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SUMMARY
Motion vision is important in guiding animal behavior. Both the retina and the visual cortex process object
motion in largely unbiased fashion: all directions are represented at all locations in the visual field. We inves-
tigate motion processing in the superior colliculus of the awake mouse by optically recording neural re-
sponses across both hemispheres.Within the retinotopicmap, one finds large regions of�500 mmsizewhere
neurons prefer the same direction of motion. This preference is maintained in depth to�350 mm. The scale of
these patches,�30 degrees of visual angle, is much coarser than the animal’s visual resolution (�2 degrees).
A global map ofmotion direction shows approximate symmetry between the left and right hemispheres and a
net bias for upward-nasal motion in the upper visual field.
INTRODUCTION

The connection between the ecology of natural scenes and the

neurobiology of vision has been a topic of enduring interest. To

a first approximation, natural scenes are translation invariant,

meaning that any given visual feature or event is equally likely

to happen anywhere in the image. This principle predicts that

the neural representation of visual images should be approxi-

mately uniform everywhere in the visual field. Closer inspection

suggests some departures from translation invariance. The up-

per visual field is often occupied by the sky, which differs in con-

tent from the lower visual field. Also, animals direct their eyes to

salient points in the scene, which selects for certain image fea-

tures at the center of gaze.

The first station of the visual system seems to follow the prin-

ciple of uniform coverage. In the mammalian retina, each of �30

distinct types of retinal ganglion cells(RGCs) conveys informa-

tion about a specific visual feature [1, 2]. Each cell type tiles

the entire retina in a ‘‘mosaic’’ arrangement, ensuring a represen-

tation of its special feature at every point in the visual space. The

primary visual cortex (V1) continues this pattern. Individual neu-

rons there are often tuned to one line orientation or motion direc-

tion, but all the possible orientations and directions are repre-

sented at every point, or at least within 1–4 degrees of visual

angle [3–10].

An evolutionarily older visual pathway leads from the retina to

the superior colliculus [11]. In the superior colliculus, the principle

of uniform coverage appears to be broken. Some of the earliest

recordings in cat and rabbit already suggested a preference for

visual motion in specific directions depending on location in the

visual field [12, 13]. In mouse superior colliculus, one finds large

regions of the visual field, �30 degrees across, where neurons

prefer stimuli with a specific line orientation [14–17]. Whether

the representation of visual motion is similarly biased in a coarse
C

map remains debated [14, 18, 19]. Most of the studies to date

were performed in anesthetized animals with an acute cortical

lesion to uncover the underlying superior colliculus. Both of

these perturbations are known to affect the direction selectivity

of neurons in the superior colliculus [17, 20, 21].

The goal of the present work is to reveal how the direction of

visual motion is represented in the superior colliculus of awake

mice at a large-scale population level. To this end, we applied

two complementary approaches. Two-photon calcium imaging

was used to record neuronal responses at single-cell resolution

in the posterior-medial superior colliculus of behaving mice,

leaving the cortex intact. To reveal the functional organization

on a large scale over both hemispheres of the superior colliculus,

we applied a wide-field imaging method in a mutant mouse that

lacks much of the overlying cortex.

RESULTS

Single-Cell Imaging Reveals a Coarse Map for Direction
of Motion
To investigate the tuning of SC neurons to the direction of mo-

tion, we imaged neuronal calcium responses to dots and bars

moving in different directions using two-photon microscopy in

head-fixed awake mice (Figure 1A). To maintain the integrity of

the overlying cortex, one is limited to the posterior-medial sector

of themouse SC that corresponds to the upper lateral visual field

[15] (Figures 1B and 1C). Direction-selective (DS) SC neurons in

this region responded robustly to both moving dots and moving

bars. Many neurons had a strong preference for one direction

(Figure 1D). We defined an index of direction selectivity (DSI)

and calculated its significance (see STARMethods) and focused

further analysis on neurons with DSI larger than 0.1 and p value

smaller than 0.05 (Figures 1E and 1F). Among these cells, the

response to preferred direction motion was �3 times larger on
urrent Biology 30, 1–12, September 7, 2020 ª 2020 Elsevier Inc. 1
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Figure 1. Two-Photon Calcium Imaging Reveals Direction Tuning in Awake Mouse Superior Colliculus

(A) Schematic of the experimental setup. Mice were head fixed and free to run on a circular treadmill. Visual stimuli were presented on a screen. Neuronal calcium

activity was imaged using two-photon microscopy. PMT, photomultiplier tube.

(B) Schematic ofmouse brain anatomy after insertion of a triangular transparent plug to reveal the posterior-middle part of the SC underneath the posterior cortex.

(C) A standard deviation projection of calcium responses to moving dots.

(D) Calcium responses of a sample neuron tomoving dots andmoving bars at twelve directions. Red arrow indicates the stimulus onset. Gray shade indicates the

standard deviation across identical trials. Small wiggles in the moving dot response reflect individual dots crossing the receptive field. Bottom: polar graphs of

normalized peak responses with arrow pointing to the preferred direction are shown.

(E) The p value plotted against the direction selectivity index (DSI) of neurons responding to moving dots (3,491 cells from 14 animals). Right and top show their

histograms, respectively. Dashed line indicates the threshold (DSI > 0.1 and p < 0.05) applied for direction selectivity analysis. According to this criterion, 64% of

recorded neurons are direction selective. Arrowhead marks the cell in (D).

(F) The p value and DSI of neurons responding to moving bars (2,373 cells from 14 animals) displayed as in (E). 71% of recorded neurons are direction selective.

See also Figure S1.
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average than that to the null direction. Control experiments

showed that the head-fixed animal performs only rare eyemove-

ments, and they are not systematically entrained by the moving

stimuli (Figures S1A and S1B). Furthermore, when the animal

runs on the circular treadmill, the calcium responses increase

in magnitude [22], but their direction tuning remains unchanged

(Figures S1C and S1D).
2 Current Biology 30, 1–12, September 7, 2020
The moving-bar stimulus will drive feature detectors that are

tuned to either motion direction or line orientation, leading to

possible confounds, whereas a field ofmoving dots has no orien-

tation signal. Therefore, we focused on results from moving dot

stimuli. Figure 2 illustrates the direction tuning of neurons in the

left posterior-medial SC of three different animals. In each case,

neurons located near each other tended to have the same
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Figure 2. Locally Uniform Direction Tuning

(A) All direction-selective neurons in a sample field of view from left SC. Arrows are plotted at the anatomical location of the neurons and indicate the preferred

direction in monitor coordinates. Dots are neurons with low direction selectivity. Dashed lines divide the image into three regions.

(B) Histograms of preferred direction for the three regions. Red lines mark the mean.

(legend continued on next page)
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preferred direction ofmotion. That preferred direction varied only

gradually across the surface of the SC (Figures 2A–2D) or re-

mained constant over distances of several 100 mm (Figures

2E–2H and 2I–2L). At times, neurons that prefer two opposite di-

rections were intermingled (Figures 2I–2L). None of these ar-

rangements of preferred direction resembles the salt-and-pep-

per organization in rodent V1 [10] (see more examples in

Figures S2A–S2D). Instead, the preferred direction changes

only slowly with the location on the SC, if at all. The regions of

constant direction bias range over several hundred mm in size

(Figures 2H and 2L), and indeed, a larger field of view would be

needed to assess their full extent. Furthermore, in all three ani-

mals, the preferred direction is the same, suggesting that the

posterior-medial SC has a systematic bias for upward-nasal im-

age motion.

To summarize the results across many recordings, we calcu-

lated for each field of neurons both ameasure of the local scatter

of preferred directions as well as the systematic gradient in the

spatial map of preferred direction (Figure 2M; n = 42 images

from 14 animals). The resulting distribution diverged dramatically

from the null model, in which each cell has an independent

preferred direction (Figure 2M). In 26 of 42 cases, the preferred

direction showed a bimodal distribution (Figure 2N). Across all

samples, the preferred direction was strongly biased toward

�220 degrees (upward/nasal) and �12% of DS neurons

preferred the opposite direction (Figure 2O). This biased repre-

sentation ofmotion direction was also observed in the responses

to moving bars (Figures S2E–S2K).

To explore the organization of preferred direction in the depth

dimension, we imaged neuronal responses up to �350 mm deep

in steps of 20–30 mm. We projected the direction maps from

different depths onto the same plane (Figure 3A). This revealed

that neurons with short horizontal separation preferred a similar

direction independent of depth (Figures 3A and 3B). Further anal-

ysis over 11 animals confirmed that preferred direction has a

columnar organization, in that it varies little in the vertical dimen-

sion (Figure 3C). The average DSI did not change, although the

fraction of neuronswith high DSI decreased somewhat at greater

depth (Figure S3A) [19].

The Preferred Direction Is Orthogonal to the Preferred
Orientation
Early work on monkey and cat visual cortex discovered an

orthogonal relationship between preferred orientation and

preferred direction [6, 23]. We examine whether this claim can
(C) A smoothed version of the direction map in (A) where the hue encodes the p

preferred directions. Note the systematic color gradient across the image. The b

(D) A 2D histogram of the absolute difference in preferred directions of two neuro

mean.

(E–H) Single field of view from a second mouse represented in the same way as

represented in the same way as (A)–(D) with 124 cells and 7,626 pairs. The dark

(M) The gradient of the map plotted against the absolute difference in preferred di

Blue triangles are from the three sample images in (C), (G), and (K). Red star ind

preferred directions; error bar indicates SD.

(N) Histogram of the difference of Bayesian information criterion (BIC) between o

animals). Dashed line indicates the boundary between unimodal and bimodal. Arro

minimal BIC is shown.

(O) Histograms of preferred direction for all direction-selective neurons (n = 2,22

See also Figure S2.
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be generalized to the mouse SC. To probe these two maps inde-

pendently, we measured the direction preference with moving

dots that carry no orientation signal and the orientation prefer-

encewith flashed gratings that carry nomotion signal (Figure 4A).

Neurons with orientation selectivity index (OSI) >0.1 and p < 0.05

were defined as orientation-selective neurons. About 24% of all

DS neurons were also orientation selective (Figure S4I). Analysis

of these doubly selective neurons in a window of cells spanning

580 mm revealed that the angle between their preferred direction

and preferred orientation is about 90 degrees (Figures 4B and

4C). This orthogonal relationship was confirmed by histogram-

ming the difference between preferred direction and orientation

for neurons across many animals (Figure 4D).

Wide-Field Imaging Reveals the Direction Maps of Two
Entire Hemispheres
The bias in the preferred direction toward upward motion

among neurons in the posterior-medial SC (see Figure 2O)

motivated us to explore the functional organization of motion

direction on a larger scale. To this end, we recorded from the

entire SC using a wide-field imaging technique that sacrifices

single-cell resolution but promises a global view of the gradual

variations in direction tuning.We first validated the approach by

imaging responses in the same brain using both two-photon

and wide-field microscopy. Figures 5A and 5B illustrate the di-

rection map in the posterior-medial sector of the SC obtained

by both techniques, with very similar results (also see Figures

5SB and 5SC).

For broader coverage, we imaged the SC of mutant mice

whose posterior cortex fails to develop [24], which leaves almost

the entire SC directly accessible for optical recording (Fig-

ure S5A). Prior work on such partial-cortex mutants has shown

that the visual response properties of collicular neurons are sur-

prisingly normal [25, 26]. For the present purposes, wemeasured

the visuotopic map on the surface of the SC (Figure S6F) and

showed that it matches the features observed in normal mice

[27–30]: elevation changes in the medio-lateral direction, azi-

muth in the anterior-posterior direction, and the magnification

is�25 mm/degree, varying somewhat with location and direction

in the visual field. Although this does not exclude the possibility

of subtle developmental abnormalities, the close similarity to the

normal mouse makes the mutant an attractive subject for wide-

field imaging of subcortical structures.

We began by repeatedly moving the narrow window of the

two-photonmicroscope and accumulated single-cell recordings
referred direction and the intensity varies inversely with the local variance of

oundary of the SC is indicated by the dashed line. Spatial scale is as in (A).

ns versus their horizontal distance (41 cells; 820 pairs). Red line indicates the

(A)–(D) with 88 cells and 382 pairs. (I–L) Single field of view from a third mouse

regions in (K) indicate large local variance.

rections for pairs within 50 mm for all fields of view (42 images from 14 animals).

icates the mean of 1,000 samples from a simulated random arrangement of

ne-Gaussian and two-Gaussian fitting for all fields of view (42 images from 14

wsmark the three sample images. Inset: the number of Gaussians that give the

8 cells from 14 animals).
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Figure 3. Direction Columns Extend in Depth

(A) Horizontal plane projection of arrow plots (as in

Figure 2A) at five different depths in the same field of

view (229 cells).

(B) 2D histogram of the absolute difference in the

preferred direction versus vertical separation for this

volume (236 pairs). Red line indicates mean.

(C) 2D histogram of the absolute difference in the

preferred direction versus vertical separation for all

recorded neurons (2,323 pairs from 11 animals).

See also Figure S3.
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of the preferred motion direction for �600 neurons over much of

the left SC (Figure 5C). A subsequent repeat of the same stimuli

using the wide-field microscope yielded essentially the same

map of preferred direction (Figures 5D and 5E). Note that the up-

ward-nasal bias in the posterior-medial sector of the mutant is

the same as in normal animals (Figure 2). These results show

that wide-field imaging is a valid approach to reveal the func-

tional organization of direction preference at a large scale (see

Videos S1, S2, S3, and S4 and Figure S6G).

The patchy anatomy of preferred direction on the SC suggests

that large parts of the visual field experience a bias for certain

motion directions. To investigate this functional map, one needs

to represent each neuron at the location of its receptive field,

along with its direction preference in visual field coordinates.

The need to represent motion directions throughout the entire vi-

sual field brings up an interesting challenge for graphic display.

The conventional spherical coordinate system for visual space

has singularities at the ‘‘north’’ and ‘‘south’’ poles (elevation =

+90� and �90�), where the direction of motion cannot be ex-

pressed with respect to the coordinates (at the North Pole, all di-

rections point south). But the north pole of the spherical
Cu
coordinate system is well within the visual

field of the mouse [31]. To eliminate these

pathologies, we chose to represent the

sphere with a ‘‘unipolar’’ coordinate system

that has only one singularity. That special

point can be placed dead behind the ani-

mal, outside of the visual field (Figures

S6A–S6D; see STAR Methods). In the

following, we will use these unipolar coordi-

nates for large-scale maps of the mouse vi-

sual field.

For the sample recording of Figure 5C,

we mapped the receptive fields and

preferred directions of all neurons into vi-

sual space (Figure 6A). As predicted, the

preferred direction varies with location in

the visual field. Patches of approximately

constant bias, ranging from 10 degrees to

40 degrees in size, are separated by re-

gions with sharp changes. The gradient of

preferred direction varies across the visual

space. Wide-field imaging performed

across both sides of the brain confirmed

the patchy organization and the net bias

for upward motion. Furthermore, regions
representing the left and right visual fields appear to prefer direc-

tions that are mirror symmetric about the midline (Figure 6B).

Additional examples (Figure 6C) illustrate that the patchy organi-

zation varies among individuals, although the net upward bias is

prevalent in almost all cases.

To identify the systematic aspects of direction sensitivity, we

analyzed these global maps across nine mutant mice. The

simplest overarching feature is the overall bias for certain direc-

tions of motion, slightly nasal of upward, which is mirror symmet-

ric across the two sides of the visual field (Figure 7A). To quantify

the size of the patches of constant direction, we calculated the

autocorrelation function for each map, which yielded a full width

at half maximum of 30 degrees (Figures 7B and S7A). As might

be expected, this average patch size is the same in the left and

right half of the SC (Figure 7C). The direction patterns in left

and right visual fields do not align perfectly: a cross-correlation

between the two sides has a somewhat wider peak of �40 de-

grees (Figure 7C). This concordance is similar to that observed

across different animals (Figures 7C, S7B, and S7C).

One possible interpretation of the global inhomogeneity is that

it relates somehow to the optic flow pattern created by self-
rrent Biology 30, 1–12, September 7, 2020 5
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Figure 4. Direction Maps Are Orthogonal to Orientation

Maps

(A) Calcium responses to moving dots and flashed gratings for a

sample neuron exhibiting both direction and orientation selectivity.

Red arrow indicates the stimulus onset. Gray shade indicates the

standard deviation across identical trials. Polar plot shows peak

response to dots (blue) and gratings (red). The blue arrow indicates

the preferred direction, and the red line indicates the preferred

orientation. Here, the preferred direction and orientation differ by 84

degrees.

(B) Overlay of maps for preferred direction (arrows) and orientation

(lines) in a sample field of view, displayed as in Figure 2A.

(C) Histogram of the absolute difference between preferred direction

and preferred orientation for the sample in (B) (60 cells).

(D) Same histogram for all direction- and orientation-selective neu-

rons (530 cells from 14 animals).

See also Figure S4.
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Figure 5. DirectionMaps fromWide-Field Im-

aging and Two-Photon Imaging Agree

(A) Arrow plots of preferred direction of single neu-

rons measured by two-photon imaging overlapped

with the plots of preferred direction by wide-field

imaging at the same anatomical location from the

posterior-medial left superior colliculus of the same

mouse.

(B) Histogram of difference of preferred directions

for the data in (A).

(C) All direction-selective neurons in the SC of a

mutant mouse with undeveloped cortex presented

in the anatomical space with the preferred direction

in monitor coordinates as in Figure 1A. Dashed line

separates images that were acquired with the

monitor at two different azimuth coordinates:

centered on 95� for the left and 45� for the right.

(D) Overlay of arrow plots from two-photon imaging

data and direction map from wide-field imaging

data. Hue encodes the preferred direction; satura-

tion encodes the DSI.

(E) Histogram of difference of preferred directions

for the data in (D).

See also Figure S5.
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motion of the animal. To evaluate this notion, we compared the

experimental preferred-direction maps to optic flow maps pre-

dicted from the six basic modes of self-motion (Figure S7D).

By projecting the optic flow map onto the direction map, one

gains an estimate of how strongly that optic flow stimulus acti-

vates the superior colliculus. For those self-motions without a

lateral component, the two sides of the SC are tuned in the

same way. In particular, they are more strongly activated by for-

ward translation, down translation, and downward pitch (Fig-

ure 7D). For those motions with a lateral component, the two
Cur
sides are tuned in the opposite way. In

particular, the left SC prefers translation

to the right, clockwise roll, and yaw to the

right; vice versa for the right SC. Most of

these biases are highly significant and

consistent across animals.

Alternatively, one can relate the motion

bias of the superior colliculus to move-

ments in the visual scene outside of the an-

imal. In the upper visual field, there is an

intriguing match between the direction

tuning of the SC and the motion vectors

produced by an aerial predator approach-

ing at a constant height from the horizon:

such a bird’s trajectory describes an up-

ward path in the visual field that eventually

bends in a nasal direction toward the north

pole (Figures 7E and 7F).

DISCUSSION

This study extends our understanding of

the functional architecture of visual fea-

tures in the brain. We showed that the

mouse superior colliculus represents vi-
sual motion with a bias that depends on location in the visual

field. Nearby neurons prefer a similar direction of motion,

even over distances of �500 mm on the collicular surface (Fig-

ure 2), with an average patch size of �30 degrees of visual

angle (Figure 7). The direction bias extends vertically over

several 100 mm to form columns of preferred direction (Fig-

ure 3). For neurons that are selective both for direction and

orientation, the preferred direction is orthogonal to the

preferred orientation (Figure 4). Large-scale wide-field imaging

revealed a global map of preferred direction with coarse
rent Biology 30, 1–12, September 7, 2020 7



A

B

C

Figure 6. Large-Scale Direction Maps in Visual Space

(A) All direction-selective neurons in the SC of a partial-cortex mouse presented in visual space using spherical and unipolar coordinates. Same two-photon

recording as Figure 5C is shown, but the arrows are plotted at receptive field locations. Note that the coordinate change transforms both locations and directions,

and hence, the colors of a given arrow differ in the two systems. See Videos S1, S2, S3, and S4.

(B) Direction map obtained from wide-field imaging of both left and right SC of a different mouse, plotted in visual space with unipolar coordinates. Hue encodes

the preferred direction; saturation encodes the DSI. Note the nasal direction is green on the right and red on the left.

(C) Arrow plots of the preferred direction in the SC of 3 animals across the visual field in unipolar coordinates.

See also Figure S6.
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Figure 7. Bias at Various Scales in the Di-

rection Map

(A) Distribution of preferred directions encoun-

tered in both visual hemifields (9 animals). Error

bars represent one standard error across animals.

Bottom: the histogram for the left hemifield was

flipped about the vertical and overlaid on the

histogram for the right hemifield.

(B) The radial profile of autocorrelation for a

sample directionmap. Full-width at half maximum

(FWHM) is indicated.

(C) Boxplots of the FWHM for the autocorrelation,

the cross-correlation between left and right SCs,

and the cross-correlation between individuals for

the same side of the SC (9 animals). The box plots

25th to 75th percentiles, the band inside the box is

the median, and the square inside the box is the

mean. The ends of the whisker indicate one

standard deviation above and below the mean.

(D) Projections of preferred-direction maps from

experimental data onto motion maps represent-

ing different optic flows (9 animals). Error bars

represent one standard error. Wilcoxon signed-

rank test or one-sample t test were applied to test

the significance of the difference from 0; the p

values are 4.3e�4, 5.1e�7, 5.0e�6, 0.17, 0.019,

and 0.37 for the left SC and 0.098, 0.039, 0.027,

0.019, 1.5e�4, and 0.08 for the right SC. Mann-

Whitney U-test or two-sample t test were applied

to test the significance of the difference between

left and right SCs, and the p values are 9.1e�3,

2.5e�5, and 0.061 for the right half figure.

(E) Arrow plots of the preferred direction in the SC,

averaged over 9 animals, and plotted across the

visual field in unipolar coordinates.

(F) The motion vectors in the mouse’s visual field

produced by an aerial predator approaching at

constant height from various directions.

See also Figure S7.
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symmetry between two sides of the superior colliculus and a

strong bias for upward-nasal motion in the upper visual field

(Figures 5, 6, and 7). Here, we briefly discuss these conclusions

and their implications.
Relation to Prior Work
Some of the features reported here have been described before:

for example, deMalmazet et al. [18] report that nearby neurons in

certain regions of the retinotopic map tend to prefer the same di-

rection of motion and that this local preference also extends in

depth. There has been controversy on those points that may

be attributed to the effects of anesthesia, variations in imaging

depth, or image size [17, 19], but our results reliably confirm

the observation of a local direction bias. More specifically, de

Malmazet et al. [18] focused on the border of the binocular visual

field, at �30-degree azimuth and ±15-degree elevation, and re-

ported that the direction bias switches from upward-nasal to up-

ward-temporal across that line. This is broadly consistent with

our consensus map for orientation bias (Figure S7F). Others

have commented on the general prevalence of neurons with an

upward [16] or upward-nasal [14] direction bias; this is a
prominent feature shared across animals in our results as well

(Figures 6C and 7E).

As regards the relationship between orientation selectivity and

direction selectivity, our results differ somewhat from those in

prior work. deMalmazet et al. [18] measured the orientation pref-

erence and the direction preference in different sets of neurons

and concluded that the two bias maps are unrelated to each

other. By contrast, we focused explicitly on individual neurons

that were both well tuned to direction and orientation (24% of

the DS neurons), and we used two entirely different stimuli to

establish orientation and direction tuning. At this single-cell level,

the orthogonal relationship between orientation and direction

preference is unambiguous (Figures 4 and S4).

Given this orthogonal relationship, one can also compare the

present work to prior results on orientation selectivity (OS).

Again, these are available in only small portions of the visual field.

Feinberg and Meister [15] reported a patchy OS map in the pos-

terior-medial sector of the SC, corresponding to high azimuth

and elevation. The scale of these patches accords with the DS

patches in the present report. Furthermore, the reported vari-

ability in OS patches across individuals is consistent with the in-

dividual DS maps reported here (Figure S7E). Ahmadlou and
Current Biology 30, 1–12, September 7, 2020 9
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Heimel [14] reported that, near the origin (0 degrees azimuth and

elevation), the preferred orientation is perpendicular to the radius

from the origin. Under the assumption of orthogonality, the

preferred direction should therefore point radially in that region.

Indeed, our consensus map of direction bias has such a region

with an expanding vector field near the origin (Figure S7G).

Going beyond this prior work, we present here a global anal-

ysis of direction coding in the SC. We extend the measurements

to a larger visual field, especially in the superior elevations

ignored in earlier studies. We also record from both sides of

the brain, covering almost the entire surface of the SC accessible

from above. We established that the global map consists of mul-

tiple iso-direction patches andmeasured their size. Furthermore,

we assessed the symmetry of these patches across the two

sides of the SC and evaluated how the global direction map in-

teracts with the global optic flow fields that result from locomo-

tion during natural behavior.

Functional Anatomy in Different Species
The functional organization of visual processing has been re-

ported in the brains of many species. The visual cortex of cat

[10], monkey [6], and ferret [5] shows a functional map, where

a neuron’s response features—such as preferred orientation

and direction—depend systematically on its location in the brain.

In the rodent cortex, there is less organization, and neurons

preferring different orientations are intermingled in a ‘‘salt-and-

pepper’’ pattern (but see [32]). Despite this difference, the com-

mon point is that neurons of all preferred orientations (or direc-

tions) are represented within a visual region smaller than the

receptive field of a single neuron. In the V1 of the monkey, the

orientation columns measure about 0.1 degree on average,

only one-tenth of the receptive field size at the corresponding

location [33]. In V1 of the tree shrew, all orientations are repre-

sented within 4 degrees visual angle, again smaller than the

average receptive field size [9]. By contrast, in the mouse supe-

rior colliculus, the patches with uniform preferred orientation

span �30 degrees, which greatly exceeds the receptive field

(RF) size of �10 degrees [17], or the visual acuity of 2 degrees

[34]. The results reported here show that the representation of

object motion in the superior colliculus is similarly dominated

by such local biases. An intriguing new feature is that the iso-di-

rection patches contain a minority of neurons tuned to the dia-

metrically opposite direction (Figures 2I–2L). It will be important

to understand the synaptic relationship of these two neural pop-

ulations within the local circuitry, in particular, whether they

inhibit each other.

How Does the Patchy Direction Map in the SC Arise?
Several explanations can be contemplated: (1) the local direction

bias may exist already in the neural projections from the retina;

(2) it may result from selective connectivity between the retinal in-

puts and the target neurons in the SC; (3) or it may be con-

structed by postsynaptic circuitry within the SC. It has been

shown that much of the direction selectivity in the mouse SC

arises already in the excitatory synaptic inputs from retinal gan-

glion cells [35], which argues for a diminished role of collicular in-

terneurons in the phenomenon. The mouse retina contains 8

types of DS ganglion cells (DSGCs), and their global distribution

across the retina has been analyzed. Certain DSGC types do
10 Current Biology 30, 1–12, September 7, 2020
indeed favor the forward-translation optic flow [36], as does

the SC (Figure 7D). However, there is no indication of local inho-

mogeneities in the retina that could explain the patchy organiza-

tion in the direction map of the SC [36–38]. Furthermore, the pro-

jections of DSGCs to the superficial SC appear to form a layer of

uniform density, with no indication that one subtype dominates

over the others in any local region [39, 40]. This prior work sug-

gests that each retinotopic location on the SC receives an

equally balanced input of DS signals from the retina, quite unlike

what occurs in the optic tectum of the zebrafish [41]. If so, then

the local bias observed in iso-direction patches must result

from selective connectivity between SC neurons and specific

subtypes of DSGCs and that connectivity bias must somehow

be coordinated among nearby neurons. Conceivably, the local

circuitry of interneurons contributes to this lateral coordination.

Behavioral Relevance
Is there an intelligible purpose to the direction architecture in the

mouse superior colliculus? On a coarse scale, cells in the upper

visual field systematically prefer motion in the upward and nasal

direction. Because activity in the upper visual field is generally

associated with defensive reactions [42, 43], one may speculate

that the direction tuning is adapted to those functions. Indeed,

we found that the global pattern of preferred direction across

the visual field aligns with the motion vectors that would be pro-

duced by an aerial predator approaching from the horizon.

In addition, the global bias in the upper visual field also pre-

dicts a selectivity for certain optic flows produced by self-mo-

tion. For example, the superior colliculus as a whole should

respond more strongly to forward motion of the animal than to

backward motion, whereas horizontal turns left or right should

produce excess activity in the right and left colliculus, respec-

tively. Such strong global signals may play a role in rapid feed-

back during the control of locomotion.

The other characteristic scale of the direction architecture is

the size of smaller patches that deviate from the average tuning,

measuring �30 degrees of visual angle. The meaning of these

specializations is harder to discern. The effects are substantial:

for a DS neuron in such a patch, the median ratio between

preferred and null direction response is about 2.2. Thus, differ-

ently tuned patches may differ by a factor of 4 in their relative

response to twomoving objects. This should produce noticeable

regional gradients in the animal’s perceptual sensitivity to mo-

tion, a prediction to be tested in future experiments.
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Animal
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tial-cortex [24]). All animal procedures were performed according to relevant guidelines and approved by the Caltech IACUC.

METHOD DETAILS

Visual Stimulation
For 2-photon imaging experiments, an LED screen (220’) was placed 18 cm away from the mouse’s right eye. The center of the

monitor was at 95� azimuth and 25� elevation in the laboratory frame, and the monitor covered a visual field of 106� x 79�. The mon-

itor’s LED illuminator was strobed for 12 ms at the end of each laser scan line to minimize interference of the stimulus with fluores-

cence detection. The monitor was gamma-corrected. For measuring neuronal tuning to orientation and motion direction we applied

three types of stimuli. (1) A 2-d array of moving dots with a diameter of 5� spaced at 54�. The array moved in 12 possible directions at

50 deg/s This stimulus contains no orientation signal. (2) Square gratings with a spatial frequency of 0.08 cycles per degree were

flashed at 6 orientations and 4 phases. The gratings stayed on for 2 s with an interstimulus interval of 4 s. This stimulus contains

no motion signal. (3) A moving dark bar with 5� width moving in 12 possible directions at 50 deg/s The sequence of directions or ori-

entations was pseudo-randomized.
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For the wide-field imaging setup, a large LED screen(43’’) was placed 15 cm away from the mouse’s eye covering a visual field of

145� x 121�. The center of the monitor was at 25� elevation and either 0� azimuth (covering both eyes), 45� azimuth (mostly right eye)

or �45� azimuth (mostly left eye). To avoid excessive fisheye distortion in these wide-field experiments, we applied a spherical

correction to the images on the monitor [46].

Viral Injection
We injected adeno-associated virus (AAV) expressing non-floxed GCaMP6 (AAV2/1.hSyn1.GCaMP6f.WPRE.SV40) into the SC of

wild-type mice or the SC of partial cortex mutant mice. After 2–3 weeks, we implanted a cranial window coupled to a transparent

silicone plug that rested on the surface of the SC and exposed its caudomedial portion. This portion of the SC corresponds to the

upper-temporal part of the visual field. The optics remained clear for several months, which enabled long-term monitoring of the

same neurons. Two-photon microscopy was applied to image calcium signals in the SC of head-fixed awake mice 3 weeks to

2 months after viral injection.

In Vivo Two-Photon Calcium Imaging
For imaging experiments, the animal was fitted with a head bar, and head-fixed while resting on a rotating treadmill. The animal was

awake and free to move on the treadmill, but not engaged in any conditioned behavior. Two-photon imaging was performed on a

custom-built microscope with a 163 , 0.8 NA, 3 mmWD objective (Nikon) and controlled by custom software written in Labview (Na-

tional Instruments). A Ti:Sapphire laser with mode-locking technique (Spectra-Physics Mai Tai HP DeepSee) was scanned by galva-

nometers (Cambridge). GCaMP6f was excited at 920 nm and laser power at the sample plane was typically 20-80 mW. A 600 mm3

600 mm field of view was scanned at 4.8 Hz as a series of 250 pixel 3 250 pixel images and the imaging depth was up to 350 mm.

Emitted light was collected with a T600/200dcrb dichroic (Chroma), passed through a HQ575/250 m-2p bandpass filter (Chroma),

and detected by a photomultiplier tube (R3896, Hamamatsu). Artifacts of the strobed stimulus were eliminated by discarding 8 pixels

on either end of each line. The animal’s locomotion on the treadmill and its pupil positions were recorded and synchronized to the

image acquisition.

In Vivo Wide-Field Imaging
The wide-field microscope was built with a 50-mm / 105-mm tandem lens [47]. Illumination was from a blue LED with an excitation

filter (469 nm ± 35 nm) and the camera used an emission filter (525 nm ± 39 nm). Images were acquired using a CMOS camera (Basler

ace acA2000-165mm NIR USB 3.0 Camera) at an acquisition rate of 10 Hz. The camera covers an area of 5.36 mm 3 2.85 mm at a

spatial resolution of 2.63 mm.

Visual Field Coordinate Systems
During experiments with visual stimulation, the animal was head-fixed with the lambda-bregma plane horizontal in the laboratory

frame. To report locations in the visual field, we use either spherical coordinates ðazimuth; elevationÞ= ð4; qÞ or unipolar coordinates
ða;bÞ. The lambda-bregma plane is at q= 0� and b = 0�.

Unipolar Coordinates
We introduce this coordinate system to avoid the singularities occurring at the poles of spherical coordinates. Suppose the

observer sits at the origin of a Cartesian system facing in the z-direction (Figure 6A). The horizontal plane is ðx; zÞ and the y axis

points up. A sphere of radius r is centered on the origin. For a given point r!= ðx; y; zÞ on the sphere, spherical coordinates

ðazimuth; elevationÞ= ð4; qÞ are defined as

4 = arctan
x

z
; q= arcsin y=r (Equation 1)

and unipolar coordinates ða;bÞ as

a = 2 arctan
x

r + z
;b= 2 arctan

y

r + z
(Equation 2)

Note the only singular point of the unipolar system is directly behind the observer at r! = ð0; 0; � rÞ. The transformation from spherical

coordinates to unipolar coordinates is:

a = 2 arctan
cos q sin 4

1+ cos q cos 4
;b= 2 arctan

sin q

1+ cos q cos 4
(Equation 3)

The transformation from unipolar coordinates to spherical coordinates is:

4 = arctan
2 tan a

2

1�
�
tan2a

2
+ tan2b

2

�; q= arcsin
2 tan b

2

1+

�
tan2a

2
+ tan2b

2

� (Equation 4)
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The direction of motion on the sphere in unipolar coordinates is defined as

r = arctan
db

da
(Equation 5)

where da and db are increments of motion along a and b respectively.

Analysis of Calcium Responses Measured by Two-Photon Imaging
Brainmotion during imagingwas corrected using SIMA [45] or NoRMCorre [44]. Regions of interest (ROIs) were drawnmanually using

Cell MagicWand Tool (ImageJ) and fittedwith an ellipse inMATLAB. Fluorescence traces of eachROI were extracted after estimating

and removing contamination from surrounding neuropil signals as described previously [15, 48, 49]. The true fluorescence signal of a

neuron is Ftrue = Fraw � ðr 3 FneuropilÞ, where r is the out-of-focus neuropil contamination factor and the estimated value for our setup

is �0.7. Slow baseline fluctuations were removed by subtracting the eighth percentile value from a 15 s window centered on each

frame [50].

Two criteria were applied to interpret ROIs as neurons: 1) The size of ROI was limited to 10 – 20 mm tomatch the size of a neuron; 2)

ROIs with a signal-to-noise ratio (SNR) smaller than 0.4 were discarded from further analysis [51],

SNR =
Var½hCir �t�
Var½C�t

�
r

(Equation 6)

where C is the T3R response matrix (time samples3 stimulus repetitions),hii is the mean over values of the index i, and Var½�i is the
corresponding variance.

For any given stimulus, the response of a neuron was defined by the fluorescence trace in its ROI during the stimulus period:

R =
peak fluorescence ­ baseline

baseline
(Equation 7)

where the baseline is derived from a 0.5 s period prior to stimulation.

To quantify the tuning of a neuron to motion direction, we computed the preferred direction as the argument of the response-

weighted vector sum of all directions:

rpref = arg
�X

k

RðrkÞ 3 eirk

�
(Equation 8)

where RðrkÞis the response amplitude in the kth direction rk . The direction selectivity index (DSI) was calculated as the normalized

amplitude of the sum:

DSI =

��P
kRðrkÞ3 eirk

��P
k

RðrkÞ
(Equation 9)

Similarly, for orientation tuning, the preferred orientation was calculated as the argument of the response-weighted vector sum of all

orientations:

qpref = arg
�X

k

RðqkÞ 3 e2iqk

�
(Equation 10)

where RðqkÞ is the response amplitude at the kth orientationqk . The orientation selectivity index (OSI) was calculated as the normal-

ized amplitude of the sum:

OSI =

��P
kRðqkÞ3 e2iqk

��P
kRðqkÞ

(Equation 11)

We assessed the statistical significance of DSI and OSI using a permutation test [52]: Surrogate trials were generated by randomly

shuffling the trial labels and recomputing the DSI or OSI. This procedure was repeated 1000 times to generate a null distribution.

Neurons were classified as direction-selective if DSI > 0:1 and p < 0:05, and as orientation-selective if OSI > 0:1 and p < 0:05:

The directionmapwas generated by linearly interpolating the single-cell-resolution data and then applying amean filter over a 200-

mm square region. To calculate the gradient of the map, the map of the preferred direction was fitted by:

rðx; yÞ = dx3 x +dy3 y +b (Equation 12)

where x and y are the anatomical coordinates. The gradient was calculated as:

gradient =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx2 +dy2

p
(Equation 13)
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The artificial random arrangement of preferred direction (Figure 2M) was simulated as 26 3 26 neurons, each of which prefers a

random direction, evenly distributed on a 500 mm 3 500 mm anatomical space.

To find the optimal number of Gaussians to fit the preferred direction distribution (Figure 2N), we evaluated the Bayesian informa-

tion criterion (BIC) [53]:

BIC = � 2 log L+M log N (Equation 14)

where L is the maximized likelihood, M is the number of parameters in the model, and N is the number of neurons.

The center of the receptive field (RF) of each neuron was calculated based on the moving-bar responses. For each direction of

motion, the time of peak response depends on the location of the RF and the neuron’s response latency. By evaluating responses

to all directions (Figure 1D), one can extract the response latency and determine the best-fit location of the RF (Figure S6E).

Analysis of Calcium Responses Measured by Wide-Field Imaging
Each acquired image was convolved with a normalized box filter and down-sampled to 1/10 of the original size. An ROI was drawn

manually over the SC to exclude signals from the surrounding areas. For each pixel in the image, the response was defined as

described above for ROIs in 2-photon experiments. The RF center of each pixel was calculated from moving bar responses as

described above, such that each pixel is assigned a location in visual space (Figures S6E and S6F).

To measure the size of direction-tuned patches in a direction map, we calculated the normalized 2-D autocorrelation of the map.

Similarly to evaluate the correspondence between maps on the left and right SC or across different mice, we calculated the normal-

ized 2-D cross-correlation of twomaps. Suppose a direction map is given by u!ðxÞ, where at each location x in the visual field u!ðxÞ is
a vector that points in the preferred direction r with length proportional to the DSI. For two such direction maps u!ðxÞ and v!ðxÞ we

define the cosine correlation as

cðyÞ =
R
u!ðxÞ, v!ðx+ yÞd2xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR

u!ðxÞ, u!ðxÞd2x
R

v!ðxÞ, v!ðxÞd2x
q (Equation 15)

For every possible shift vector y, this computes the normalized dot product of one map with the shifted version of the other map. We

first identified the shift vector ym that maximizes the correlation; in the case of an autocorrelation ym = 0. Then we averaged the cor-

relationmap around that peak over all shift vectors of the same distance jy�ym j = r to obtain a radial profileCðrÞ. The full width at half

maximum (FWHM) of the correlation map (Figure 7B) was defined as twice the radius where this profile dropped to half of its

maximum.

To produce the arrow plots at the global scale, the map was mean-filtered with a 16-degree window and down-sampled to an 8-

degree resolution.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical method was used to predetermine the sample size. A permutation test was used to assess the statistical significance of

DSI and OSI as described above. The Shapiro-Wilk test was applied to assess whether data were normally distributed. In the case of

a normal distribution, a t test was applied; otherwise, a nonparametric test (Mann–Whitney U-test or One-sample Wilcoxon signed-

rank test) was applied. The statistical details of experiments can be found in the results and figure legends.
e4 Current Biology 30, 1–12.e1–e4, September 7, 2020
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Figure S1. Effects of Behavioral States on Visual Responses. Related to Figure 1.

(A) An example showing pupil position, running speed, and calcium responses of a

single neuron to moving dots stimuli.

(B) Traces of pupil position averaged over identical stimulus trials for each

direction of motion. Red arrow indicates the stimulus onset. Gray shade indicates

the standard deviation across identical trials.

(C) Peak amplitude of calcium responses to moving dots in 12 directions in the

running state versus that in the stationary state (n = 93 cells).

(D) Histogram of the difference between preferred direction in the stationary state

and that in the running state (-11°±65°, n = 93 cells). Note the distribution is similar

to a control histogram from comparing two sets of stationary trials (unfilled red

bars, -10°±47°).
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Figure S2. Organization of Motion Direction Measured by Moving Dots and Moving

Bars. Related to Figure 2.

(A, B, C, D) Data from 4 animals stimulated with moving dots, presented as in

Figures 2A and 2C.

(E, F, G, H) Data from 4 animals stimulated with moving bars, presented as in

Figures 2A and 2C.

(I) Gradients of the map plotted against the absolute difference in preferred

directions for pairs within 50 µm (33 images) measured with moving bars,

displayed as in Figure 2M.

(J) Analysis of bimodality in the distributions of preferred direction (33 images)

measured with moving bars, displayed as in Figure 2N.

(K) Histograms of preferred direction for all direction-selective neurons (1660 cells)

measured with moving bars.
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Figure S3. Direction Selectivity as a Function of Depth in the SC. Related to Figure 3.

(A) DSI of each neuron as a function of depth in the SC. Red line indicates the mean

and the standard deviation.

(B) Fraction of DS cells as a function of depth.

(C) Fraction of cells with high DSI as a function of depth.
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Figure S4. Motion Direction and Orientation Measured by Different Visual Stimuli.

Related to Figure 4.

(A) Response amplitude to moving bars plotted against that to moving dots (2351

neurons from 14 animals) .

(B) DSI measured by moving bars plotted against that by moving dots (2351 neurons

from 14 animals).

(C) Preferred direction measured by moving bars plotted against that by moving dots for

DS neurons (1071 neurons from 14 animals).

(D) Response amplitude to moving bars plotted against that to flashed gratings (1081

neurons from 14 animals).

(E) OSI measured by moving bars plotted against that by flashed gratings (1081

neurons from 14 animals).

(F) Preferred orientation measured by moving bars plotted against that by flashed

gratings for DS neurons (675 neurons from 14 animals).

(G) Histogram of difference between preferred directions measured by moving dots and

moving bars (1071 neurons from 14 animals).

(H) Histogram of difference between preferred orientations measured by flashed

gratings and moving bars (675 neurons from 14 animals).

(I) OSI measured by flashed gratings plotted against DSI by moving dots for DS

neurons (2187 neurons from 14 animals). Inset, percentage of OS-DS neurons in DS

neurons.

(J) OSI plotted against DSI measured by moving bars for DS neurons (1693 neurons

from 14 animals). Inset, percentage of OS-DS neurons in DS neurons.
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Figure S5. Validate the Approach of Imaging the Entire Superior Colliculus of

Partial-Cortex Mutant Mice Using a Wide-Field Imaging Technique. Related to

Figure 5.

(A) Brain Anatomy of a Mutant Mouse (Emx1-cre:pals1flox/Wt) with Partially

Developed Neocortex. Series of coronal sections (100 µm thick) labeled from

anterior (1) to posterior (12). The left half of panel 1 shows the corresponding

section from a wild-type mouse brain. Color indicates autofluorescence.

(B) Overlay of arrow plots from 2-photon imaging data and direction map from

wide-field imaging data. Hue encodes the preferred direction.

(C) Histogram of difference of preferred directions for the data in (B).
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Figure S6. Large-Scale Direction Maps in Visual Space With Unipolar Coordinates

and Anatomical Space. Related to Figure 6.

(A) Schematic illustrating the correspondence of spherical coordinates and

unipolar coordinates.

(B) Schematic defining the unipolar coordinates (see STAR METHODS).

(C) and (D) Relationship between spherical coordinates and unipolar coordinates.

(E) Schematic illustrating how the RF location is derived from the time course of

the response to moving bars.

(F) Visuotopic map of both sides of superior colliculus of a partial cortex mutant

mouse derived from receptive field measurements with moving bars.

(G) Peak amplitudes of trial-averaged calcium responses to moving dots at four

directions for both sides of superior colliculus of a partial cortex mutant mouse.
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Figure S7. Quantify the Patch Size and Behavioral Relevance of Global Direction Maps 

and Relation to Prior Work. Related to Figure 7.

(A) Left, the autocorrelation of a sample direction map. Right, the corresponding radial 

profile.

(B) Left, the cross-correlation between direction maps of the left and right SCs of an 

example animal. Right, the corresponding radial profile, centered on the peak of the 

correlation map.

(C) Left, the cross-correlation between direction maps of the same-side SCs of two 

different animals. Right, the corresponding radial profile.

(D) For each of the 6 basic modes of translation and rotation, this plots the direction of the 

optic flow vectors in the visual field using unipolar coordinates. Note these graphs assume 

that the axis of forward translation and roll rotation equals the lambda-bregma axis. In 

actuality, a freely moving mouse may carry the head inclined downward during ambulation 

[S1] or upward during rearing.

(E) Orientation maps predicted from direction maps according to their orthogonal 

relationship and overlaid with Figure 4 in [S2].

(F) Arrow plots of the preferred direction in the SC, averaged over 9 animals, and plotted 

across the visual field in spherical coordinates. The red rectangle indicates the 

overlapping visual space with Figure 3E in [S3]. The red curves indicate the 

monocular-binocular border.

(G) The same plot as (F). The red rectangle indicates the overlapping visual space with 

Figure 4h in [S4].
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