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            Abstract
Circuits in the visual cortex integrate the information derived from separate ON (light-responsive) and OFF (dark-responsive) pathways to construct orderly columnar representations of stimulus orientation and visual space1,2,3,4,5,6,7. How this transformation is achieved to meet the specific topographic constraints of each representation remains unclear. Here we report several novel features of ONâ€“OFF convergence visualized by mapping the receptive fields of layer 2/3 neurons in the tree shrew (Tupaia belangeri) visual cortex using two-photon imaging of GCaMP6 calcium signals. We show that the spatially separate ON and OFF subfields of simple cells in layer 2/3 exhibit topologically distinct relationships with the maps of visual space and orientation preference. The centres of OFF subfields for neurons in a given region of cortex are confined to a compact region of visual space and display a smooth visuotopic progression. By contrast, the centres of the ON subfields are distributed over a wider region of visual space, display substantial visuotopic scatter, and have an orientation-specific displacement consistent with orientation preference map structure. As a result, cortical columns exhibit an invariant aggregate receptive field structure: an OFF-dominated central region flanked by ON-dominated subfields. This distinct arrangement of ON and OFF inputs enables continuity in the mapping of both orientation and visual space and the generation of a columnar map of absolute spatial phase.
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                    Figure 1: Differential arrangement of simple cell ON and OFF subfields in visual space.[image: ]


Figure 2: Differences in visuotopic precision of simple cell ON and OFF subfield centres.[image: ]


Figure 3: Orientation columns exhibit an invariant aggregate receptive field structure.[image: ]


Figure 4: Smooth progression of absolute spatial phase across orientation domains.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Robust receptive field estimation from GCaMP6 calcium signal in layer 2/3 neurons.
a, Somatic locations of seven example cells (circles) overlaid on the two-photon field of view. b, Raw calcium trace, spatiotemporal receptive field and SNR curves from an example cell in a. câ€“h, Six different ways to infer the onset time and response strength of neural activity were compared with the original method described in Methods for six of the example cells in a. Processed calcium trace before starting inference (blue) and the inferred response (red) are shown on the left. Receptive fields and SNR curves derived from original and alternative methods are shown on the right. iâ€“l, Change in peak SNR (i) and peak time (j), receptive field similarity index (k) and deviation of the receptive field and subfield centre estimation (l) illustrating that the main conclusions regarding receptive field structure and fine visuotopic organization are not altered by the signal processing method employed (nâ€‰=â€‰143 cells from 3 animals). All error bars indicate s.e.m.


Extended Data Figure 2 Cell type categorization in tree shrew primary visual cortex layer 2/3.
a, Distribution of ON/OFF segregation index values for simple and complex cells (see Methods). A value of 0.6 was used to delineate the two classes. b, Distribution of ON/OFF ratio values for simple and complex cells. In both a and b, the proportions are based on the total number of cells; however, the single-sign cell population is not shown in the plots. c, Percentage of different classes of neurons in tree shrew visual cortex layer 2/3.


Extended Data Figure 3 Cortical spread of light- and dark-evoked activity in epi-fluorescence imaging.
a, Wide-field epi-fluorescence imaging of visual cortex reveals a similar visuotopic progression for the zones of activity found for static light and dark bar stimuli at different locations in elevation. b, The bandwidth of the normalized cortical activity pattern, characterized by half width at half maximum (HWHM), shows that light stimuli evoke broader cortical activity patterns than dark stimuli at the same visuotopic location (nâ€‰=â€‰21 stimulus-evoked response maps from 4 animals, Pâ€‰=â€‰9.6â€‰Ã—â€‰10âˆ’5, rank-sum test). Error bars indicate s.e.m.


Extended Data Figure 4 ON and OFF receptive field organization of single-sign cells.
a, The cortical volume and orientation map of an example imaging area. b, The ON and OFF centres from single-sign cells display an arrangement similar to that of simple cells. The bottom plot shows that the distribution pattern of ON and OFF receptive fields is consistent with that of the ON and OFF subfields of simple cells (nâ€‰=â€‰8 imaging areas from 7 animals, Kruskalâ€“Wallis test; compare with Fig. 1c, d; letters indicate groups with statistically significant difference, Pâ€‰<â€‰0.01). c, The visuotopic organization of ON and OFF receptive field centres was similar to that of simple cell ON and OFF subfields. d, The relationship between cortical distance and visuotopic position, demonstrating the difference in visuotopic precision for ON and OFF receptive fields (linear regression). Deviations of the experimental results from the linear fit and explained variance of the smooth visuotopy (nâ€‰=â€‰16 visuotopic maps, combining elevation and azimuth results from 8 imaging areas, **Pâ€‰<â€‰0.0001, rank-sum test) are consistent with the results from simple cell ON- and OFF subfields. e, Only the displacement of the population ON receptive field centre, but not that of the OFF receptive field centre, can predict the orientation tuning of the orientation column (circular correlation, nâ€‰=â€‰68 cortical columns, Pâ€‰=â€‰9.51â€‰Ã—â€‰10âˆ’3 for ON; nâ€‰=â€‰89 cortical columns, Pâ€‰=â€‰0.586 for OFF). All error bars indicate s.e.m.


Extended Data Figure 5 Visuotopic arrangement of ON and OFF subfields is independent of orientation map structure.
a, Example orientation map and local heterogeneity index map. The local heterogeneity index was used to compare ON and OFF subfield arrangement for cortical regions with different orientation map structure. a.u., arbitrary units. b, Top, illustration comparing the visuotopic displacement of OFF subfields to the theoretical prediction from a smooth visuotopic map. Bottom, illustration comparing the visuotopic displacement of ON subfields to the orientation map. c, Top, visuotopic distortion of OFF subfield centres in relation to the structure of the orientation map. There is no relationship between local heterogeneity and the visuotopic precision of OFF subfields (linear regression, nâ€‰=â€‰1,811 cells from 7 animals, Pâ€‰=â€‰8.2â€‰Ã—â€‰10âˆ’2). Bottom, axial mismatch of ON subfield centres in relation to the structure of the orientation map. There is no relationship between local heterogeneity and the axial displacement of ON subfield centres (linear regression, nâ€‰=â€‰1,811 cells from 7 animals, Pâ€‰=â€‰9.6â€‰Ã—â€‰10âˆ’2). d, Examples of the ON and OFF subfield centre distributions from 80-Î¼m circular regions (black circles) centred on three distinct regions of the orientation map.


Extended Data Figure 6 Contribution of simple cells at different depths to aggregate receptive field of cortical column.
a, An example orientation column at four depths, with two-photon images on the left and the corresponding orientation maps on the right. b, Simple cell receptive fields from these four cortical depths. Each RF was normalized by the strongest subfield. The averages of the RFs within each depth appear similar. All the RFs within the orientation column were pooled into an aggregate receptive field (ARF) and then fitted with a 2D Gabor function. c, Nine further examples of ARFs from different orientation columns display the same organization: OFF subfield in the centre with ON subfields flanking on two sides.


Extended Data Figure 7 Characterizing spatial phase tuning, phase column and phase map.
a, The phase tuning of an example cell (black) and its Gaussian fit (red) compared with the phase tuning curve predicted from its receptive field structure (grey) and its Gaussian fit (yellow). Dashed line depicts the preferred phase derived from the Gaussian fit to the experimental data. b, Relationship between absolute phase prediction from receptive field structure and absolute phase tuning measurement (nâ€‰=â€‰179 cells from 2 animals, Pâ€‰=â€‰1.8â€‰Ã—â€‰10âˆ’18, circular regression). c, Phase preference of the orientation column is well predicted by the phase parameter of the Gabor fit to the ARF (nâ€‰=â€‰73 cortical columns from 5 animals, Pâ€‰=â€‰1.7â€‰Ã—â€‰10âˆ’10, circular regression). d, Example two-photon phase maps derived from pixel tuning at three cortical depths for both horizontal and vertical orientations. e, Comparison of phase preference from different cortical depths (red asterisks in d) showing the consistency of columnar structure for spatial phase (rank-sum test for R2 from circular regression, nâ€‰=â€‰36 pairs of maps at different depths from 2 animals, Pâ€‰=â€‰8.2â€‰Ã—â€‰10âˆ’18). f, Large-scale functional maps visualized by epi-fluorescence imaging. The phase map with full orientation coverage (right) was constructed from four individual phase maps measured independently with four orientations (0Â°, 45Â°, 90Â°, 135Â°). The phase maps for single orientations with corresponding visuotopic maps are shown separately in the lower two rows. g, The statistical structure of functional maps (orientation, phase, visuotopy, and phase with four orientations) summarized by the relationship between the change in cortical distance and the average change in preferred feature (left). Summary comparison of clustering and periodicity of the preferred features of four functional maps from six animals (right). Each map exhibits distinct clustering and periodicity (nâ€‰=â€‰32 sample regions from 6 animals, Kruskalâ€“Wallis test with post-hoc test using Dunnâ€™s method, letters indicate groups with statistically significant difference, Pâ€‰<â€‰0.05). All error bars indicate s.e.m.


Extended Data Figure 8 Simulation based on experimental observations to evaluate completeness and uniformity of coverage for orientation and phase representations.
a, The large-scale orientation preference map derived from intrinsic signal imaging and corresponding phase map predicted from experimental observations (see Methods). b, Distribution of ON and OFF subfield centres in visual space predicted from the visuotopic precision and orientation-specific displacement demonstrated in this study. Although the distribution of the ON subfield centres in visual space appears uneven, complete coverage of visual space is achieved when the actual size of the ON subfields is considered (black circle). c, Illustration of two of the visual stimuli (8Â° stimulus in the centre, 0.5Â° stimulus to the left) used to simulate the evoked response map. d, Theoretical stimulus-evoked orientation and phase response maps for sample 0.5Â° stimulus shown in c (see Methods). e, Histograms showing the distribution of preferred orientation and phase values for pixels activated in d, calculated by counts of the pixels in the responsive region (left) or weighted by the strength of the responses (right). f, Theoretical stimulus-evoked orientation and phase response maps for sample 8Â° stimulus shown in c (see Methods). g, Histograms showing the distribution of preferred orientation and phase values for pixels activated in f, calculated by counts of the pixels in the responsive region (left) or weighted by the strength of the responses (right). h, Completeness (top) and uniformity (middle, bottom) of coverage simulated with visual stimuli of various sizes and positions. Complete coverage can be achieved with 1Â° stimuli, while coverage uniformity continues to improve with increases in stimulus size. The results of spatial phase were always the average results obtained with four different orientations. Error bars indicate s.e.m.
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The anatomical substrate of maps in visual cortex has long been debated. Two papers now show that the arrangement of ON and OFF thalamic inputs provides the scaffold around which other topographic features of visual cortex are organized. David Fitzpatrick and colleagues show in primary visual cortex (V1) of tree shrew that ON and OFF subfields are spatially organized so that OFF-dominated subfield centres are flanked by ON-dominated subfields. The columnar map of orientation preference and a newly discovered columnar map of absolute spatial phase emerge from this arrangement. Jose Alonso and colleagues show the same topographic organization of ON and OFF inputs in cat and macaque V1. They further show that ON/OFF domains run perpendicular to ocular dominance columns, and that this arrangement shapes the organization of not only orientation preference and retinotopy, but also motion-direction preference and retinal disparity. By showing that the OFF pathway acts as an anchor for cortical retinotopy and that this provides the substrate for other V1 maps in different animal species, these two studies have uncovered a fundamental principle for building cortical maps.
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