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            Abstract
Neurons in the cerebral cortex are organized into anatomical columns, with ensembles of cells arranged from the surface to the white matter. Within a column, neurons often share functional properties, such as selectivity for stimulus orientation; columns with distinct properties, such as different preferred orientations, tile the cortical surface in orderly patterns. This functional architecture was discovered with the relatively sparse sampling of microelectrode recordings. Optical imaging of membrane voltage or metabolic activity elucidated the overall geometry of functional maps, but is averaged over many cells (resolution >100â€‰Âµm). Consequently, the purity of functional domains and the precision of the borders between them could not be resolved. Here, we labelled thousands of neurons of the visual cortex with a calcium-sensitive indicator in vivo. We then imaged the activity of neuronal populations at single-cell resolution with two-photon microscopy up to a depth of 400â€‰Âµm. In rat primary visual cortex, neurons had robust orientation selectivity but there was no discernible local structure; neighbouring neurons often responded to different orientations. In area 18 of cat visual cortex, functional maps were organized at a fine scale. Neurons with opposite preferences for stimulus direction were segregated with extraordinary spatial precision in three dimensions, with columnar borders one to two cells wide. These results indicate that cortical maps can be built with single-cell precision.
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                    Figure 1: Functional maps of selective responses in rat visual cortex with single-cell resolution.[image: ]


Figure 2: Smoothly changing direction map in cat visual cortex.[image: ]


Figure 3: Direction discontinuity in cat visual cortex.[image: ]


Figure 4: Sharpness of direction discontinuity at multiple depths.[image: ]


Figure 5: Correspondence of direction tuning obtained by calcium imaging and single-unit electrophysiology in cat visual cortex.[image: ]


Figure 6: Three regimes of functional organization.[image: ]
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An organized brain
The human brain contains about a billion cells. How are these cells organized on macroscopic and microscopic scales? It has long been known that the different parts of the brain process distinct types of sensory information. With past low-resolution imaging techniques, groups of cells, such as those responding only to visual stimuli of a specific orientation, were shown to be loosely clustered into separate regions. New imaging technology â€” in vivo two-photon calcium imaging â€” now reveals that these regions form exquisitely ordered three-dimensional maps that are precise on the scale of individual brain cells. This implies that the brain is much more organized than previously thought, with pure functional compartments on a microscopic scale.
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