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            Abstract
Understanding the function of a tissue requires knowing the spatial organization of its constituent cell types. In the cerebral cortex, single-cell RNA sequencing (scRNA-seq) has revealed the genome-wide expression patterns that define its many, closely related neuronal types, but cannot reveal their spatial arrangement. Here we introduce probabilistic cell typing by in situ sequencing (pciSeq), an approach that leverages previous scRNA-seq classification to identify cell types using multiplexed in situ RNA detection. We applied this method by mapping the inhibitory neurons of mouse hippocampal area CA1, for which ground truth is available from extensive previous work identifying their laminar organization. Our method identified these neuronal classes in a spatial arrangement matching ground truth, and further identified multiple classes of isocortical pyramidal cell in a pattern matching their known organization. This method will allow identifying the spatial organization of closely related cell types across the brain and other tissues.
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                    Fig. 1: Detection of 99 genes in a mouse brain coronal section.


Fig. 2: Cell-type map of CA1 from an example experiment (experiment 4-3, right hemisphere).


Fig. 3: Validation of cell calling.



                


                
                    
                
            

            
                Data availability


Analysis files are available at https://doi.org/10.6084/m9.figshare.7150760.v1 and an interactive online viewer is at http://insitu.cortexlab.net. The raw image files are available from corresponding authors upon reasonable request. Source data for Figs. 1–3 are presented with the paper.



Code availability


Code of the ProMMT algorithm for gene selection is available at https://github.com/cortex-lab/Transcriptomics. Code for probe design is available at https://github.com/Moldia/multi_padlock_design. MATLAB code for image analysis and cell typing is available at https://github.com/kdharris101/iss. A Python version of the cell-calling algorithm, designed to work with StarFISH data standards, is available at https://github.com/acycliq/cell_call. All custom code is freely accessible.



References
	Lein, E., Borm, L. E. & Linnarsson, S. The promise of spatial transcriptomics for neuroscience in the era of molecular cell typing. Science 358, 64–69 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Zeisel, A. et al. Brain structure. Cell types in the mouse cortex and hippocampus revealed by single-cell RNA-seq. Science 347, 1138–1142 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Tasic, B. et al. Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nat. Neurosci. 19, 335–346 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Cembrowski, M. S., Wang, L., Sugino, K., Shields, B. C. & Spruston, N. Hipposeq: a comprehensive RNA-seq database of gene expression in hippocampal principal neurons. eLife 5, e14997 (2016).
Article 
    
                    Google Scholar 
                

	Paul, A. et al. Transcriptional architecture of synaptic communication delineates GABAergic neuron identity. Cell 171, 522–539 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Harris, K. D. et al. Classes and continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics. PLoS Biol. 16, e2006387 (2018).
Article 
    
                    Google Scholar 
                

	Tasic, B. et al. Shared and distinct transcriptomic cell types across neocortical areas. Nature 563, 72–78 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Zeisel, A. et al. Molecular architecture of the mouse nervous system. Cell 174, 999–1014 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Shah, S., Lubeck, E., Zhou, W. & Cai, L. In situ transcription profiling of single cells reveals spatial organization of cells in the mouse hippocampus. Neuron 92, 342–357 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Cembrowski, M. S. & Spruston, N. Integrating results across methodologies is essential for producing robust neuronal taxonomies. Neuron 94, 747–751 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Shah, S., Lubeck, E., Zhou, W. & Cai, L. seqFISH accurately detects transcripts in single cells and reveals robust spatial organization in the hippocampus. Neuron 94, 752–758 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Freund, T. F. & Buzsaki, G. Interneurons of the hippocampus. Hippocampus 6, 347–470 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Pelkey, K. A. et al. Hippocampal GABAergic inhibitory interneurons. Physiol. Rev. 97, 1619–1747 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Somogyi, P. Hippocampus: intrinsic organization. in Handbook of Brain Microcircuits (Eds. Shepherd, G. M. & Grillner, S.) (Oxford Univ., 2010).

	Wang, X et al. Three-dimensional intact-tissue sequencing of single-cell transcriptional states. Science 361, eaat5691 (2018).
Article 
    
                    Google Scholar 
                

	Moffitt, J. R et al. Molecular, spatial and functional single-cell profiling of the hypothalamic preoptic region. Science 362, eaau5324 (2018).
Article 
    
                    Google Scholar 
                

	Codeluppi, S. et al. Spatial organization of the somatosensory cortex revealed by osmFISH. Nat. Methods 15, 932–935 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Ke, R. et al. In situ sequencing for RNA analysis in preserved tissue and cells. Nat. Methods 10, 857–860 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Lein, E. S. et al. Genome-wide atlas of gene expression in the adult mouse brain. Nature 445, 168–176 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Eng, C.-H. L. et al. Transcriptome-scale super-resolved imaging in tissues by RNA seqFISH. Nature 568, 235–239 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Chen, K. H., Boettiger, A. N., Moffitt, J. R., Wang, S. & Zhuang, X. Spatially resolved, highly multiplexed RNA profiling in single cells. Science 348, aaa6090 (2015).
Article 
    
                    Google Scholar 
                

	Pertuz, S., Puig, D., Garcia, M. A. & Fusiello, A. Generation of all-in-focus images by noise-robust selective fusion of limited depth-of-field images. IEEE Trans. Image Process 22, 1242–1251 (2013).
Article 
    
                    Google Scholar 
                

	Hörl, D. et al. BigStitcher: Reconstructing high-resolution image datasets of cleared and expanded samples. Nat. Methods 16, 870–874 (2019).
Article 
    
                    Google Scholar 
                

	Preibisch, S., Saalfeld, S. & Tomancak, P. Globally optimal stitching of tiled 3D microscopic image acquisitions. Bioinformatics 25, 1463–1465 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Elad, M. Sparse and Redundant Representations: From Theory to Applications in Signal and Image Processing (Springer-Verlag, 2010).

	Robinson, M. D. & Smyth, G. K. Small-sample estimation of negative binomial dispersion, with applications to SAGE data. Biostatistics 9, 321–332 (2008).
Article 
    
                    Google Scholar 
                

	Lu, J., Tomfohr, J. K. & Kepler, T. B. Identifying differential expression in multiple SAGE libraries: an overdispersed log-linear model approach. BMC Bioinformatics 6, 165 (2005).
Article 
    
                    Google Scholar 
                

	Baddeley, A., Rubak, E. & Turner, R. Spatial Point Patterns: Methodology and Applications with R (CRC Press, 2015).

	Bishop, C. M. Pattern Recognition and Machine Learning (Springer, 2006).


Download references




Acknowledgements
We thank P. Somogyi, M. Carandini, S. Linnarsson, M. Hilscher, N. Kessaris and L. Magno for valuable discussions. We thank K. Karlsson for providing scRNA-seq reads for Cxcl14 gene. This work was supported by grants from the Wellcome Trust (108726, to K.D.H., J.H.L. and M.N.), Chan–Zuckerberg Initiative (182811 to K.D.H.), the Swedish Research Council (2016-03645 to M.N.), Knut och Alice Wallenbergs Stiftelse (to M.N.) and Familjen Erling-Perssons Stiftelse (to M.N.).


Author information
Author notes	These authors contributed equally: Xiaoyan Qian, Kenneth D. Harris.


Authors and Affiliations
	Science for Life Laboratory, Department of Biochemistry and Biophysics, Stockholm University, Stockholm, Sweden
Xiaoyan Qian, Thomas Hauling & Mats Nilsson

	Institute of Neurology, University College London, London, UK
Kenneth D. Harris, Thomas Hauling, Dimitris Nicoloutsopoulos & Nathan Skene

	Department of Medical Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden
Ana B. Muñoz-Manchado, Nathan Skene & Jens Hjerling-Leffler


Authors	Xiaoyan QianView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kenneth D. HarrisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thomas HaulingView author publications
You can also search for this author in
                        PubMed Google Scholar



	Dimitris NicoloutsopoulosView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ana B. Muñoz-ManchadoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nathan SkeneView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jens Hjerling-LefflerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mats NilssonView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
X.Q. wrote the DNA probe design software, performed experiments, analyzed data, designed the in situ sequencing protocol, prepared figures and wrote the manuscript. K.D.H. conceived the study, designed and wrote analysis software and wrote the manuscript. T.H. designed the in situ sequencing protocol. D.N. designed and wrote the online web viewer, performed simulations and wrote a Python translation of the cell-calling code. A.B.M.-M. designed tissue preparation protocols and provided samples. N.S. contributed to gene panel selection. J.H.-L. conceived the study and supervised tissue sample preparation and collection. M.N. conceived the study, designed the in situ sequencing protocol, supervised experiments and wrote the manuscript.
Corresponding authors
Correspondence to
                Kenneth D. Harris or Mats Nilsson.


Ethics declarations


Competing interests

X.Q., T.H. and M.N. hold shares in Cartana AB, a company that commercializes in situ sequencing reagents.




Additional information
Peer review information Rita Strack was the primary editor on this article and managed its editorial process and peer review in collaboration with the rest of the editorial team.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary Figs. 1–19, Supplementary Methods, Supplementary Discussion and Supplementary Results.


Reporting Summary

Supplementary Table 1
Gene selection for pciSeq.


Supplementary Table 2
Probe sequences.


Supplementary Table 3
Number of reads detected in each coronal section.


Supplementary Table 4
All scRNA-seq cell types and their prior probability, and superclasses used in pciSeq.


Supplementary Table 5
Number of cells of each superclass in individual hippocampus





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Qian, X., Harris, K.D., Hauling, T. et al. Probabilistic cell typing enables fine mapping of closely related cell types in situ.
                    Nat Methods 17, 101–106 (2020). https://doi.org/10.1038/s41592-019-0631-4
Download citation
	Received: 12 October 2018

	Accepted: 08 October 2019

	Published: 18 November 2019

	Issue Date: January 2020

	DOI: https://doi.org/10.1038/s41592-019-0631-4


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

                
                    	
                            
                                
                                    
                                        BIDCell: Biologically-informed self-supervised learning for segmentation of subcellular spatial transcriptomics data
                                    
                                

                            
                                
                                    	Xiaohang Fu
	Yingxin Lin
	Jean Y. H. Yang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Multiomic spatial landscape of innate immune cells at human central nervous system borders
                                    
                                

                            
                                
                                    	Roman Sankowski
	Patrick Süß
	Marco Prinz


                                
                                Nature Medicine (2024)

                            
	
                            
                                
                                    
                                        GeneSegNet: a deep learning framework for cell segmentation by integrating gene expression and imaging
                                    
                                

                            
                                
                                    	Yuxing Wang
	Wenguan Wang
	Zhicheng Ji


                                
                                Genome Biology (2023)

                            
	
                            
                                
                                    
                                        Dual spatially resolved transcriptomics for human host–pathogen colocalization studies in FFPE tissue sections
                                    
                                

                            
                                
                                    	Hailey Sounart
	Enikő Lázár
	Stefania Giacomello


                                
                                Genome Biology (2023)

                            
	
                            
                                
                                    
                                        Liver in infections: a single-cell and spatial transcriptomics perspective
                                    
                                

                            
                                
                                    	Ju Zou
	Jie Li
	Ruochan Chen


                                
                                Journal of Biomedical Science (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Methods (Nat Methods)
                
                
    
    
        ISSN 1548-7105 (online)
    
    


                
    
    
        ISSN 1548-7091 (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 — 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
            
        


    









    








