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            Abstract
More than twenty types of retinal ganglion cells conduct visual information from the eye to the rest of the brain1,2. Each retinal ganglion cell type tessellates the retina in a regular mosaic, so that every point in visual space is processed for visual primitives such as contrast and motion3. This information flows to two principal brain centres: the visual cortex and the superior colliculus. The superior colliculus plays an evolutionarily conserved role in visual behaviours4, but its functional architecture is poorly understood. Here we report on population recordings of visual responses from neurons in the mouse superior colliculus. Many neurons respond preferentially to lines of a certain orientation or movement axis. We show that cells with similar orientation preferences form large patches that span the vertical thickness of the retinorecipient layers. This organization is strikingly different from the randomly interspersed orientation preferences in the mouseâ€™s visual cortex5; instead, it resembles the orientation columns observed in the visual cortices of large mammals6,7,8. Notably, adjacent superior colliculus orientation columns have only limited receptive field overlap. This is in contrast to the organization of visual cortex, where each point in the visual field activates neurons with all preferred orientations9. Instead, the superior colliculus favours specific contour orientations within âˆ¼30Â° regions of the visual field, a finding with implications for behavioural responses mediated by this brain centre.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Calcium imaging in awake mouse superior colliculus reveals orientation tuning.[image: ]


Figure 2: Patches of neurons with similar orientation tuning in the superior colliculus.[image: ]


Figure 3: Orientation patches form vertical columns.[image: ]


Figure 4: Intrinsic imaging reveals larger orientation maps.[image: ]


Figure 5: Inhomogeneous coverage of contour orientation in the superior colliculus.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Plugs and head plates used for this study.
a, Top view of triangular silicone plug attached to a 5 mm coverslip. b, Side view of the plug from a. c, Suction cup used to position plug. d, Standard headplate with 8 mm aperture. e, Monitor tilt used to reduce fisheye distortion. Perspective is exaggerated for clarity. The monitor was tilted such that it was 20Â° from vertical, with the top nearer the animal, and 20Â° from the animalâ€™s anteriorâ€“posterior axis, with the right edge closer to the animal. Note that stimuli were presented in a square area on the right side of the rectangular monitor. f, g, Azimuth and elevation in degrees for each pixel within the inscribed square area of the monitor on which stimuli were displayed. Values are given with respect to standard stereotaxic coordinates; because headplates were implanted at âˆ¼15Â° angles with respect to this plane, bars on screen are tilted. Curvature of elevation bars reflects the fact that iso-elevation lines are curved, not straight, much like latitude lines on a globe.


Extended Data Figure 2 Orientation tuning does not reflect distortion effects of flat screen.
a, Plot of foot point of monitor (FP), the point at which a line from the eye is perpendicular to the tangent screen, and all mapped receptive field centres for orientation-tuned SC neurons in one animal. Each line segment is positioned at a cellâ€™s receptive field centre and angled to reflect its preferred orientation. Orange line indicates the radial orientation relative to the FP for an example cell. Fisheye distortion will cause bars along the radial orientation relative to the foot point to appear relatively wider and faster than orthogonal bars along the tangential orientation, potentially biasing responses towards or away from the radial orientation. b, Enlarged view of inset area in a to show orientations more clearly. Note sharp transition in preferred orientation from bottom to top of panel relative to difference in radial orientation. Also note that the preferred orientation and the radial orientation vary with opposite handedness. c, Difference between radial orientation and preferred orientation for all cells in the plot. If the orientation map were due to fisheye distortion, preferred orientations should be similar to the radial orientation and the distribution should be centred at 0. Note that this distribution is biased away from 0 and centred between 45 and 90Â°. dâ€“f, As in aâ€“c for another animal. Note sharp transition in preferred orientations as in b, but with opposite handedness, and centring of distribution of preferred orientations between 0 and 45Â°. gâ€“i, As in aâ€“c for another animal. Note sharp transition in preferred orientations and bias of cells to orientations orthogonal to radial orientation. jâ€“l, As in aâ€“c for another animal. Note sharp transition in this field and a group of cells whose preferred orientations are close to radial.


Extended Data Figure 3 Sample responses of neurons in V1.
a, b, Average Î”F/F Â± s.d. of two V1 neurons to 7 repetitions each of 8 directions of bar motion and a blank screen. Insets are polar plots for each cell.


Extended Data Figure 4 Monte Carlo simulation reveals significance of observed local similarity in the SC.
a, Absolute value of the difference in preferred orientations plotted against horizontal distance in the SC. Orange line indicates linear fit to the difference in preferred orientation as a function of horizontal separation, yielding a line of best fit with a slope of +22Â° per 100 Âµm. b, As in a after shuffling all cell positions. A total of 105 independent shuffles were performed; shown are results from the final shuffle. This yielded a distribution of slopes with a mean Â± s.d. of (0 Â± 1Â°) per 100 Âµm. c, Histogram of slopes of best-fit lines from 105 independent Monte Carlo simulations. Arrowhead indicates slope from a. dâ€“f, As in aâ€“c for data from V1.


Extended Data Figure 5 Orientation tuning of neuropil.
a, Schematic of cells and surrounding neuropil shell. Signals are extracted from each cell and from the neuropil within 20 Âµm. The corrected signal of a cell c within an ROI r is c = r â€“ (f Ã— n), with n the signal of the neuropil shell and f the fractional contamination by out-of-focus neuropil. b, Orientation preferences for neuropil shells of orientation-tuned cells in Fig. 2a. c, Difference in preferred orientation of neurons and their neuropil shells over a range of values of neuropil subtraction coefficient f. Dashed horizontal line indicates chance. Each black line reflects median values from a single image volume; orange line is median value for all cells from 7 volumes. d, Effects are robust over a range of f values. Plotted are mean differences in preferred orientations against distance Â± s.e.m as in Fig. 2d, from which the orange trace is reproduced. Because the neuropil is also sharply tuned, using high values of f will reduce the apparent similarity of neighbouring cellsâ€™ orientation preferences. Nonetheless the similarity remains significant even at the excessively high f value of 0.9.


Extended Data Figure 6 Distribution of preferred orientations in the SC.
a, Preferred orientations of cells in the SC according to the presented orientation eliciting the strongest response. b, Preferred orientations of cells in the SC calculated from vector sums of responses to all orientations.


Extended Data Figure 7 Orientation maps do not reflect fisheye distortion.
a, Grating patches were presented at the foot point (FP), the point at which a line from the eye is perpendicular to the tangent screen, and at locations on the screen displaced from the FP along radial orientations of 0, 45, and 90Â°. b, Predicted map if fisheye distortion caused orientation tuning to be biased towards the radial orientation with respect to the FP. c, Projective field of foot point (black, indicated with white star) and patch at 0Â° (directly lateral on screen) from foot point (white patch, black star). d, As in c for patches at 90 and 45Â° with respect to foot point. e, Orientation map for this animal. Blue areas prefer horizontal bars, red areas prefer vertical bars, and arrows indicate lines from projective field of foot point to projective fields of patches. f, Expected orientation map according to distortion hypothesis. Note that the area at the projective field of the foot point should be untuned, and a line from the projective fields of the FP and a spot located at 0Â° relative elevation should pass from untuned areas to progressively more horizontal-preferring areas. Instead, it passes from a horizontal-preferring area at the FP to vertical-preferring areas as it moves to greater eccentricity. Trajectories along other projections of radial orientations (45 and 90Â°) are similarly poor fits to prediction. g, h, As in b and c for another animal. Orientation map for this animal in o also does not match prediction of fisheye distortion hypothesis. Arrow indicates shadow of blood vessel. i, j, Checkerboard pattern before and after â€˜pre-distortionâ€™ to offset fisheye effect. This pre-distortion was applied to change bar width by 1/cosine(Î¸), with Î¸ the eccentricity from the FP, for both vertical and horizontal bar stimuli. k, l, Orientation maps for an animal in response to standard (k) and â€˜pre-distortedâ€™ (l) bar stimuli. In this animal the transverse sinus was not fully retracted and partially obscures the field of view. Note similarity of patterns in k and l. m, n, As in k, l, for the animal in câ€“e imaged on a different day. Comparison of maps in e and m reveals inter-trial variability, which is comparable to variability between standard and pre-distorted stimuli (m and n). o, p, As in k, l for a third animal. Map in o is overlaid with projective fields of points in visual field as in e. The reflectance change Î”R/R from black to white is 12 Ã— 10âˆ’4 (c), 19 Ã— 10âˆ’4 (d), and 18 Ã— 10âˆ’4 (g, h). The reflectance change Î”R/R from red to blue is 4 Ã— 10âˆ’4 (e, k, o), 5 Ã— 10âˆ’4 (l, p), 7 Ã— 10âˆ’4 (m), and 9 Ã— 10âˆ’4 (n).


Extended Data Figure 8 Alternative mapping stimulus reveals similar projective fields.
a, Stimulus. Square grating patches alternate between two adjacent locations every 8 s. At each location the grating switches orientation randomly at 1 Hz. b, Map of responses elicited in animal from Fig. 4a. Responses to the two gratings span small patches on the surface of the SC. The reflectance change Î”R/R from black to white is 2 Ã— 10âˆ’3. c, As in b for animal from Fig. 4c. The reflectance change Î”R/R from black to white is 2 Ã— 10âˆ’3.
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        Editorial Summary
The brain's world view
The superior colliculus is an evolutionarily conserved brain structure that plays an important role in visual orienting behaviours, but how it represents visual stimuli is not well understood. Evan Feinberg and Markus Meister report that in mouse, neurons in the mouse superior colliculus are grouped according to their preferred orientations or movement axes for visual line stimuli, an arrangement similar to the columnar organization in the visual cortex of higher mammals. This functional architecture suggests that the superior colliculus samples the visual world unevenly for stimulus orientations, and may have implications for behavioural responses mediated by the superior colliculus.
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