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            Abstract
Neocortical areas communicate through extensive axonal projections, but the logic of information transfer remains poorly understood, because the projections of individual neurons have not been systematically characterized. It is not known whether individual neurons send projections only to single cortical areas or distribute signals across multiple targets. Here we determine the projection patterns of 591 individual neurons in the mouse primary visual cortex using whole-brain fluorescence-based axonal tracing and high-throughput DNA sequencing of genetically barcoded neurons (MAPseq). Projections were highly diverse and divergent, collectively targeting at least 18 cortical and subcortical areas. Most neurons targeted multiple cortical areas, often in non-random combinations, suggesting that sub-classes of intracortical projection neurons exist. Our results indicate that the dominant mode of intracortical information transfer is not based on â€˜one neuronâ€“one target areaâ€™ mapping. Instead, signals carried by individual cortical neurons are shared across subsets of target areas, and thus concurrently contribute to multiple functional pathways.
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                    Figure 1: Brain-wide single-cell tracing reveals the diversity of axonal projection patterns of layer-2/3 V1 neurons, with most cells projecting to more than one target area.


Figure 2: MAPseq projection mapping reveals a diversity of projection motifs.


Figure 3: Over- and underrepresented projection motifs of neurons in V1.
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Extended data figures and tables

Extended Data Figure 1 Single-neuron tracing protocol efficiently fills axons projecting to the ipsilateral striatum.
We retrogradely labelled striatum-projecting cells by stereotactically injecting cholera toxin subunit B conjugated to AlexaFluor 594 or PRV-Cre into the visual striatum of wild-type mice or tdTomato-reporter mice (Ai14, Jax), respectively (magenta). With visual guidance of two-photon microscopy, we electroporated single retrogradely labelled cells in V1 with a GFP-expressing plasmid (cyan). a, Coronal, maximum intensity projections of visual striatum. Scale bar, 1â€‰mm. b, Higher magnification image of the visual striatum. Scale bar, 0.2â€‰mm. c, Single-channel images of the same axonal arborization as in b. d, Coronal maximum intensity projection containing V1. Scale bar, 1â€‰mm. e, Higher magnification image of V1. Scale bar, 0.2â€‰mm. f, Single-channel images of V1. Scale bars, 0.2â€‰mm. g, Horizontal projections in the Allen Reference Atlas space of eight retrogradely labelled and electroporated cells. Cell ID numbers are indicated at the top right of each image. Scale bars, 1â€‰mm. Note that one additional cell was retrogradely labelled and electroporated, which revealed its axonal projection to the striatum, but it is not shown because the brain was too distorted to allow accurate registration to the Allen Reference Atlas.


Extended Data Figure 2 Some axonal branches terminate abruptly without arborizing, whereas other branches of the same neuron arborize extensively within different target areas and appear to be completely filled.
a, Horizontal view of a representative cell in the Allen Reference Atlas space. The abrupt termination is labelled with a purple square. nâ€‰=â€‰28 abruptly terminating cells. b, The abrupt termination of the example cell shown as a maximum z projection (left) and in the individual z sections (right). c, Two normal terminations of the same cell, shown as a maximum z projection (left) and in two colour-coded series of z sections (right). d, Distance of abrupt termination from cell body versus distance of furthest regular termination of the same cell. Dashed line indicates the unity line. e, The distribution of target numbers of all projection neurons without abrupt terminations (as shown in the main figures; left), of projection cells with abrupt terminations (middle) and of all projection neurons (no abrupt terminations and abrupt terminations; right). f, To test the effect of false negatives on our analyses, we simulated the random loss or gain of projections from the MAPseq dataset, while maintaining overall area projection probabilities. nâ€‰=â€‰553 neurons; 400 repeats. P values based on a binomial test for all six projection motifs determined as significantly over- or underrepresented in our dataset are plotted after removing (dropfraction <1) or adding (dropfraction >1) connections. Mean (black line) and s.d. (shaded area) are indicated.


Extended Data Figure 3 Images of traced layer-2/3 V1 neurons.
Horizontal views of the Allen Reference Atlas space are shown, and cell ID numbers are indicated at the top right of each image. Scale bars, 1â€‰mm.


Extended Data Figure 4 Images of traced layer-2/3 V1 neurons, continued.
Horizontal views of the Allen Reference Atlas space are shown, and cell ID numbers are indicated at the top right of each image. Scale bars, 1â€‰mm.


Extended Data Figure 5 Individual neurons in higher visual areas project to more than one target area.
a, All traced neurons with cell bodies not in V1. Brain area identity is colour coded as in Fig. 1. Cell identity is indicated at the top right of each image. Scale bars, 1â€‰mm. b, Histogram of the number of target areas per cell.


Extended Data Figure 6 Density of axonal innervation by area and layer of V1 layer-2/3 projection neurons.
a, Total axon length plotted as a function of the number of targets innervated by every V1 projection neuron. b, Axon length in area LM, PM or POR plotted as a function of the total number of targets innervated by each neuron projection to the respective area. câ€“h, The axons of V1 neurons in target areas most densely innervate layers 2/3 and 5, with some density in layer 1, but less in layers 4 and 6, often recapitulating the laminar axonal profile within V1. Coronal views of each area are shown in Allen Reference Atlas space (left) and axonal arborizations of each neuron innervating the area are colour coded. Scale bars, 200â€‰Î¼m. A histogram of the laminar innervation is shown (right). Note that cells with abrupt terminations outside the shown area were included in this analysis. Areas depicted are V1 (c), AL (d), LI (e), LM (f), PM (g) and POR (h). White-matter axons are not shown.


Extended Data Figure 7 Conclusions from fluorescence-based single-neuron tracing data hold true when the analysis is restricted to subset of target areas.
a, The projection patterns of reconstructed GFP-filled neurons when only the six target areas (LI, LM, AL, PM, AM and RL) are considered. Projection strengths are normalized to the maximum projection of each neuron, and only neurons projecting to at least one target area are shown. b, The distribution of target area numbers per projection neuron. c, The fraction of all cells projecting to each target area. d, The fraction of dedicated input per area. e, The number of times each binarized projection motif is observed. f, The fraction of broadcasting cells as a function of the minimum projection strength (relative to the primary target) that each area needs to receive to be considered a target. g, The fraction of broadcasting cells as a function of increasing buffer zones between areas within which axons are ignored, assuming a minimum projection of 1â€‰mm of axon per target area. h, The fraction of broadcasting cells as a function of the minimal amount of axon per area for it to be considered a target, assuming buffer zones of 100-Î¼m width. Black arrowheads indicate chosen buffer zones and minimal projection for analysis in the paper.


Extended Data Figure 8 Location of cell bodies in V1 as a function of their projection targets.
aâ€“l, Horizontal views of Allen Reference Atlas space are shown. The location of all traced V1 neurons are indicated as circles (cells with no abrupt terminations) or squares (cells with abrupt terminations). In each plot, the cells projecting to the highlighted higher visual area are coloured in solid blue. Target areas considered are A (a), AL (b), AM (c), ECT (d), LI (e), LM (f), P (g), PER (h), PM (i), POR (j), RL (k) and TEA (l). m, n, Quantification of cell body location in the rostrocaudal (m) and mediolateral (n) direction. Dotted lines indicate expected number of cells based on a bootstrapping procedure, for which we randomly selected neurons from the available positions to project to each area and repeated the process 10,000 times. P values were derived from the bootstrapping probability distribution and are indicated for projection targets significantly deviating from this expectation (Î±â€‰=â€‰0.05). P values below 10âˆ’4 are not exact and are therefore indicated as a range.


Extended Data Figure 9 MAPseq dissection strategy.
We identified the to-be-dissected higher visual areas by performing intrinsic imaging of visual cortex in response to stimuli at different positions in the contralateral visual field and mapping the resulting changes in intrinsic signals. a, A representative retinotopic map, with responses to the two 25Â° visual stimuli pseudocoloured in green and magenta (stimulus 1 position: 90Â° azimuth, 20Â° elevation; stimulus 2 position: 60Â° azimuth, 20Â° elevation). On the basis of this map, we fluorescently labelled retinotopically matched positions in the to-be-dissected cortical areas with a DiI stab (white circles). Putative borders between the higher visual areas are indicated with dashed lines for orientation. Scale bar, 1â€‰mm. nâ€‰=â€‰4 mice. b, The MAPseq virus injection site is discernible in consecutive frozen 180-Î¼m thick coronal sections, using GFP fluorescence. Scale bars, 1â€‰mm. c, DiI injections targeted to matched retinotopic positions in six target areas identified by intrinsic signal imaging. DiI epifluorescence images of each 180-Î¼m thick slice are shown, and dissected areas are labelled. Scale bars, 1â€‰mm.


Extended Data Figure 10 Clustering of MAPseq data and data summary.
a, b, Gap (a) and silhouette criteria (b) for k-means clustering of the MAPseq neurons as a function of the number of clusters. Black arrow heads indicate chosen number of clusters (kâ€‰=â€‰8). c, d, Centroids for alternative, near-optimal cluster number choices with kâ€‰=â€‰3 (c) and kâ€‰=â€‰5 (d). e, Hierarchical clustering results of the MAPseq dataset using a cosine distance metric. câ€“e, Colour intensity indicates projection strengths. f, g, Summary of single-neuron projections from V1. f, Cells targeting single higher visual areas (dedicated projection neurons) comprise the minority of layer-2/3 V1 projection neurons. Among the areas analysed by MAPseq, dedicated projection neurons predominantly innervate cortical areas LM or PM. g, Cells projecting to two or more areas (broadcasting projection neurons) are the dominant mode of information transfer from V1 to higher visual areas. In the six areas analysed by MAPseq, broadcasting neurons innervate combinations of target areas in a non-random manner, including those that are more or less abundant than expected by chance. Line width indicates the absolute abundance of each projection type as observed in the MAPseq dataset.
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        Editorial Summary
Cortical neurons connect widely
Studies of cortical connectivity have produced a rough diagram of how different brain areas are connected. However, the projection patterns of individual neurons and the logic behind this pattern organization are not known. Thomas Mrsic-Flogel and colleagues use anatomical tracing and DNA barcoding to elucidate the connectivity of individual neurons in the visual cortex of mice. Although some individual neurons target a single cortical area exclusively, most of them broadcast information widely to multiple targets. These findings argue against previous notions that information transfer in the cortex occurs from neurons to specific areas.
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