebrates] is a midbrain structure involved in multi-
modal sensorimotor integration, saccade generation, and orien-
tating head and body movements (May, 2006; Gandhi and
Katnani, 2011). The superficial layers of the SC, including the
stratum griseum superficiale (SGS) and stratum opticum, are
purely visual and receive direct retinotopic inputs from the ret-
ina. The intermediate and deep layers of the SC are multimodal
and premotor, containing auditory, somatosensory, and eye
movement maps that are aligned with the retinotopic maps in the
SGS. Such a layered organization facilitates the integration of
visual, auditory, and tactile information and the initiation of ori-
enting movements to redirect attention toward a stimulus (Cang
and Feldheim, 2013).

Studies in a number of species, including goldfish, zebrafish,
mice, rats, and tree shrews, indicate that visual layers in the
SC/OT can be further divided into sublaminae (Albano et al.,
1978; Schmidt, 1979; Girman and Lund, 2007; Huberman et al.,

2008; Gabriel et al., 2012). For example, in mice, a subtype of
ON–OFF direction-selective (DS) retinal ganglion cells (the
DRD4 RGCs) was found to project exclusively into the upper SGS
(Huberman et al., 2009). In contrast, the transient OFF �-RGCs
project into the lower SGS (Huberman et al., 2008). Thus, these
studies suggest that the visual layers of the SC may receive a stack
of superimposed retinotopic inputs that each encodes a different
feature of the visual world (Dhande and Huberman, 2014). How-
ever, the functional properties of SGS neurons cannot be inferred
easily from anatomical projection patterns, in part because dif-
ferent RGC subtypes often project to the same SGS sublaminae.
For example, the upper SGS, in addition to receiving DS input
from DRD4 and other types of RGCs (Kay et al., 2011), is also the
primary, if not exclusive, target of the W3 RGCs, which are mo-
tion sensitive but not DS (Kim et al., 2010; Zhang et al., 2012). In
addition, the information carried by RGC axons is likely further
transformed by local circuits in the SC through dynamic interac-
tions between excitatory and inhibitory inputs, thereby endow-
ing individual SGS neurons with particular functional properties.

Several electrophysiology studies have described the receptive
field (RF) properties of visual collicular neurons in mice (Dräger
and Hubel, 1975; Wang et al., 2010; Gale and Murphy, 2014).
However, despite thorough characterizations in these investiga-
tions, no studies have examined the response properties of SGS
neurons by sublaminae or depth. In fact, the topmost lamina of
the SGS is often undersampled, if not entirely missed, by conven-
tional electrophysiology. This is because the electrode tip is usu-
ally tens of micrometers below this level before it finally breaks
through the collicular membrane and is able to pick up single
units. As a result, the RF properties of the neurons in the most
superficial lamina of SGS (Fig. 1) remain essentially a mystery. To
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address this issue, we have performed two-photon calcium imag-
ing in this study to characterize the response properties of neu-
rons in the most superficial lamina of the mouse SGS.

Materials and Methods
Animal preparation. Adult C57BL/6 mice of both genders were used in
this study (postnatal days 53–123), including 16 wild-type (WT) and
seven transgenic mice that express the red fluorescent protein tdTomato
in GAD2-positive (GAD2 �; GABAergic) neurons. These transgenic
mice were generated by crossing homozygous Gad2-IRES–Cre knock-in
mice (stock #010802; The Jackson Laboratory; Taniguchi et al., 2011)
with homozygous Ai9 Cre reporter mice that have a loxP-flanked STOP
cassette preventing transcription of tdTomato (stock #007909; The Jack-
son Laboratory; Madisen et al., 2010). Both lines of mice were on a
C57BL/6 background. The mice were housed under a 12 h light/dark
cycle and provided with food and water ad libitum. All animals were used
in accordance with protocols approved by Northwestern University In-
stitutional Animal Care and Use Committee.

In both imaging and physiology experiments, the mice were first anes-
thetized with urethane (1.3 g/kg in sterile saline solution, i.p.) and then
sedated with chlorprothixene (10 mg/kg in water, i.m.). Subcutaneous
atropine (0.3 mg/kg) and dexamethasone (2 mg/kg) were also adminis-
tered before the surgery to avoid respiratory secretions and brain edema,
respectively. The animals’ core temperature was maintained at 37 °C via
a rectal probe and a feedback heater (FHC). A thin layer of silicone oil was
applied to the eyes to prevent drying.

After the mice were anesthetized, the scalp was shaved and cleaned
with betadine and isopropanol. The skin was then removed to expose the
skull. After the connective tissue was removed and the area washed with

ACSF, a craniotomy was performed on the left
hemisphere, starting at the lambda point and
extending �5 mm both laterally and rostrally.
An 18 gauge needle with a beveled tip was
linked to a suction line and used to remove the
overlying cortical tissue above the SC.

Dye preparation, loading, and imaging. For
every experiment, a fresh solution of the fluo-
rogenic calcium-sensitive dye Cal-520 AM
(AAT Bioquest) was prepared. A solution of
20% Pluronic F-127 in DMSO was freshly pre-
pared and sonicated for 10 min. Four microli-
ters of this solution were used to reconstitute
50 �g of powdered Cal-520. The resulting so-
lution was sonicated for another 12–15 min
and then brought to a total volume of 40 �l by
adding 35.2 �l of a calcium-free solution (in
mM: 150 NaCl, 2.5 KCl, and 10 HEPES, pH 7.4)
and 0.8 �l of 5 mM sulforhodamine 101
(SR101), to reach a final concentration of 1.13
mM Cal-520 and 100 �M SR101. After 5 more
min of sonication, the solution was ready to be
bolus loaded. To load the dye solution into the
SC, we used a Nanoject II (Drummond) fitted
with a glass pipette with a beveled tip at 45° and
with an inner diameter of 10 –20 �m.

Once the SC was exposed, the pipette con-
taining the dye was lowered into the tissue us-
ing a fine hydraulic manipulator. Twenty
pulses of 2.3 nl each (46 nl total volume), at 30 s
intervals, were delivered to inject the Cal-520
solution at a depth of 500 �m below the sur-
face. The same procedure was repeated after
retracting the pipette to a depth of 250 �m. The
pipette was left in the tissue for 1–2 min before
being slowly retracted. The SC was then cov-
ered by ACSF. Imaging was performed 1–2 h
after loading.

Once the injection procedure was complete,
a small metal plate was mounted on the

mouse’s head with MetaBond (Parkell), which, when clamped under the
microscope, resulted in the imaged SC surface being mostly flat and
perpendicular to the objective. A light-shielding cloth was then placed
around the craniotomy to block light from the visual stimulus during
imaging. The SC was covered by 2.5% agarose in ACSF for stability.
Imaging was performed with a two-photon microscope (2P-SGS; Prairie
Technologies) at an excitation wavelength of 800 nm and with a 40�/0.8
numerical aperture objective (Leica). Data were acquired using Prai-
rieView software with a spiral scan at 2� optical zoom, resulting in a
circular field of view with a diameter of 135 �m. Image resolution was
256 � 256 pixels and the acquisition rate 8.079 Hz. We also took red-
channel images of each field of view at excitation wavelength of 800 nm
for SR101 (to identify glial cells) and 720 nm for tdTomato (to identify
GAD2 � cells).

Visual stimuli. Visual stimuli were generated with MATLAB Psycho-
physics toolbox (Brainard, 1997; Niell and Stryker, 2008) on a 37.5 � 30
cm LCD monitor (60 Hz refresh rate, �50 cd/m 2 luminance). The mon-
itor was placed 25 cm away from the eye contralateral to the imaging site
(the right eye). The screen was also tilted at an angle matching that of the
mouse’s head, given that the mouse’s nose was slightly elevated to correct
for the curvature of SC and allow imaging from a relatively flat surface.

To map the RFs of imaged cells, a 5° � 5° white (to map ON) or black
(to map OFF) square was flashed on a gray background, in a 6 � 6 grid in
a pseudorandom order. The flash duration was 1 s and repeated (at a
different location) after a wait period of 3 s to allow for the calcium signal
to decay substantially between flashes. The RFs of the imaged areas,
which were always rostral to the lambda suture, were approximately
between contralateral 20° and 120° horizontally from the vertical merid-
ian and 40° and �45° vertically (with 0° corresponding to the eye level,

Figure 1. The most superficial lamina of the mouse SC is densely packed with cells. A, A series of Nissl staining images of a
sagittal section of the SC in an adult mouse. Two of these images are shown at higher magnification. This section was �500 �m
from the midline. In the inset is a schematic of the mouse brain along the rostral (R)– caudal (C) axis, with the red box marking
approximately the region shown in the images. B, Images of a coronal section of the SC from a different mouse. This section was
�1500 �m from the caudal end of the SC, as diagrammed by the red line in the inset. The cortex (Ctx) was removed in both
sections. D, Dorsal; V, ventral; L, lateral; M, medial. Scale bars, 100 �m.
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with negative values for lower visual space, and the majority of RFs fell
between 10° and �45°). To determine direction/orientation selectivity,
drifting sinusoidal gratings of 12 directions (0 –330°, with 30° incre-
ments) were presented in a pseudorandom order either within a circular
window (30° in diameter and surrounded by a gray background) near the
center of the RFs of the imaged cells or full screen of the stimulus mon-
itor. For imaging, the gratings were displayed for 3 s, and a gray back-
ground was shown for 5 s between presentations. The spatial and
temporal frequencies of the drifting gratings were 0.08 cycles/° and 2 Hz,
respectively, chosen according to our previous electrophysiology study of
SC neurons (Wang et al., 2010). In addition, we also used full-screen
gratings of the same parameters and moving bright bars (5° in width and
30°/s speed) in some of the experiments. For all types of stimuli, five to
seven trials of all conditions were presented to the animal. For single-unit
recording, the small gratings were presented at four spatial frequencies
(0.02, 0.04, 0.08, and 0.16 cycles/°), for a duration of 1.5 s, followed by
0.5 s of gray screen.

Analysis of imaging data. Custom MATLAB scripts were used to ana-
lyze the two-photon imaging data. After the end of recording sessions, all
collected frames of individual time series were averaged, and regions of
interest (ROIs) were selected on the average images in which cell bodies
were clearly identifiable. A few recordings with drifts and large tissue
motion in which cell bodies were blurred in the average images were
excluded from additional analyses. The ROIs were either polygons or
rectangles drawn manually inside cell bodies to measure the intracellular
Ca 2� signal with minimal neuropil activity contamination. The intensity
values for all pixels in each ROI were averaged for each frame to obtain
the raw temporal Ca 2� signal of the respective cell. From the raw signal,
for each stimulus presentation, the relative change in the fluorescence
signal from the baseline, i.e., �F/F0 � (F � F0)/F0, was calculated as
follows. F0 was the mean of the baseline signal over a fixed interval before
stimulus onset. The fixed interval was the last 25% of the duration be-
tween stimuli offset and next onset, which was chosen to allow the fluo-
rescence signal from the previous stimulus presentation to decay
sufficiently to baseline. F was the fluorescence signal from 250 ms after
stimulus onset to 500 ms (for gratings and 100 ms for spots) after stim-
ulus offset (Scott et al., 2013) and was chosen to improve the signal-to-
noise ratio.

A cell was considered responsive to flashing spots or drifting gratings if
its mean fluorescence during the visual stimulus period (as defined by F
above) was �2 SDs above the mean baseline fluorescence (F0) for at least
one of the stimulus conditions (of the 36 positions for spots or 12 direc-
tions for gratings). For bars, because the fluorescent signal of the cell rose
only when the stimulus entered its RFs, it was considered responsive if the
peak of the averaged F over all trials was �3 SDs above F0 for at least one
of the 12 directions. The mean value of �F/F0 for each of the stimulus
conditions of flashes and gratings, or peak value for bars, was then used to
determine the RF or direction tuning curves for every responsive cell.

The RF area was determined by two methods. First, the ON- and
OFF-evoked �F/F0 on the grid were each fitted with a 2D Gaussian
distribution with independent SDs, a and b, in the coordinate system
defined by the axes of the response field, as shown in the following equa-

tion: G	x, y
 �
A

2�ab
exp �x�2

2a2 �
y�2

2b2�, where x� and y� are the polar

transformations of space coordinates x and y at an angle �, along which
the Gaussian distribution is oriented (Wang et al., 2010). The area en-
closed by the fitted ellipse (with a and b as its semi-major and semi-minor
axes) was used to quantify the area covered by each subregion (Areaon

and Areaoff). Second, the area of each subfield was calculated by counting
the area of squares in the grid in which the cell was responsive as deter-
mined by the criterion described above (Liu et al., 2014).

The RF center was also determined using two methods. First, the RF
center was the location of the maximum response in the fitted Gaussian.
Second, the RF center was determined by the following “center-of-mass”

equation: RF Center, �x, y �
�Riri

�Ri
, where i represents the places in the

grid where the cell was responsive. R and r represent the response mag-
nitude (�F/F0) and position vector at the ith location, respectively. The
relative spatial relationship of the ON and OFF subregions were quanti-

fied by an area ratio:
Areaon � Areaoff

Areaon � Areaoff
, where the areas were determined

in the two ways described above. The values of the area ratio range
between �1 and 1, with positive values indicating a larger ON subre-
gion and negative values indicating a larger OFF subregion. To deter-
mine the degree of overlap between ON and OFF subregions, an
overlap index (OI) was determined using the following equation:

OI �
SON�OFF

SON � SOFF � SON�OFF
, where SON and SOFF are the number of

squares of the 6 � 6 grid where the cell responded to ON and OFF
stimuli, respectively, and SON�OFF is the number of squares where the
cell responded to both ON and OFF stimuli. The values of OI range
between 0 and 1, with larger values indicating a larger degree of overlap.

For direction selectivity, a direction selectivity index (DSI) was calcu-

lated as follows: DSI �
Rpref � Ropp

Rpref � Ropp
, where Rpref is the mean �F/F0 value

of the cell at the preferred direction (i.e., maximal response), and Ropp is
the response of the cell to the direction opposite to the preferred one. In
addition, we also calculated a global DSI (gDSI) as the vector sum of
responses normalized by the scalar sum of responses (Gale and Murphy,

2014): gDSI �
�R�ei�

�R�
, where R� is the response magnitude (�F/F0) at �

direction of gratings. Similarly, an orientation selectivity index (OSI) and

global OSI (gOSI) were calculated, OSI �
R'pref � Rorth

R'pref � Rorth
, where R�pref was

the mean response of Rpref and Ropp, and Rorth was the mean response to

the two directions orthogonal to �pref, and gOSI �
�R�ei2�

�R�
.

Tuning widths were calculated as full-width at half-height (fwhh) by
fitting the raw tuning curves with Von Mises function (Oesch et al., 2005;

Elstrott et al., 2008): R �
Rmaxe

kcos	���


ek , where R is the response at the �

direction (in radians), � is the preferred direction determined by angle of
sum vector (�R�ei�), Rmax is the maximum response, and k is the con-
centration parameter accounting for the tuning width. The fwhh was

then calculated as follows: fwhh � 2 � acos�ln�1

2
ek �

1

2
e�k�

k
�.

Two-photon imaging-guided cell-attached recording. In a few imaging
experiments, we performed simultaneous two-photon imaging and cell-
attached recording. We used glass electrodes (tip opening, �1–2 �m;
1B150F-4; WPI). The electrodes were filled with ACSF (in mM: 125 NaCl,
5 KCl, 10 glucose, 10 HEPES, and 2 CaCl2, pH 7.4) containing 20 �M

Alexa Fluor 594 for visualization under the microscope. Once a neuron
of interest was located, the electrode was advanced to its vicinity with a
positive pressure of 60 –100 mbars. The pressure was then reduced to
20 – 40 mbars, and the pipette was slowly approached to a position a few
micrometers on top of the target cell. The pipette was further lowered
down until it was in contact with the cell. An increase in resistance was
observed on contact, and the pressure was released. A little bit of suction
was applied occasionally to get a good seal that varied anywhere from 30
M� to 1 G� and to observe spiking activity with a detectable amplitude
above the background. A MultiClamp 700B amplifier (Molecular De-
vices) in current-clamp mode and a System 3 workstation (Tucker-Davis
Technologies) were used to record extracellular spiking. The spiking data
were then compared with the imaging data for the same cell. In particu-
lar, we compared the number of spikes in a given cluster (a 1 s period
preceded by 1 s of quiescence) and the amplitude of the corresponding
�F/F0 and saw a linear relationship between the two (n � 3 neurons from
3 WT mice; Fig. 2A–D).

Single-unit recording. Mice were anesthetized as described previously
for imaging and mounted on a stereotaxic frame with ear bars. The same
surgical procedure was performed as for imaging to expose the SC. Tung-
sten microelectrodes (5–10 M�; FHC) were used for single-unit record-
ings. The surface was estimated as the point at which the electrode
touches the SC surface and forms a closed circuit. This was further con-
firmed visually under the microscope. Agarose was then added onto the
recording site to stabilize the brain and kept moist with ACSF throughout
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the recording session. The electrode was then lowered slowly, perpendic-
ular to the surface, into the SC, and the depth of every recorded unit was
noted. Two to three electrode penetrations were performed per animal,
yielding one to five units in total. Spikes and field potentials were ac-
quired using a System 3 workstation (Tucker-Davis Technologies) fol-
lowing our published procedures (Wang et al., 2010; Liu et al., 2014;
Sarnaik et al., 2014; Zhao et al., 2014).

For each electrode penetration, the RF center was located based on the
response of the local field potential to moving bars. Drifting gratings were
then presented at that location within a circular window, 30° in diameter,
as described above. The direction selectivity of the recorded single unit
was quantified using the same DSI as described for imaging.

Nissl staining. Mouse brains were dissected after perfusion with 4% para-
formaldehyde fixative, cryoprotected in 30% sucrose, and embedded in
OCT (Tissue-Tek), following our published procedures (Chen et al., 2015).
Serial sections of the brains were cut at 14 �m either coronally or sagittally.
Sections were then Nissl stained (0.5%; cresyl violet acetate; C5042; Sigma)
and coverslipped with Permount (SP15-500; Thermo Fisher Scientific). Im-
ages were captured using the DMRB Widefield Fluorescence System (Leica)
and assembled in Adobe Photoshop (Adobe Systems).

Statistics. Statistical analyses and graph plotting were done in
MATLAB (MathWorks), and values were presented as mean � SEM.
Statistical tests were performed as described in Results.

Results
Two-photon calcium imaging of the superficial SGS in
mouse SC
The most superficial lamina of the SGS, which we refer to as sSGS,
appears to be more densely packed with cells than deeper laminae
(Fig. 1). To characterize the functional properties of these neu-
rons, we performed in vivo two-photon calcium imaging in
urethane-anesthetized adult mice. The SC was exposed after re-
moving overlaying cortical tissues, and sSGS neurons (within the
top 50 �m, and the mean depth of the imaged planes was 31.0 �
2.2 �m, n � 22 recordings) were then loaded with a recently
characterized synthetic Ca 2� indicator, Cal-520 (Tada et al.,
2014). We first characterized the calcium response of the indica-
tor by performing simultaneous two-photon imaging and cell-

Figure 2. Two-photon calcium imaging of the sSGS in mouse SC. A, Schematic of the experimental setup with simultaneous imaging and cell-attached recording. B, An image of sSGS neurons
loaded with the calcium indicator Cal-520 and a pipette filled with 20 �M Alexa Fluor 594. C, Two example traces of fluorescent signal and simultaneous spiking activity (below each calcium trace)
during flashing spot stimulus. D, Relationship between the amplitude of fluorescent signal changes and the number of visually evoked spikes. Each data point was one cluster of spikes within a 1 s
period and the corresponding �F/F0. Points of the same color were from individual repetitions of the flashing spot stimulus that covered all possible positions on a 6 � 6 grid in a pseudorandom
sequence, and the line of the same color was the corresponding linear fit. E, RFs determined from the calcium signal (left) and spikes (right) for the neuron shown in B. The brightness of each square
represents the evoked �F/F0 (left) or spike rate (right) by flashing spots at that location. F, Two-photon images showing Cal-520-loaded neurons in the green channel (left), tdTomato-labeled
GAD2 � neurons in red (center), and a merged image of both (right).
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attached recordings (Fig. 2A–C). We compared the number of
spikes and the corresponding fluorescent signal changes (�F/F0;
for details, see Materials and Methods) and observed a linear
correlation between the two (Fig. 2D). Consistently, the RFs
mapped by cell-attached recording and calcium signals displayed
a close match in their size and shape (Fig. 2E; for details of map-
ping RFs, see below), indicating the reliability of Cal-520 over the
physiological range of sSGS neurons and its efficacy in measuring
their visual response properties.

Thus, we used the Cal-520 indicator to perform two-photon
calcium imaging of sSGS neurons in response to primarily two
different visual stimuli, flashing spots and drifting gratings, to
determine their RF structures and selectivity for stimulus direc-
tion and orientation. These experiments were conducted in both
WT C57BL/6 and transgenic mice in which GAD2� neurons
were fluorescently labeled with tdTomato (GAD2– cre � floxed
tdTomato; Madisen et al., 2010; Taniguchi et al., 2011). Imaging
these transgenic mice allowed us to compare the response prop-
erties of inhibitory GABAergic neurons (GAD2�) and putative
excitatory neurons [GAD2 negative (GAD2�); Fig. 2F]. In total,
we imaged the activity of 913 sSGS neurons (388 GAD2� and 472
GAD2� cells from seven GAD2–tdTomato mice, and 53 cells
from a WT mouse). The response properties of these neurons are
described below.

RF properties of excitatory and inhibitory sSGS neurons
We displayed small bright and dark squares (5° � 5°, on a 6 � 6
grid) on a gray background in a pseudorandom order to map
separately the ON and OFF subregions of the RFs of the sSGS
neurons (Fig. 2A). For individual recordings, the stimulus screen
was placed in front of the contralateral eye such that the RFs of the
majority of neurons in the field of view were covered by the 6 � 6
grid. Of the 741 cells we imaged with the “flashing spot” stimuli,
�64% (n � 477 of 741) and �67% (499 of 741) responded to ON
and OFF spot stimuli, respectively, with various response magni-
tudes at different spot locations (Fig. 3A,B; for details of deter-
mining responsive cells, see Materials and Methods). The vast
majority of the responsive cells responded to both ON and OFF
squares (n � 440 of 536), although some responded only to ON
(n � 37) or OFF (n � 59) stimuli.

We next quantified the RF size of the sSGS neurons using two
different methods following our previous physiological studies.
First, the RF areas were estimated after fitting them with 2D
Gaussians (Wang et al., 2010). The majority of RFs were well
fitted (88% cells had R 2 	 0.7 for ON subregions and 89% for
OFF) and displayed compact ON and OFF subregions (ON area,
66.7 � 3 deg 2 with a median of 55.3, n � 421; OFF area, 71.7 �
2.9 deg 2 with a median of 56.8, n � 443). Second, we simply
counted the number of grid positions in which significant visual

Figure 3. RF properties of excitatory and inhibitory sSGS neurons. A, ON (red) and OFF (green) RF subregions of two GAD2 � neurons determined by two-photon imaging. The brightness of each
square represents the evoked �F/F0 by flashing spots at that location according to the scale on the right of each panel. B, ON and OFF RF subregions of two GAD2 � neurons. C, D, Distribution
histograms of ON (C) and OFF (D) subregion areas of GAD2 � (magenta) and GAD2 � (blue) neurons, calculated by 2D Gaussian fitting. E, Distribution of the area ratio index between ON and OFF
subregions showing a small bias toward negative values, for both GAD2 � and GAD2 � neurons. F, Distribution of the OI between ON and OFF subregions is biased toward larger values for both
groups of neurons.
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responses were evoked by the flashing spots (Liu et al., 2014) and
determined the subregion areas (ON, 154 � 5 deg 2 with a median
of 150, n � 477; OFF, 173 � 6 deg 2 with a median of 150, n �
499). With both measures, the RFs of the sSGS neurons appeared
to be smaller than what was reported previously for the whole
population of SGS neurons (Wang et al., 2010; Liu et al., 2014).
However, more importantly, with two-photon calcium imaging,
we were able to analyze separately the RFs of excitatory and in-
hibitory neurons (Fig. 3A,B). The distributions of RF areas for
GAD2� and GAD2� cells were similar to those for the whole
population and to each other (Fig. 3C,D; p � 0.05 in all compar-
isons by the rank-sum test). This is in contrast to the primary
visual cortex (V1) in which layer 2/3 inhibitory neurons have
larger RFs than excitatory neurons (Liu et al., 2009).

For cells that responded to both ON and OFF squares, we
analyzed the relationships between ON and OFF subregions. We
compared the ON and OFF subregions by calculating an area
ratio index and found its distribution skewed toward negative
values (mean � SEM, �0.05 � 0.01; median, �0.05; n � 359).
This indicates that OFF subregions of the sSGS neurons were
slightly larger than their ON subregions, consistent with our pre-
vious physiological studies of the entire SGS population (Wang et
al., 2010). In addition, the ON and OFF subregions of these neu-
rons were highly overlapping, with the distribution of the OI
skewed toward 1 (mean � SEM, 0.56 � 0.01; median, 0.57; n �
440), again similar to what was observed in the previous study
(Wang et al., 2010). The OFF subregions were similarly larger
than ON subregions in both GAD2� and GAD2� cells (Fig. 3E),
and a trend of lower overlap was seen in GAD2� cells (Fig. 3F;
p � 0.02, rank-sum test, but not significant by the Kolmogorov–
Smirnov test).

sSGS neurons are highly selective for stimulus direction
We next studied how the sSGS neurons responded to drifting
sinusoidal gratings to determine their selectivity for stimulus di-

rection and orientation. Because most SGS neurons display sub-
stantial surround suppression (Binns and Salt, 1997; Wang et al.,
2010), we restricted the gratings (12 directions, 0.08 cycles/°, 2
Hz) to a small area covering the RFs of the imaged neurons (30° in
diameter; Fig. 4A,B). sSGS neurons responded with significant and
reliable calcium transients to the presentation of drifting gratings
(Fig. 4C,D; n � 450 of 913). Remarkably, the vast majority of these
responsive neurons had a high degree of direction selectivity, dis-
playing strong calcium transients to certain directions, but small or
no responses to the opposite directions (Fig. 4D,E).

We quantified the selectivity of the responsive cells by calcu-
lating two indices. In one, we calculated the DSI by comparing the
response of the cell at the preferred and opposite directions (Rpref

and Ropp, respectively): DSI �
Rpref � Ropp

Rpref � Ropp
, to compare with the

results in our previous electrophysiology study in which the same
index was used (Wang et al., 2010). However, this index does not
take into account the responses at all directions and may not
provide a robust measure of selectivity under certain conditions
(Mazurek et al., 2014). Thus, we also calculated the normalized
vector sum of the responses at all directions (Gale and Murphy,
2014) and referred to it as gDSI. With both indices, the superficial
SGS neurons were clearly highly selective. The mean DSI of the
responsive cells was 0.71 � 0.01, with a median of 0.83 (n � 450;
Fig. 5A). In fact, �74% of the sSGS neurons had DSI values �0.5,
a value that indicates that the response magnitude at the pre-
ferred direction is three times that at the opposite direction. This
is in striking contrast to the DSI distribution from our previous
studies of SGS neurons across all depths, in which �30% cells had
DSI 	 0.5 (Wang et al., 2010). Similarly, the gDSI values of these
neurons were also high (mean, 0.47 � 0.01; median, 0.50; n �
450), with 78% cells showing gDSI 	 0.25 (Fig. 5B), a cutoff value
for highly DS cells (Gale and Murphy, 2014). Again, this was a

Figure 4. Determining direction selectivity in sSGS neurons. A, Two-photon imaging of sSGS during the presentation of spatially restricted drifting gratings. B, Average image of a full recording
used to select ROIs, showing four selected neurons marked by colored boxes. C, Traces of calcium signals of the four neurons in B to drifting gratings of different directions. Periods of stimulus
presentation are marked by the shaded areas, and the values on top indicate stimulus direction. D, Calcium signal from individual trials (thin lines) and the mean over five trials (thick lines) for
preferred (top) and null (bottom) directions of the four neurons in B and C). E, Tuning curves of these neurons show high selectivity for stimulus direction. The color code in this figure follows the
colors of the boxes within each selected neuron in B.
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much greater percentage compared with the entire SGS popula-
tion (Gale and Murphy, 2014).

Conversely, these sSGS cells had low orientation selectivity, as
determined by OSI and gOSI calculations (mean OSI, 0.30; mean
gOSI, 0.18; n � 450). Only �20% of OSI values were �0.5, and
�22% of gOSI values were �0.25 (Fig. 5C,D). In fact, most of
these “high OSI” cells had even higher DSI (Fig. 5E), indicating
that they were not truly orientation selective but were DS. This is
because the OSI was calculated by comparing the average re-
sponse at the preferred and opposite directions with that at the
“orthogonal” directions (Fig. 5F, inset). Consequently, a DS cell
could have a high OSI value if it has weak responses at the “or-
thogonal” directions. For this reason, the observation that most
sSGS neurons have high DSI yet low OSI suggests that these cells
still showed substantial responses at the orthogonal directions.
This was indeed the case because the vast majority of the sSGS
cells showed larger responses at the orthogonal directions than at
the nonpreferred (or “null”) direction (Fig. 5F). This further
suggests that the tuning widths of these sSGS neurons should be
quite broad. Indeed, for cells whose tuning widths could be esti-
mated by fitting with the Von Mises function (�76% of the 450
cells with R 2 	 0.7; for details, see Materials and Methods), the
vast majority had broad tuning (mean � SEM of fwhh, 118.4° �
1.2°; median, 119.1°; n � 342; Fig. 5G).

To determine whether the high direction selectivity we just
revealed in sSGS neurons depended on the type of visual stimu-
lus, we also used full-screen drifting gratings (n � 6 mice) and
moving bars (n � 2 mice). The sSGS neurons indeed displayed
very high values of DSI and gDSI to both stimuli. To moving bars,
the mean DSI of the responsive cells was 0.70 � 0.03 (n � 86 cells
responsive of 172), with a median of 0.71 and �71% of them
	0.5 (n � 61 of 86), and the mean gDSI was 0.44 � 0.02, with a
median of 0.45 and �74% of them 	0.25 (n � 64 of 86; Fig.

6A,B). Importantly, the gDSI values and preferred directions of
individual sSGS neurons in response to bars matched closely with
those to small patches of drifting gratings (Fig. 6C,D). Further-
more, in response to full-screen gratings, the DSI (0.70 � 0.02,
n � 301 responsive of 652) and gDSI (0.47 � 0.01) of the sSGS
neurons were similarly high to those evoked by the small gratings.
Thus, these results indicate that high direction selectivity is a
robust feature of sSGS neurons.

We next compared the direction selectivity between GAD2�

and GAD2� neurons. A recent electrophysiology study showed
that the GAD2� neurons in the mouse SGS (presumably most of
them, if not all, were from deeper laminae than where we imaged)
were rarely DS (Gale and Murphy, 2014). In contrast, we found
that, in the sSGS, the GAD2� neurons were also highly selective,
with 68% cells having DSI 	 0.5 (n � 131 of 192; Fig. 7A).
Conversely, an even larger proportion of GAD2� cells had high
DSI (80% DSI 	 0.5; n � 183 of 230; Fig. 7A), indicating a slightly
better selectivity in the putative excitatory neurons. The opposite
trend was seen for the OSI distributions, in which a larger pro-
portion of GAD2� cells had OSI 	 0.5 (Fig. 7B). However, most
importantly, very few cells had high OSI values in both cell types
(24% GAD2� and 12% GAD2� cells with OSI 	 0.5), indicating
that most sSGS neurons were not orientation selective regardless
of the cell type. A small but significant difference was observed for
the direction tuning width: the GAD2� cells had broader tuning
width (mean � SEM, 121.4° � 1.5°; median, 122°; n � 180) than
the inhibitory GAD2� cells (mean � SEM, 117.9° � 1.9°; me-
dian, 114°; n � 140; p � 0.002, rank-sum test; Fig. 7C).

We also observed that sSGS neurons displayed a full range of
preferred directions (Fig. 7D), although proportionally more
cells preferred 60°, an anterior and upward moving direction. We
found that this peak in the distribution was more prominent in
the putative excitatory (GAD2�) cells (Fig. 7D), but the source or

Figure 5. sSGS neurons are highly selective for stimulus direction. A, B, DSI and gDSI distributions for all cells that responded to drifting gratings. C, D, OSI and gOSI distribution for the same cells.
E, Scatter plot for OSI versus DSI of individual neurons, with the unity line in red for comparison. F, Scatter plot showing that most neurons had larger responses at the orthogonal directions (R-orth
in inset) than at the null direction (R-null in inset). G, Tuning width distribution for neurons whose tuning curves can be well fitted by the Von Mises function (R 2 	 0.7, fwhh). H, Distribution of the
mean�F/F0 values at the preferred directions for individual cells, with responsive cells shown in black and nonresponsive ones in gray. Note that a number of cells displayed negative values of�F/F0,
i.e., some of them were possibly suppressed by the gratings. These cells were not included in the analysis.
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significance of this bias is unknown. We
next examined whether the preferred di-
rection of the imaged neurons could be
predicted by their RF structure, namely,
the asymmetry between the ON and OFF
subregions. For cells that responded to
both the ON and OFF spots and drifting
gratings (n � 317 of 741), we calculated
the angle of the vector connecting the OFF
to ON centers of each cell and compared it
with the preferred direction of the cell.
However, no clear trend was observed be-
tween the two angles, whether the RF cen-
ters were determined by center of mass or
after 2D Gaussian fitting (data not
shown), suggesting that factors other than
RF asymmetry must be involved in gener-
ating direction selectivity in sSGS
neurons.

Direction selectivity declines with
depth in the SGS
The high degree of direction selectivity we
revealed for the sSGS neurons is in strik-
ing contrast to the results we obtained
previously in the mouse SGS across all
depths. This difference suggested that dif-
ferent sublaminae of the SGS may contain
cells with different degrees of selectivity.
Unfortunately, we were not able to test
this idea by directly imaging deeper cells,
because there were large neuropil signals
in deeper regions that severely contami-
nated the measurement of the selectivity
of the individual cells (data not shown).
Therefore, we performed single-unit re-
cordings under the same surgical condi-
tion as in the two-photon imaging
experiments (Fig. 8A) and kept track of
the depth of every recorded unit (n � 10
mice, 34 units). The same visual stimuli
were used as in the imaging experiments
(12 direction drifting gratings within a
30° circular window), except that they
were presented at four spatial frequencies
(0.02, 0.04, 0.08, and 0.16 cycles/°). Re-
markably, the direction selectivity of SGS
neurons indeed appeared to decrease with
depth (Fig. 8B). The DSI distribution of
the entire population of the recorded cells
was comparable with what was reported
previously (Wang et al., 2010), as well as
the mean (0.42 � 0.06) and median (0.30)
DSI (Fig. 8C). However, when separated
by depth, cells in the top 100 �m had the
highest DSI among the population (mean
of 0.69; Fig. 8D). Note that few neurons
were sampled at this depth, reflecting the
undersampling of superficial neurons in
electrophysiology experiments. Cells be-
tween 100 and 200 �m had a slightly lower
DSI (mean of 0.54), because a significant
portion of them was not selective. In con-

Figure 6. High direction selectivity of sSGS neurons in response to moving bars. A, B, Distributions of DSI (A) and gDSI (B)
values of sSGS neurons in response to moving bars. C, D, The gDSI values (C) and preferred directions (D) of the sSGS neurons
in response to moving bars match closely with those evoked by the small drifting gratings. Cells that responded to both
stimuli were included in C (n � 73 of 172 cells tested), and the selective ones (gDSI � 0.15 to both) were included in D
(n � 55).

Figure 7. Comparing direction selectivity in excitatory and inhibitory sSGS neurons. A, DSI distribution for GAD2 � (magenta)
and GAD2 � (blue) neurons. B, OSI distribution for these neurons. C, Distribution of tuning widths for both populations. D,
Distribution of preferred directions for selective cells (DSI 	 0.5) in both populations.
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trast, cells deeper than 200 �m had a substantially lower DSI (Fig.
8D). Because the above analysis is confounded by the fact that the
depth estimates could vary between mice and/or different elec-
trode penetrations, we further analyzed the data for individual
penetrations. In Figure 8E, we connected the neurons that were
recorded in the same electrode penetrations to better illustrate
the change in DSI. Indeed, when comparing all possible pairs of
neurons recorded for each penetration, we found that the mean
DSI decreased from 0.57 � 0.06 for the “more superficial” units
to 0.28 � 0.06 for the “deeper” units of the pairs (Fig. 8F; p �
0.0003, paired t test). Together, our electrophysiology and imag-
ing results demonstrate that highly DS cells are concentrated in
the most superficial SGS of the SC, and the degree of selectivity
declines with depth.

Spatial organization of RF properties of sSGS neurons
Finally, simultaneous imaging of dozens of sSGS neurons allowed
us to examine their spatial organizations. We first analyzed reti-
notopic organization of RF positions, separately for ON and OFF
subregions. We determined the center of mass of subregions and
examined how they varied as a function of physical distance be-
tween pairs of cells. On average, cells close to each other had RF
centers that were closer in visual space compared with cells far-
ther away (Fig. 9A,D), revealing a retinotopic organization
(Cang et al., 2008). However, there were tremendous scatters in
this organization at finer scale. In fact, many cells that were next
to each other (within 20 �m) had RFs as far apart as 10° (Fig.
9A,B). A similar result was obtained when RF centers were esti-

mated by fitting 2D Gaussians (data not shown). Additionally, we
analyzed retinotopic organization of GAD2� and GAD2� neu-
rons separately (data not shown) and observed similar results as
in the whole population.

We also examined whether sSGS cells that prefer similar direc-
tions are clustered spatially. The difference in preferred directions of
pairs of cells was plotted against their physical distance, and no ob-
vious trend was observed (Fig. 9E). In fact, when the data points were
binned into increments of 10 �m for the physical distance between
cells, a flat distribution was seen for their difference in preferred
directions (Fig. 9F). This was also the case when these analyses were
separately performed for GAD2� and GAD2� cells (data not
shown). In other words, there is no map of directional preference in
the most superficial lamina of the mouse SC.

Discussion
In this study, we examined the functional properties of neurons
in the sSGS of the mouse SC. We found that the most salient
property of the sSGS neurons is their direction selectivity, which
is remarkably higher than that of deeper neurons. Interestingly,
the high degree of selectivity is seen in both excitatory and inhibitory
neurons in the sSGS, with the excitatory neurons tuned slightly more
broadly than the inhibitory neurons. We also showed that these neu-
rons have compact RFs that mostly comprise overlapping ON and
OFF subregions, mostly consistent with what is known about the RF
organization of all SGS neurons. Thus, our results provide critical
information for understanding the organization and signal transfor-
mation in the early visual system.

Figure 8. Direction selectivity declines with depth in the SGS. A, Single-unit recordings from the SC of anesthetized WT mice during the presentation of spatially restricted drifting gratings. B,
Scatter plot showing DSI of the recorded units versus their depth (n � 34 units, 10 mice). C, DSI distribution of the recorded units (mean � SEM, 0.42 � 0.06; median, 0.30). D, DSI declines with
depth (number of units is shown above each depth bin, values of each bar are means � SEM). E, Same data as in B but with units recorded sequentially in the same electrode penetration linked
together. F, Comparison between all possible pairs of neurons recorded in individual penetrations. The mean DSI decreases from 0.57 � 0.06 for the more superficial units to 0.28 � 0.06 for the
deeper units ( p � 0.0003, paired t test).
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Comparison with previous functional studies of the
mouse SC
A handful of studies characterized visually evoked response prop-
erties of SC neurons in mice (Dräger and Hubel, 1975; Wang et
al., 2010; Gale and Murphy, 2014). These studies determined RF
organizations, discovered direction and orientation selective re-
sponses, and revealed cell-type-specific properties in the mouse
SC. However, because all of these studies used electrophysiology,
with metal or glass electrodes, the most superficial layer of the SC
was likely severely undersampled. Consequently, only indirect
comparisons can be made between the current and previous
studies. For example, the much higher direction selectivity we
observed in the superficial neurons suggested a laminar-specific
organization of DS neurons, a hypothesis that was directly con-
firmed by single-unit recordings in this study. Similarly, we also
observed many fewer neurons with good orientation selectivity in
the sSGS compared with what was reported previously for the
entire SGS (Wang et al., 2010). Thus, it is likely that orientation-
selective neurons are more concentrated in the deeper laminae.
Furthermore, we found no striking differences between the re-
sponse properties of GAD2� and GAD2� neurons to flashing
squares and drifting gratings. This is in contrast with a recent
electrophysiology study showing that the GAD2� neurons (cor-
responding to horizontal cells in that study) were rarely DS,
whereas the excitatory narrow field vertical cells were often so
(Gale and Murphy, 2014). This difference between these results is
again likely attributable to the fact that the most superficial cells

were severely undersampled, if not entirely missed, in that study.
Conversely, many of the cells we imaged in this study could very
possibly be marginal cells, simply by virtue of their superficial
location in the SGS. Indeed, it has been suggested that marginal
cells in the hamster SC could be highly DS (Mooney et al., 1985).

A very recent study also used two-photon calcium imaging to
examine response properties in the mouse SC and revealed the
existence of “orientation columns” (Feinberg and Meister, 2015).
In contrast, we find that almost no cells in the superficial SC are
truly orientation selective. Instead, these cells are highly DS, and,
importantly, they are not clustered according to their preferred
directions. A number of technical differences exist between the
two studies, including the imaged depth and region, calcium in-
dicators, the anesthetized/awake state of the animal, and whether
the cortex was intact. Among them, the difference in imaged
depth and region is most intriguing. We imaged the most super-
ficial lamina in the SC, whereas the other study imaged slightly
deeper and in more posterior and medial SC, which represents a
more peripheral and dorsal visual field. Whether there is a depth
and/or region-specific organization of orientation columns in
the mouse SC is an interesting possibility that should be answered
in future studies.

Direction selectivity in the SC
What might be the source of the high direction selectivity seen in
the sSGS? A substantial population of RGCs are DS (Wei and
Feller, 2011; Vaney et al., 2012), and most of them project to the

Figure 9. Spatial organization of RF properties of sSGS neurons. A, Scatter plot showing the distance between the ON subregion centers of pairs of neurons versus the distance between their cell
bodies in the SGS. B, Same scatter plots for OFF subregions. C, Bar graphs of the data in A, with values representing means � SEMs. The number of cell pairs is indicated above each bin. D, Same bar
graphs for the data in B. E, Scatter plot showing the difference in preferred directions (�Pref. Dir.) between pairs of neurons versus the distance between their cell bodies. F, Bar graphs of the data
in E. The number of cell pairs is indicated above each bin.
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SC (Huberman et al., 2010; Dhande and Huberman, 2014). It was
shown in mice that the DRD4 RGCs, which are selective for pos-
terior motion, project exclusively into the upper SGS, and, in
contrast, the non-DS transient OFF �-RGCs project into the
lower SGS (Huberman et al., 2008, 2009). Thus, these results raise
an intriguing possibility that the high selectivity we observe in the
sSGS neurons could be inherited from the DS RGCs. However,
this idea, at least in its simplest form, is not supported by the
projection patterns of other subtypes of RGCs. For example, the
most numerous type of mouse RGCs, the W3 RGCs, are motion
sensitive but not DS (Zhang et al., 2012), and yet, they project to
the most superficial lamina in the SC (Kim et al., 2010). Further-
more, individual SGS neurons are estimated to receive inputs
from at least four to five RGCs (Chandrasekaran et al., 2007).
Finally, the sSGS neurons exhibit a full range of preferred direc-
tions, unlike the RGCs, which are selective for cardinal directions.
For these reasons, local collicular circuits must be involved in the
emergence of the observed response properties in the sSGS. In
particular, our finding of selectivity of GAD2� neurons suggests
precise and dynamic interactions between the excitatory and in-
hibitory circuits in transforming direction selectivity in the SGS.
It is worth noting that inhibitory neurons in the V1 are less ori-
entation/direction selective than excitatory neurons (Niell and
Stryker, 2008; Liu et al., 2009; Kerlin et al., 2010), indicating that
the synaptic mechanisms underlying stimulus selectivity are
likely different between V1 and SC. Future studies are needed to
determine the circuit mechanisms underlying this important
transformation in the SC.

Zebrafish is the other model system in which signal transforma-
tion from the retina to the SC/OT is studied intensively. It has been
shown that subtypes of zebrafish RGCs that prefer different direc-
tions project to segregated layers in the tectum and that the tectal
neurons with matching preferred directions arborize their dendrites
in the corresponding layers (Gabriel et al., 2012; Nikolaou and
Meyer, 2012; Lowe et al., 2013; Robles et al., 2013). In other words,
the DS retinal inputs could mostly determine the direction prefer-
ence in at least some of the tectal cells (Gabriel et al., 2012; but see
Grama and Engert, 2012). Conversely, new preferred directions
emerge in the OT (Hunter et al., 2013), and DS tectal neurons receive
inhibitory inputs that are tuned to the null directions (Grama and
Engert, 2012), indicating the involvement of local computations in
this process. Investigations of the similarities and differences be-
tween direction selectivity in mice, zebrafish, and other species will
help reach a more complete understanding of functional organiza-
tion and signal transformation in the visual system.

Dedicated circuits for direction selectivity in the
visual system
Many of the DS ganglion cells also project to the dorsal lateral genic-
ulate nucleus (dLGN) in both mice (Dhande and Huberman, 2014)
and cats (the “W cells”; Chen et al., 1996). Consistently, a number of
studies have reported direction- and orientation-selective responses
in the dLGN of mice (Marshel et al., 2012; Piscopo et al., 2013; Scholl
et al., 2013; Zhao et al., 2013), cats (Daniels et al., 1977; Vidyasagar
and Urbas, 1982; Soodak et al., 1987), and monkeys (Smith et al.,
1990; White et al., 1998; Xu et al., 2002; Cheong et al., 2013). In mice,
DS cells appear to be more concentrated in the dorsal shell of the
dLGN (Marshel et al., 2012; Piscopo et al., 2013), in which some of
the DS RGCs terminate (Huberman et al., 2008, 2009). Even more
interestingly, the geniculate neurons in the dorsal shell project to
layer 1 of the V1, suggesting a dedicated circuit linking DS RGCs to
the superficial V1 (Cruz-Martín et al., 2014). In the current study, we
reveal for the first time a lamina in the superficial SC that is highly

DS, mirroring the finding in the dLGN and V1. This remarkable
similarity between the collicular and cortical pathways highlights the
evolutionary and behavioral significance of direction selectivity in
the visual system.

The dedicated DS circuits in the SC and dLGN V1 could poten-
tially interact with each other via two pathways: the cortico-collicular
and colliculo-geniculate pathways. However, the cortico-collicular
pathway is an unlikely substrate because it originates from layer 5 in
the cortex, in which a DS response is rarely seen (Niell and Stryker,
2008). Conversely, many SC neurons, including those in the sSGS,
project directly to the dLGN, as seen in mice (Gale and Murphy,
2014), rats (Lee et al., 2001), hamsters (Mooney et al., 1988), cats
(Graham, 1977), tree shrew (Diamond et al., 1991), and monkeys
(Harting et al., 1978). Thus, this pathway provides a likely link be-
tween the DS sSGS neurons and those in the dLGN.

In summary, we have examined visually evoked responses of
neurons in the most superficial lamina of the mouse SC. The high
direction selectivity we have revealed in this lamina will guide
future investigations to understand the functional organization
and signal transformation in the visual system and their under-
lying circuit mechanisms.
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