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            Abstract
The mammalian cortex is a laminar structure containing many areas and cell types that are densely interconnected in complex ways, and for which generalizable principles of organization remain mostly unknown. Here we describe a major expansion of the Allen Mouse Brain Connectivity Atlas resource1, involving around a thousand new tracer experiments in the cortex and its main satellite structure, the thalamus. We used Cre driver lines (mice expressing Cre recombinase) to comprehensively and selectively label brain-wide connections by layer and class of projection neuron. Through observations of axon termination patterns, we have derived a set of generalized anatomical rules to describe corticocortical, thalamocortical and corticothalamic projections. We have built a model to assign connection patterns between areas as either feedforward or feedback, and generated testable predictions of hierarchical positions for individual cortical and thalamic areas and for cortical network modules. Our results show that cell-class-specific connections are organized in a shallow hierarchy within the mouse corticothalamic network.
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                    Fig. 1: Cortical tracer experiments and network modularity.


Fig. 2: Corticocortical projection patterns by layer and class.


Fig. 3: Thalamocortical projection patterns by region and class.


Fig. 4: Corticothalamic projections from layers 5 and 6.


Fig. 5: Corticocortical and thalamocortical target lamination patterns.


Fig. 6: A hierarchical organization of areas and modules.



                


                
                    
                
            

            
                Data availability

              
              Data (including high-resolution images, segmentation, registration to CCFv3, and automated quantification of injection size, location, and distribution across brain structures) are available through the Allen Mouse Brain Connectivity Atlas portal (http://connectivity.brain-map.org/). Individual experiment summaries can be viewed using this link: http://connectivity.brain-map.org/projection/experiment/[insert experimental id]. Experimental ids are listed in Supplementary Table 2. In addition to visualization and search tools available at this site, users can download data using the Allen Brain Atlas API (http://help.brain-map.org/display/mouseconnectivity/API) and the Allen Brain Atlas Software Development Kit (SDK: http://alleninstitute.github.io/AllenSDK/connectivity.html). Through the SDK, structure and voxel-level projection data are available for download. Examples of code for common data requests are provided as part of the Mouse Connectivity Jupyter notebook to help users get started with their own analyses. Source data generated for this study are provided as Supplementary Tables as indicated throughout. Code and data files for hierarchical analyses are available through the Allen SDK and Github (https://github.com/AllenInstitute/MouseBrainHierarchy).

            

References
	Oh, S. W. et al. A mesoscale connectome of the mouse brain. Nature 508, 207â€“214 (2014).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sporns, O., Tononi, G. & KÃ¶tter, R. The human connectome: a structural description of the human brain. PLOS Comput. Biol. 1, e42 (2005).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zingg, B. et al. Neural networks of the mouse neocortex. Cell 156, 1096â€“1111 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Markov, N. T. et al. A weighted and directed interareal connectivity matrix for macaque cerebral cortex. Cereb. Cortex 24, 17â€“36 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bota, M., Sporns, O. & Swanson, L. W. Architecture of the cerebral cortical association connectome underlying cognition. Proc. Natl Acad. Sci. USA 112, E2093â€“E2101 (2015).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Scannell, J. W., Blakemore, C. & Young, M. P. Analysis of connectivity in the cat cerebral cortex. J. Neurosci. 15, 1463â€“1483 (1995).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Swanson, L. W., Hahn, J. D. & Sporns, O. Organizing principles for the cerebral cortex network of commissural and association connections. Proc. Natl Acad. Sci. USA 114, E9692â€“E9701 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bullmore, E. & Sporns, O. Complex brain networks: graph theoretical analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186â€“198 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rubinov, M., Ypma, R. J. F., Watson, C. & Bullmore, E. T. Wiring cost and topological participation of the mouse brain connectome. Proc. Natl Acad. Sci. USA 112, 10032â€“10037 (2015).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wang, Q., Sporns, O. & Burkhalter, A. Network analysis of corticocortical connections reveals ventral and dorsal processing streams in mouse visual cortex. J. Neurosci. 32, 4386â€“4399 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Swanson, L. W., Hahn, J. D., Jeub, L. G. S., Fortunato, S. & Sporns, O. Subsystem organization of axonal connections within and between the right and left cerebral cortex and cerebral nuclei (endbrain). Proc. Natl Acad. Sci. USA 115, E6910â€“E6919 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Felleman, D. J. & Van Essen, D. C. Distributed hierarchical processing in the primate cerebral cortex. Cereb. Cortex 1, 1â€“47 (1991).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rockland, K. S. & Pandya, D. N. Laminar origins and terminations of cortical connections of the occipital lobe in the rhesus monkey. Brain Res. 179, 3â€“20 (1979).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Riesenhuber, M. & Poggio, T. Hierarchical models of object recognition in cortex. Nat. Neurosci. 2, 1019â€“1025 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rockland, K. S. What do we know about laminar connectivity? Neuroimage 197, 772â€“784 (2019).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Markov, N. T. et al. Anatomy of hierarchy: feedforward and feedback pathways in macaque visual cortex. J. Comp. Neurol. 522, 225â€“259 (2014).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shepherd, G. M. G. Corticostriatal connectivity and its role in disease. Nat. Rev. Neurosci. 14, 278â€“291 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Harris, K. D. & Shepherd, G. M. G. The neocortical circuit: themes and variations. Nat. Neurosci. 18, 170â€“181 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sherman, S. M. Thalamus plays a central role in ongoing cortical functioning. Nat. Neurosci. 19, 533â€“541 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Usrey, W. M. & Sherman, S. M. Corticofugal circuits: communication lines from the cortex to the rest of the brain. J. Comp. Neurol. 527, 640â€“650 (2019).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jones, E. G. The Thalamus (Cambridge Univ. Press, 2007).

	Jones, E. G. Viewpoint: the core and matrix of thalamic organization. Neuroscience 85, 331â€“345 (1998).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	ClascÃ¡, F., Rubio-Garrido, P. & Jabaudon, D. Unveiling the diversity of thalamocortical neuron subtypes. Eur. J. Neurosci. 35, 1524â€“1532 (2012).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gong, S. et al. Targeting Cre recombinase to specific neuron populations with bacterial artificial chromosome constructs. J. Neurosci. 27, 9817â€“9823 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gerfen, C. R., Paletzki, R. & Heintz, N. GENSAT BAC cre-recombinase driver lines to study the functional organization of cerebral cortical and basal ganglia circuits. Neuron 80, 1368â€“1383 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Harris, J. A. et al. Anatomical characterization of Cre driver mice for neural circuit mapping and manipulation. Front. Neural Circuits 8, 76 (2014).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Daigle, T. L. et al. A suite of transgenic driver and reporter mouse lines with enhanced brain-cell-type targeting and functionality. Cell 174, 465â€“480.e22 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tasic, B. et al. Shared and distinct transcriptomic cell types across neocortical areas. Nature 563, 72â€“78 (2018).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Knox, J. E. et al. High-resolution data-driven model of the mouse connectome. Netw. Neurosci. 3, 217â€“236 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rubinov, M. & Sporns, O. Complex network measures of brain connectivity: uses and interpretations. Neuroimage 52, 1059â€“1069 (2010).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Minamisawa, G., Kwon, S. E., ChevÃ©e, M., Brown, S. P. & Oâ€™Connor, D. H. A Non-canonical feedback circuit for rapid interactions between somatosensory cortices. Cell Rep. 23, 2718â€“2731.e6 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, A. et al. Micro-optical sectioning tomography to obtain a high-resolution atlas of the mouse brain. Science 330, 1404â€“1408 (2010).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wang, Y., Ye, M., Kuang, X., Li, Y. & Hu, S. A simplified morphological classification scheme for pyramidal cells in six layers of primary somatosensory cortex of juvenile rats. IBRO Rep. 5, 74â€“90 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Phillips, J. W. et al. A repeated molecular architecture across thalamic pathways. Nat. Neurosci. https://doi.org/10.1038/s41593-019-0483-3 (2019).

	Huh, C. Y. L., Peach, J. P., Bennett, C., Vega, R. M. & Hestrin, S. Feature-specific organization of feedback pathways in mouse visual cortex. Curr. Biol. 28, 114â€“120.e5 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Coogan, T. A. & Burkhalter, A. Hierarchical organization of areas in rat visual cortex. J. Neurosci. 13, 3749â€“3772 (1993).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Crick, F. & Koch, C. Constraints on cortical and thalamic projections: the no-strong-loops hypothesis. Nature 391, 245â€“250 (1998).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Dâ€™Souza, R. D., Meier, A. M., Bista, P., Wang, Q. & Burkhalter, A. Recruitment of inhibition and excitation across mouse visual cortex depends on the hierarchy of interconnecting areas. eLife 5, e19332 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bohland, J. W. et al. A proposal for a coordinated effort for the determination of brainwide neuroanatomical connectivity in model organisms at a mesoscopic scale. PLOS Comput. Biol. 5, e1000334 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Han, Y. et al. The logic of single-cell projections from visual cortex. Nature 556, 51â€“56 (2018).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Economo, M. N. et al. A platform for brain-wide imaging and reconstruction of individual neurons. eLife 5, e10566 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Winnubst, J. et al. Reconstruction of 1,000 projection neurons reveals new cell types and organization of long-range connectivity in the mouse brain. Cell 179, 268â€“281.e13 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Halassa, M. M. & Sherman, S. M. Thalamocortical circuit motifs: a general framework. Neuron 103, 762â€“770 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Douglas, R. J. & Martin, K. A. C. Neuronal circuits of the neocortex. Annu. Rev. Neurosci. 27, 419â€“451 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	GÄƒmÄƒnuÅ£, R. et al. The mouse cortical connectome, characterized by an ultra-dense cortical graph, maintains specificity by distinct connectivity profiles. Neuron 97, 698â€“715.e10 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	HegdÃ©, J. & Felleman, D. J. Reappraising the functional implications of the primate visual anatomical hierarchy. Neuroscientist 13, 416â€“421 (2007).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Franklin, K. B. J. & Paxinos, G. The Mouse Brain in Stereotaxic Coordinates (Elsevier Academic, 2012).

	Kalatsky, V. A. & Stryker, M. P. New paradigm for optical imaging: temporally encoded maps of intrinsic signal. Neuron 38, 529â€“545 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Garrett, M. E., Nauhaus, I., Marshel, J. H. & Callaway, E. M. Topography and areal organization of mouse visual cortex. J. Neurosci. 34, 12587â€“12600 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ragan, T. et al. Serial two-photon tomography for automated ex vivo mouse brain imaging. Nat. Methods 9, 255â€“258 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Martersteck, E. M. et al. Diverse central projection patterns of retinal ganglion cells. Cell Rep. 18, 2058â€“2072 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kuan, L. et al. Neuroinformatics of the Allen mouse brain connectivity atlas. Methods 73, 4â€“17 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wang, Y. et al. Complete single neuron reconstruction reveals morphological diversity in molecularly defined claustral and cortical neuron types. Preprint at https://www.biorxiv.org/content/10.1101/675280v1 (2019).If ref. 53 (preprint) has now been published in final peer-reviewed form, please update the reference details if appropriate.

	Gong, H. et al. Continuously tracing brain-wide long-distance axonal projections in mice at a one-micron voxel resolution. Neuroimage 74, 87â€“98 (2013).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bria, A., Iannello, G., Onofri, L. & Peng, H. TeraFly: real-time three-dimensional visualization and annotation of terabytes of multidimensional volumetric images. Nat. Methods 13, 192â€“194 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wang, Y. et al. TeraVR empowers precise reconstruction of complete 3-D neuronal morphology in the whole brain. Nat. Commun. 10, 3474 (2019).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Oliveira, G. N., Torchelsen, R. P., Comba, J. L. D., Walter, M. & Bastos, R. Geotextures: a multi-source geodesic distance field approach for procedural texturing of complex meshes. 2010 23rd SIBGRAPI Conf. Graphics, Patterns and Images 126â€“133 (IEEE, 2010).

	Blondel, V. D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of communities in large networks. J. Stat. Mech. Theory Exp. 2008, P10008 (2008).
ArticleÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Bastian, M., Heymann, S. & Jacomy, M. Gephi: an open source software for exploring and manipulating networks. Intl AAAI Conf. Weblogs and Social Media 3, 361â€“362 (2009).

                    Google ScholarÂ 
                

	Jacomy, M., Venturini, T., Heymann, S. & Bastian, M. ForceAtlas2, a continuous graph layout algorithm for handy network visualization designed for the Gephi software. PLoS One 9, e98679 (2014).
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank the Animal Care, Transgenic Colony Management and Laboratory Animal Services teams for mouse husbandry and tissue preparation; all the members of the Neurosurgery and Behavior team for viral injections, including those not listed as authors: N. Berbesque, N. Bowles, S. Cross, M. Edwards, S. Lambert, W. Liu, K. Mace, N. Mastan, C. Nayan, B. Rogers, J. Swapp, C. White and N. Wong; H. Gu for cloning of the synaptophysinâ€“EGFP viral vector; E. Lee, F. Griffin and T. Nguyen for intrinsic signal imaging; and J. Royall and P. Lesnar for schematic figure preparation. This work was supported by the Allen Institute for Brain Science and, in part, by National Institutes of Health grants R01AG047589 to J.A.H and U01MH105982 and U19MH114830 to H.Z. We thank the Allen Institute founder, Paul G. Allen, for his vision, encouragement, and support.


Author information
Author notes	These authors contributed equally: Julie A. Harris, Stefan Mihalas.


Authors and Affiliations
	Allen Institute for Brain Science, Seattle, WA, USA
Julie A. Harris,Â Stefan Mihalas,Â Karla E. Hirokawa,Â Jennifer D. Whitesell,Â Hannah Choi,Â Amy Bernard,Â Phillip Bohn,Â Shiella Caldejon,Â Linzy Casal,Â Andrew Cho,Â Aaron Feiner,Â David Feng,Â Nathalie Gaudreault,Â Nile Graddis,Â Peter A. Groblewski,Â Alex M. Henry,Â Anh Ho,Â Robert Howard,Â Joseph E. Knox,Â Leonard Kuan,Â Jerome Lecoq,Â Phil Lesnar,Â Jennifer Luviano,Â Stephen McConoughey,Â Marty T. Mortrud,Â Maitham Naeemi,Â Lydia Ng,Â Seung Wook Oh,Â Benjamin Ouellette,Â Elise Shen,Â Staci A. Sorensen,Â Wayne Wakeman,Â Quanxin Wang,Â Yun Wang,Â Ali Williford,Â John W. Phillips,Â Allan R. Jones,Â Christof KochÂ &Â Hongkui Zeng

	University of Washington, Department of Applied Mathematics, Seattle, WA, USA
Hannah Choi

	Laboratory of Systems Neuroscience, National Institute of Mental Health, Bethesda, MD, USA
Charles R. Gerfen

	Wenzhou Medical University, Wenzhou, P. R. China
Xiuli KuangÂ &Â Yaoyao Li


Authors	Julie A. HarrisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stefan MihalasView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Karla E. HirokawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jennifer D. WhitesellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hannah ChoiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Amy BernardView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Phillip BohnView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shiella CaldejonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Linzy CasalView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andrew ChoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aaron FeinerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David FengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nathalie GaudreaultView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Charles R. GerfenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nile GraddisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peter A. GroblewskiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Alex M. HenryView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Anh HoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Robert HowardView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Joseph E. KnoxView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Leonard KuanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Xiuli KuangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jerome LecoqView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Phil LesnarView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yaoyao LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jennifer LuvianoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stephen McConougheyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Marty T. MortrudView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Maitham NaeemiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lydia NgView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seung Wook OhView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Benjamin OuelletteView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Elise ShenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Staci A. SorensenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Wayne WakemanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Quanxin WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yun WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ali WillifordView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	John W. PhillipsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Allan R. JonesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Christof KochView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hongkui ZengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Conceptualization: H.Z., J.A.H.Â and S. Mihalas. Supervision: H.Z., J.A.H., S. Mihalas, A.B., L.N., N. Gaudreault, P.A.G., J. Lecoq, S.A.S., J.W.P., A.R.J.Â and C.K. Project administration: S. McConoughey, S.W.O.Â and W.W. Investigation, validation, methodology and formal analyses: J.A.H., S. Mihalas, K.E.H., H.C., J.D.W, J.E.K., P.B., S.C., L.C., A.C., A.F., N. Gaudreault, N. Graddis, C.R.G., P.A.G., A.M.H., A.H., R.H., L.K., X.K., J. Lecoq, J. Luviano, P.L., Y.L., M.T.M., M.N., L.N., B.O., E.S., S.A.S., Q.W., A.W.Â and Y.W. Data curation: J.A.H., K.E.H., J.D.W., P.B., S.C., A.M.H., B.O.Â and W.W. Visualization: J.A.H., K.E.H., J.D.W., H.C., L.N., D.F., S. Mihalas, M.N.Â and Y.W. The original draft was written by J.A.H. with input from K.E.H., J.D.W, S. Mihalas, H.C., Q.W., C.K. and H.Z. All co-authors reviewed the manuscript.
Corresponding author
Correspondence to
                Julie A. Harris.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Peer review information Nature thanks Claus Hilgetag, Moritz Helmstaedter and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.


Extended data figures and tables

Extended Data Fig. 1 Similarity of connection strengths by distance, virus, hemisphere, and Emx1-IRES-Cre or C57BL/6J mice.
aâ€“d, Most experiments were done with the Cre-dependent rAAV tracer, rAAV2/1.pCAG.FLEX.EGFP.WPRE. A subset of left hemisphere injections had a duplicate injection of rAAV with a synaptophysinâ€“EGFP fusion transgene in place of the cytoplasmic EGFP (rAAV2/1.pCAG.FLEX.SypEGFP.WPRE). This tracer allowed us to address whether labelling presynaptic terminals would improve the accuracy with which we could quantify target connection strength, particularly in brain regions that contain mostly fibres of passage. Data consisted of nÂ =Â 275 experiments (137 EGFP, 138 SypEGFP). These were matched across Cre lines and areas, and represent nÂ =Â 8 Cre lines and nÂ =Â 26 cortical areas. For pairs of spatially matched experiments, the average projection strength (log10-transformed NPV) measured across the entire brain was lower in SypEGFP than in EGFP experiments (~0.8 log unit when <500Â Î¼m apart). However, brain-wide projection values were still highly and significantly correlated. Thus, we included the SypEGFP data sets when indicated for analyses of connectivity patterns from given source areas (but only in comparison with other SypEGFP data sets). a, Spearman correlation coefficients (r) of normalized projection volumes for all possible pairs of injections (different and same tracer, all in the same Cre line) plotted against the distance between the injection centroids. Linear regressions showed a significant negative slope (PÂ <Â 0.0001) with r decreasing as distance between injections increased. b, r plotted for injections within 500Â Î¼m of each other; slopes were not significantly different from zero and means were not significantly different from each other. Average and s.d. for each group is shown by the large symbols on the left (EGFP vs EGFP: 0.81Â Â±Â 0.056, SypEGFP vs SypEGFP: 0.79Â Â±Â 0.064, SypEGFP vs EGFP: 0.79Â Â±Â 0.071). c, Quantitative differences in projection strengths measured between replicates with the same virus and between SypEGFP and EGFP (logNPV(EGFP)Â âˆ’Â logNPV(SypEGFP) injections, all <500Â Î¼m apart in the same Cre line (nÂ =Â 133 within virus and 222 between virus comparisons). Boxplots show median, IQR, minimum and maximum values; + indicates mean. d, Maximum intensity projections from four experiments within 500Â Î¼m of each other illustrate overall similarities between replicate injections and tracers (r shown for each pair). Injections targeted primary visual cortex (VISp) in Emx1-IRES-Cre mice using either EGFP or SypEGFP tracers as indicated. eâ€“g, Injections into Emx1-IRES-Cre mice were made into visual areas on the left hemisphere, whereas all C57BL/6J mice received injections into the right hemisphere. Following registration to the CCF, which is a symmetric atlas, we identified three pairs of experiments in which the injection centroids were <500Â Î¼m apart after we flipped injection site coordinates from the left to the right. Cortical projections were visually similar across both lines and hemispheres, and cortical connectivity strengths (to the 86 cortical targets) from these individual experiments (normalized projection volumes) were positively and strongly correlated as indicated. Thus, in Fig. 2 we merged the Emx1 and C57BL/6J data to represent connection strengths from all layers and classes, and in some of the â€˜anchorâ€™ groups we used data from both left and right hemisphere injections.


Extended Data Fig. 2 Characterization of cortical projection neuron classes and layer selectivity across mouse lines.
a, Brain-wide projection patterns were visually inspected for every experiment and manually classified into one of six categories on the basis of projections to ipsilateral and contralateral cortex, striatum, thalamus, and midbrain, pons or medulla structures as described for IT, PT, and CT classes. bâ€“d, Unsupervised hierarchical clustering (using Euclidean distance and average linkage) of projection weights validates and reveals major classes of cortical projection neurons. b, Each column of the heat map shows one of the 1,081 injection experiments. Colours in the â€˜manual PNâ€™ class are coded as in c for projection class. Rows show selected major brain regions that distinguish known classes of projection neurons. Values in each cell are the fractions of total brain projection volume in the given region. The dendrogram was split into nine clusters, with two subclusters identified post-hoc for cluster 5. The numbers of experiments per cluster were: 1, nÂ =Â 24; 2, nÂ =Â 4; 3, nÂ =Â 204; 4, nÂ =Â 158; 5a, nÂ =Â 148; 5b, nÂ =Â 230; 6, nÂ =Â 174; 7, nÂ =Â 12; 8, nÂ =Â 16; 9, nÂ =Â 111. The numbers of experiments per projection class were: CT, nÂ =Â 119; IT, nÂ =Â 342; IT PT, nÂ =Â 158; IT PT CT, nÂ =Â 189; local, nÂ =Â 100; PT, nÂ =Â 173. c, The relative frequency of experiments from manually assigned projection classes within each cluster is shown. There was significant enrichment of 1, or 2 related, classes in each cluster (dots; Fisherâ€™s exact t-test, PÂ <Â 0.01). d, Maximum intensity projections of GFP-labelled axons across the brain from one example per cluster. e, Characterization of layer selectivity in wild-type mice and 14 Cre lines derived from injection experiments. Number of experiments per line is listed in Supplementary Table 1. For every injection and line, we assessed layer selectivity on the basis of the manually annotated injection sites. Polygons were drawn around every injection site so that, after registration to the CCF, injection volume in each layer could be informatically derived. A layer-selectivity index was calculated for each experiment (the fraction of the total injection volume contained in each layer, scaled by the relative volume of each layer in the injection source region, because layer volumes differ by area). Plots show individual data points and the average layer selectivity index Â±Â 95% confidence intervals (in black) for the set of 15 mouse lines. Red lines in each Cre graph show average values from C57BL/6J experiments. Red lines in the C57BL/6J graph are averages from the Emx1-IRES-Cre experiments, which also labels cells across all layers. There is a bias towards L5 neuron infection in both C57BL/6J and Emx1-IRES-Cre mice, highlighting the importance of using layer-selective Cre lines for better coverage of cortical outputs.


Extended Data Fig. 3 Computationally removing the distance dependence of connection weights alters the modular structure of the cortex.
To test the degree to which the spatial proximity of regions affects modularity analysis, we used a power law to fit the distance component of our ipsilateral CC connectivity matrix29. Then, we repeated our modularity analysis on the â€˜distance-subtractedâ€™ matrix built from these residuals. a, Weighted connectivity matrix for 43 cortical areas showing the value of the residuals from a power law to fit the distance component. Rows are sources, columns are targets. Colours on the rows indicate distance-subtracted community structure with varying levels of resolution (Î³Â =Â 0.5â€“1.5 on the y-axis, Î³Â =Â 0.8 only on the top portion of the x-axis). Columns are coloured by their module affiliation in the distance-subtracted matrix above their module affiliation in the original matrix (Fig. 1e). The inset in the top left corner shows the modularity metric (Q) for each level of Î³, along with the Q value for a shuffled network containing the same weights. The Q values for modularity in the distance-subtracted matrix were smaller than for the original cortical matrix (for example, 0.2754 versus 0.4638 at Î³Â =Â 0.8) and the range of values for which Q was greater than Qshuffled was narrower (0.7Â â‰¤Â Î³Â â‰¤Â 1.7), but some modules were still present in the distance-subtracted cortical connectivity matrix. The difference between Q and Qshuffled was greatest for Î³Â =Â 0.8. The first distance-subtracted module was comprised of the entire somatomotor module, most of the lateral module, and two regions from the prefrontal module. The second distance-subtracted module contained the visual, auditory, and medial modules, plus most of the prefrontal module and one region from the lateral module (temporal association area). Notably, these modules were like those reported by Rubinov et al.9. As Î³ increased past 1.0, regions began to split from the two large modules in small groups that generally did not reflect the original divisions, except for the auditory areas. b, Ipsilateral cortical network in 2D using a force-directed layout algorithm. Nodes are colour coded by module. Edge thickness shows residual values and edges between modules are coloured as a blend of the module colours. c, Cortical regions colour-coded by their distance-subtracted community affiliation at Î³Â =Â 0.8 show spatial relationships.


Extended Data Fig. 4 Whole-brain single-neuron reconstructions reveal L4 IT projections.
a, L4 neurons are classified into at least three morphological types as shown. b, Image shows sparse labelling of L2/3 and L4 neurons in the tamoxifen-inducible Cux2-IRES-CreERT2 driver crossed with the Ai166 reporter and using a low dose of tamoxifen via oral gavage for 1 day. L4 neurons were identified on the basis of their apical dendrite and local axons, using additional anatomical context when possible. Reconstruction was performed using Vaa3D-TeraVR on the high-resolution whole-brain image stack (composed of more than 10,000 images, resolution xÂ Ã—Â yÂ Ã—Â z: 0.3 Ã— 0.3 Ã— 1Â Î¼m) acquired with a two-photon fMOST system. c, We identified 25 L4 neurons for complete morphological reconstruction of dendrites and axons for three cell types and three cortical areas. In this Cre line at least, spiny stellate cells (SSCs) were most frequently identified. d, Dorsal surface view shows the CC projection patterns from three anterograde tracer experiments into the predominantly L4 Cre lines for somatosensory cortex (SSp-m), visual cortex (VISp) and auditory cortex (AUD). eâ€“k, Each panel shows two examples of reconstructed cells of the same L4 type in somatosensory, visual or auditory cortex. Local morphology for each cell is shown in the inset. Arrowheads indicate axon clusters outside local region. Red,Â axon; blue,Â basal dendrite; black,Â apical dendrite. Consistent with canonical descriptions, we found SSCs in the somatosensory cortex that had only local axon clusters (e). However, even in these cases, we frequently observed what appeared to be an aborted axon branch (no terminal cluster found; long arrow). We also found SSCs in somatosensory cortex that did have clear axon clusters in nearby areas (g), and, in auditory cortex, SSCs projected even to the opposite hemisphere (f). hâ€“k, Although we identified fewer tufted pyramidal (TPC) and untufted pyramidal (UPC) cell types in this experiment, for both types we still found cells with near and long-range projections.


Extended Data Fig. 5 Locations and cortical projection patterns from thalamic tracer experiments.
a, Locations of the thalamic tracer injection centroids (blue dots) mapped onto virtual 2D coronal planes from the Allen CCFv3. To minimize the number of sections shown, all centroids are mapped within 200Â Î¼m of their original location. See Supplementary Table 1 (thalamus tab) for more details on Cre lines and coverage. b, Example TC projections are shown in a flat map view of the ipsilateral cortical hemisphere for different thalamic nuclei arranged by the clusters identified in Fig. 3 and related to cortical modules. Most thalamic clusters projected primarily to a single module (Fig. 3c), but some thalamic regions projected across multiple modules (for example, anteroventral nucleus (AV), ventral anterior-lateral complex (VAL), parafascicular nucleus (PF), and central lateral nucleus (CL)), or projected strongly to both prefrontal and another module; for example, somatomotor (mediodorsal nucleus (MD)-1, ventral medial nucleus (VM)), lateral (paraventricular nucleus (PVT), MD-2, parataenial nucleus (PT)) or medial regions (nucleus of reuniens (RE), anteromedial nucleus (AM)).


Extended Data Fig. 6 Comparison of corticothalamic projection strengths derived from EGFP and SypEGFP tracer experiments.
aâ€“d, Maximum intensity projections from four experiments within 500Â Î¼m of each other targeting VISp (same experiment labelled VISp-3 below) using either EGFP or SypEGFP tracers in the Rbp4-Cre_KL100 (L5) or Ntsr1_Cre_GN220 (L6) line as indicated. aâ€²â€“dâ€², Coronal STPT images near the centre of the densest terminal zone in LGd show axon and presynaptic terminal labelling in LGd and other thalamic targets, including the ventral lateral geniculate (LGd, LGv), the intergeniculate leaflet (IGL) and the lateral posterior nucleus (LP). The anterior pretectal nucleus (APN) in the midbrain is also indicated. SypEGFP labelling is more punctate and has less fluorescence in axons and fibre tracts. aâ€²â€²â€“dâ€²â€², Coronal STPT images near the centre of one of the densest terminal zones in the middle of LP. aâ€²â€²â€²â€“dâ€²â€²â€², Coronal STPT images near the centre of the second densest terminal zone in the anterior part of LP. This image also contains a portion of the terminal zone in the lateral dorsal nucleus (LD). eâ€“h, Directed, weighted, connectivity matrices (11 Ã— 44) showing log10-transformed normalized projection volumes for the Cre lines representing CT projections labelled from layers 5 (e, f) or 6 (g, h) with EGFP or SypEGFP tracer as indicated. True negatives (including passing fibres) at the regional level were masked and coloured dark grey. The colour map is the same as in Fig. 4. The matrix shows relative differences for connections originating from L5 versus L6 (L5Â âˆ’Â L6/L5Â +Â L6) for EGFP-based measures (i) and SypEGFP-based measures (j). k, Normalized projection strengths for CT targets (nÂ =Â 484) were significantly correlated from matched cortical locations between EGFP and SypEGFP tracers for both Cre lines (Spearman rÂ =Â 0.71, 0.73; PÂ <Â 0.0001). On average, EGFP CT NPVs were ~0.5 log unit larger than SypEGFP for Rbp4 experiments, but were not different for the Ntsr1 line. l, Normalized projection strengths for CT targets (nÂ =Â 484) contacted by L5 or L6 cortical neurons in matched injection locations were also significantly correlated for both EGFP and SypEGFP tracers (Spearman rÂ =Â 0.51, 0.60; PÂ <Â 0.0001), although more weakly than for the same line between viruses. Specific connections with different fibre to terminal ratios are coloured by source module (light blue,Â from VISp; orange,Â from SSp; dark blue,Â from RSPagl). m, Relative differences in projection strength to LP and LGd are plotted from nÂ =Â 6 VISp injection experiments (VISp-1 to VISp-6 in matrix rows above) for each Cre line and viral tracer. n, Relative difference ratios calculated for L5 to L6 using EGFP are plotted against those obtained using SypEGFP (nÂ =Â 484 CT connections, nÂ =Â 278 above threshold). There is a significant correlation (Spearman rÂ =Â 0.68, PÂ <Â 0.0001). Specific connections are coloured by source module (from l) and labelled with the target.


Extended Data Fig. 7 Validation of informatics-processing steps: CCF registration and quantification from segmentation.
aâ€“c, To determine the precision of the registration process on which we rely here for quantification of signal by layer in the cortex, we manually delineated layers 1 to 6b, using background fluorescence in coronal STPT images, for nÂ =Â 9 cortical areas (ACAd, ORBvl, AId, PERI, SSp-bfd, MOp, VISp, RSPd, and AUDp; see Supplementary Table 3) in nÂ =Â 4 mice per region. We then quantified the percentage of voxels within each manually annotated layer that were assigned to all cortical layers following automated registration to the CCFv3. a, A confusion matrix show the mean percentage of overlapping voxel labels averaged across these areas (individual region data in Supplementary Table 7). b, c, Boxplots show the median and mean (indicated with +); whiskers show the minimumâ€“maximum range for the percentage overlap for individual experiments (b) or cortical areas (c, coloured dots). Across these cortical areas, the average percentage overlap ranged from 86 to 96% of voxels appropriately registered for all layers, except for L6b, which was not included in subsequent layer quantifications. For some areas and layers, the precision was worse than others; for example, while 66% of voxels were appropriately assigned to L2/3 in ACAd, the remaining 34% were assigned to neighbouring L5. In ORBvl, only 51% of voxels were appropriately labelled for L6a. Note, however, that delineating layer 5 from L6a in ORBvl in coronal sections using just background fluorescence was very difficult even for experienced anatomists, so some of the imprecision may in fact come from the manual drawing. Even with these exceptions noted, in all cases a large majority of voxels were registered and assigned correctly. d, e, Frequency distributions of informatically derived quantification for manually verified true negative and positive targets. d, The numbers of log10-transformed normalized projection values are plotted for all CC and TC targets manually verified as true negative (nÂ =Â 24,272) or true positive (nÂ =Â 12,921). Most true positive values were between log10Â =Â âˆ’4 and log10Â =Â 1. At log10Â =Â âˆ’1.5 (red arrow), 639 true negatives remained (2.6%), while 7,100 true positives were still included (54.9%), resulting in a false positive rate of 8.3% at this threshold level. e, Numbers of log10-transformed normalized projection values plotted for all CC and TC targets manually verified as true negative (nÂ =Â 15,789) or true positive (nÂ =Â 4,503). At log10Â =Â âˆ’2.5 (red arrow), 362 true negatives remained (2.3%), while 3,335 true positives were still included (74.1%), resulting in a false positive rate of 9.8% at this threshold level.


Extended Data Fig. 8 CC projection patterns by layer and class between reciprocally connected areas with known hierarchy.
a, In the visual module, VISp and VISal (see Supplementary Table 3) are reciprocally connected (black line). VISp is the de facto bottom of visual cortex hierarchy. The output to VISal from VISp is feedforward (FF). The reciprocal connection (VISal to VISp) is feedback (FB). In the FF direction (top), VISp projections from L2/3, L4, and L5 IT projections were densest in L2/3â€“L5 of VISal, and relatively sparse in L1 and L6 (cluster 4). Rbp4 projections from VISp to VISal were densest in L4 and L6, with moderate levels in L2/3 (cluster 8). L5 PT and L6 CT cells projected, albeit sparsely, to L1 and L5 (cluster 2). In the FB direction (bottom), L2/3 IT axons were broadly distributed across layers, with a sparser region in L5 (cluster 6). VISal L4 IT cells projected noticeably more weakly to VISp (as opposed to the panel above), and terminated with a different pattern (L1 and L5/6, cluster 6). L5 IT cells projected densely to superficial layers in VISp (cluster 1). Rbp4 axons were dense in L1 and deep layers (cluster 6). Projections from L5 PT and L6 CT cells were also sparse, but present in L1 and L6 (cluster 6). b, In the somatomotor module, SSp-bfd and SSs cortex are reciprocally connected. SSp-bfd to SSs is FF; the reverse is FB. In the FF direction (top), L2/3 and L4 IT cells preferentially innervate L2/3â€“L5, with relatively fewer terminals in L1 and L6 (clusters 3 and 4). L5 IT projections densely innervate L1 and L2/3 (cluster 1). Rbp4 projections were densest in L4 and L6, with moderate levels in L2/3 (cluster 8). L5 PT and L6 CT cell projections were sparse, and to L1 and/or deep layers (cluster 2 and 6). In the FB direction (bottom), the patterns looked remarkably like FB projections from VISal to VISp. Note again the strong connection originating from L4 cells only in the FF direction. c, VISp (in the visual module) and ACAd (in the prefrontal module) are reciprocally connected. ACAd exerts top-down control of VISp activity (FB); the reverse (VISp to ACAd) is considered FF. In the FF direction (top), L2/3, L4, and L5 cells all preferentially innervate L1 (cluster 1). In the FB direction (bottom), L2/3 cells also predominantly terminate in L1, but L5 cells project to both L1 and deep layers (L5 and L6, cluster 6). Note also there is a potentially significant sub-layer distinction; axons from VISp to ACAd are relatively deeper in L1 (or at the border of L1 and L2/3) of ACAd, compared to the more superficial termination of ACAd axons in L1 of VISp. All panels: overall, FF projections are more often in clusters 1, 4, and 8, and FB projections in cluster 6. Cluster assignments are indicated in each panel; n/a indicates that the connection was either absent or below threshold for clustering. Areas in each module are shown in a top down cortex view and the network as a force-directed layout (edgesÂ denoteÂ normalized connection density from Fig. 1e). STPT images in the approximate centre of each target region show the laminar distribution of axons arising from labelled neurons in the different Cre lines. Images are rotated so that the pial surface is always at the top of each panel.


Extended Data Fig. 9 TC and CT projection patterns and rules between reciprocally connected areas.
a, Schematic summarizes observed projection patterns between core thalamic nuclei (blue circle) and their reciprocally connected cortical targets (L1â€“L6 colour coded). Laminar patterns are from Fig. 5g. STPT images of labelled axon terminals between three pairs of core nuclei and primary sensory cortex that perfectly follow rules in both directions. In the FF direction (LGd to VISp, VPL to SSp-ll, VPM to SSp-n), projections are dense in L4 or L4 and L6 (clusters 4, 8). In the FB direction, CT projections predominantly arise from L6. b, Schematic summarizes observed projection patterns between matrix-focal thalamic nuclei (orange circle) and their reciprocally connected cortical targets. STPT images of reciprocal connections between PT and ILA, MD and ORBl, and MD and AId illustrate the schematized rules. Projections from these thalamic nuclei belong to clusters with relatively fewer L1 axons (FF-like, clusters 3, 7, 9). The reciprocal CT input is also stronger from L6 (FB), like the core nuclei above. c, Three schematics are shown to summarize observed projection patterns between matrix-multiareal thalamic nuclei (red circles) and their reciprocally connected cortical targets. The top schematic shows dense TC projections to L1 (FB) with CT projections originating from L5 (FF). The middle schematic (with relevant example images boxed) shows reciprocal connection patterns in which TC projections target mid-layers (FF-like) and the reciprocal CT input is stronger from L6 (FB). The bottom schematic shows the same TC projection pattern as the top schematic, but with CT projections originating approximately equally from L5 and L6. STPT images show reciprocal connections between multiarea-matrix thalamic regions LP, PO, RE, and VM to three cortical targets each. Some regions have target-specific projections that are either FF or FB. For example, different from the LP-to-VISp projection (FB), axons from LP to VISam and ACAd target mid-layers as opposed to L1 (clusters 8 and 5, FF), and the reciprocal connection arises more from L6 (typical for FB). Projections from PO, RE, and VM to all three cortical targets are consistent with a FB projection (denser terminations in L1 and either L5 or L6 (clusters 2 and 6). Reciprocal CT projections originate from L5 or, both L5 and L6. We did not see CT input arising equally from both layers or more from L5 when the reciprocal TC projection was considered FF, consistent with the â€˜no-strong-loopsâ€™ hypothesis37. All panels: overall, FF projections from core thalamic regions are in clusters 4 and 8. FB projections from matrix-multiareal thalamic regions are in clusters 2 and 6, like CC FB. The matrix-focal results support the notion that patterns with relatively less L1 involvement (3, 5, 7, 9) are FF, particularly given the strong reciprocal input observed from L6. STPT images are from the approximate centre of the axon termination field for each target region. Cortex images were rotated so that the pial surface is at the top. Cluster assignments (for TC) are indicated in each panel. Text labels above image show FF and FB direction based on relative position in Fig. 6. Dashed lines indicate region borders.


Extended Data Fig. 10 Robustness of the hierarchical organization results.
We constructed multiple hierarchies using only C57BL6/J and Emx1-IRES-Cre experiments (WT) or Cre data without the Cre line confidence measure to compare with results in Fig. 6. The hierarchical position of each area \({H}_{i}^{0}\)and the CCÂ global hierarchy score hCC are defined as in Eqs. (4, 5) inÂ Methods, but with the same confidence for all lines, that is, conf(T)Â =Â 1 for all Cre lines (T). a, b, In both cases, connection types 2 and 6 are assigned to one direction (feedback), while other clusters are grouped to the opposite direction (feedforward). Cluster 7 was not identified in the WT data set. c, CT connections were also classified as in Fig. 6b for the Cre data. CT connections were not included for WT as these are exclusively defined by Cre lines. d, e, Global hierarchy scores from the original, observed data, and the distributions of hierarchy scores obtained from shuffled data sets (nÂ =Â 100) are shown for CC connections only (green), compared to scores obtained when TC and CTÂ connections are sequentially included (pink, blue). The upper bound scores for an artificially perfect hierarchy using the WT data sets (e) are 0.630 for CC and 0.601 for CCÂ +Â TC connections. f, z-scores were calculated for the global hierarchy scores compared to shuffled data for each of the three versions of cortical hierarchy (CC, CCÂ +Â TC, CCÂ +Â TCÂ +Â CT). The highest z-scores were observed when using Cre line confidence weighting (compared to those with no confidence weighting or wild type data only). g, Predicted hierarchical positions of 37 cortical and 24 thalamic areas based on CC, CCÂ +Â TC, or CCÂ +Â TCÂ +Â CT connections. Areas are ordered in each panel by the scores obtained using Cre line data with confidence weighting (Cre conf, black circles). Scores from Cre line data without confidence weighting (grey circles) and scores from wild type/Emx1-IRES-Cre data (open circles) are plotted for direct comparison. y-axis labels are colour coded by module assignment (for cortical areas). h, Robustness of the cortical hierarchy (w/ Cre conf) against individual Cre lines and projection classes. Left, Spearman rank correlation coefficients between the CC and CCÂ +Â TC hierarchy with nÂ =Â 13 layer- or class-specific Cre lines included versus each of the Cre lines removed. Right, results when data from Cre lines with the same layer and class were removed together. Removal of these lines and classes produced relatively minor deviations from the overall hierarchy determined with all data. Note that in both panels the y-axis starts at rÂ =Â 0.85. For all lines and classes, the correlation with the hierarchy using the complete data set is very high. The lowest correlations occurred following removal of Cux2-IRES-Cre, Rbp4-Cre_KL100, and Tlx3-Cre_PL56.
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Supplementary Table 1
.Complete table of all Cre lines and source areas included from cortical and thalamic experiments of the Allen Mouse Brain Connectivity Atlas.


Supplementary Table 2
.Complete table of all individual experiments with metadata that can be used to access data through the Allen SDK (http://alleninstitute.github.io/AllenSDK/connectivity.html).


Supplementary Table 3
.Abbreviations and full structure names for all isocortical and thalamus areas in the Allen Mouse Brain Common Coordinate Framework, version 3 (CCFv3).


Supplementary Table 4
.Corticocortical connectivity matrices. Three tabs containing (1) all anchor group experiments and metadata, (2) cortico-cortical normalized projection volumes (NPV) and manual checks for true positives, and (3) formatted data matrices from Fig. 2 with each row and column labeled with source, target, and experiment id, and including Cre lines not shown in Fig. 2.


Supplementary Table 5
.Thalamocortical connectivity matrices. Two tabs containing (1) thalamo-cortical normalized projection volumes (NPV) and manual checks for true positive signal, and (2) formatted data matrix as shown in Fig. 3 with each row and column labeled with source, target, and experiment id.


Supplementary Table 6
.Corticothalamic connectivity matrices. Three tabs that contain (1) cortico-thalamic normalized projection volumes (NPV) and manual checks for true positive signal, (2) formatted data matrices as shown in Fig. 4 with each row and column labeled with source, target, and experiment id, including Cre lines not shown in Fig. 4, and (3) L5 and L6 difference matrix values and labels from Fig. 4.


Supplementary Table 7
.Confusion matrices from all nine cortical areas analyzed to measure registration precision of manually annotated layers into the CCFv3.


Supplementary Table 8
.Relative laminar density data and cluster assignments of the 7,063 source-line-target values which passed our applied filters as described in Results and were included in Fig. 5a.


Supplementary Table 9
.Two tabs containing (1) corticothalamic normalized projection volumes (NPV) from L5 and L6 Cre lines and results of LDA classification for Cre line confidence and no confidence weighting from Fig. 6b and Extended Data Fig. 10c, and (2) hierarchy scores for all cortical and thalamic regions using CC, CC+TC, and CC+TC+CT connections, and for Cre lines with and without confidence, and the wild type (all layers) dataset from Fig. 6d and Extended Data Fig. 10g.





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Harris, J.A., Mihalas, S., Hirokawa, K.E. et al. Hierarchical organization of cortical and thalamic connectivity.
                    Nature 575, 195â€“202 (2019). https://doi.org/10.1038/s41586-019-1716-z
Download citation
	Received: 16 April 2018

	Accepted: 24 September 2019

	Published: 30 October 2019

	Issue Date: 07 November 2019

	DOI: https://doi.org/10.1038/s41586-019-1716-z


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Behavior-relevant top-down cross-modal predictions in mouse neocortex
                                    
                                

                            
                                
                                    	Shuting Han
	Fritjof Helmchen


                                
                                Nature Neuroscience (2024)

                            
	
                            
                                
                                    
                                        Macroscale coupling between structural and effective connectivity in the mouse brain
                                    
                                

                            
                                
                                    	Danilo Benozzo
	Giorgia Baron
	Alessandra Bertoldo


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        The secondary somatosensory cortex gates mechanical and heat sensitivity
                                    
                                

                            
                                
                                    	Daniel G. Taub
	Qiufen Jiang
	Clifford J. Woolf


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        A Novel Retrograde AAV Variant for Functional Manipulation of Cortical Projection Neurons in Mice and Monkeys
                                    
                                

                            
                                
                                    	Yefei Chen
	Jingyi Wang
	Zhonghua Lu


                                
                                Neuroscience Bulletin (2024)

                            
	
                            
                                
                                    
                                        Carboxyl truncation of Î±-synuclein occurs early and is influenced by human APOE genotype in transgenic mouse models of Î±-synuclein pathogenesis
                                    
                                

                            
                                
                                    	Grace M. Lloyd
	Brooke Long
	Benoit I. Giasson


                                
                                Acta Neuropathologica Communications (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








