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            The dentate gyrus of the hippocampus is a brain region in which neurogenesis persists into adulthood; however, the relationship between developmental and adult dentate gyrus neurogenesis has not been examined in detail. Here we used single-cell RNA sequencing to reveal the molecular dynamics and diversity of dentate gyrus cell types in perinatal, juvenile, and adult mice. We found distinct quiescent and proliferating progenitor cell types, linked by transient intermediate states to neuroblast stages and fully mature granule cells. We observed shifts in the molecular identity of quiescent and proliferating radial glia and granule cells during the postnatal period that were then maintained through adult stages. In contrast, intermediate progenitor cells, neuroblasts, and immature granule cells were nearly indistinguishable at all ages. These findings demonstrate the fundamental similarity of postnatal and adult neurogenesis in the hippocampus and pinpoint the early postnatal transformation of radial glia from embryonic progenitors to adult quiescent stem cells.
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                    Fig. 1: Transcriptional architecture of the mouse dentate gyrus.


Fig. 2: Dissecting the molecular progression through early neurogenesis.


Fig. 3: Validation and spatial localization of early neurogenic markers across age.


Fig. 4: Granule cell maturation.


Fig. 5: Perinatal, juvenile, and adult processes in dentate neurogenesis.


Fig. 6: Conservation of differentiation; transformation of initiation.
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Supplementary Figure 1 Overview of sampling and technical details for Datasets A–C
(a) Schematic over the dentate gyrus granule layer emergence and maintained neurogenesis through development, as in Fig. 1a, with sampling timepoints indicated for each dataset. (b), (d), (f) Distribution of cell-type frequency in each dataset. Circle area represents fraction of positive cells, per sampling age, normalized by cell-type. Dashed box indicates time points sampled in the hGFAP:GFP reporter mouse, by FACS on GFP + cells. (c), (e), (g) Technical specifications of the datasets. Single-cell barplots for number of molecules (left) and genes (right), arranged by cluster. tSNE visualizations of each dataset (compare Fig. 1, Suppl. Figure 5, Fig. 5), are colored by number of genes (grey-low, red-high).


Supplementary Figure 2 Cajal–Retzius cells (CR) in the marginal zone of the dentate gyrus
(a) t-SNE visualization of Dataset A (see Fig. 1). Cells are stained for expression of genes enriched in the Cajal-Retzius population (grey, low; red, high). (b) Allen Mouse Brain Atlas images of known Cajal-Retzius cell marker Reln (encoding reelin, co-expressed in hilus GABAergic neurons), and more specific genes identified in our dataset Lhx1 and Lhx5, across postnatal development and the adult. Scale bars represent 200μm. Image credit: Allen Institute. (c) Validation of Reln+/Lhx1+ Cajal-Retzius cells (outlined by solid circles) at ages P10, P16, P24 and P37, representative images from hybridizations on six sections in two mice per time point. Higher density of Cajal-Retzius cells along the marginal zone (dashed line) observed in younger ages. Co-expression of Reln/Lhx1 is preserved also in the adolescent. Left panel: Overview dentate gyrus, localization of Cajal-Retzius cells to the marginal zone. Middle panel: Zoom-in on area outlined by solid rectangle in left panel, spanning marginal zone (dashed line), molecular layer and granule layer (between solid outlines). Right panel: detailed view, zoom-in on area outlined by solid square in left panel. Scale bars represent 200μm (left panel) and 50μm (zoom-ins, middle and right panels). (d) Distribution of Cajal-Retzius cells in single-cell data from Dataset A (left) and B (right), across ages, shows enrichment in earlier postnatal time points.


Supplementary Figure 3 Early neurogenesis markers
t-SNE visualization of Dataset A (as in Fig. 1), cells are stained for expression of consecutive markers of early neurogenesis. Grey - low expression, red - high expression.


Supplementary Figure 4 Mutual KNN graph of early neurogenesis, without nIPC-specific genes
Analysis of astrocytes and early neurogenesis clusters (Radial Glia-like (n = 165), nIPC (n = 88), Neuroblast 1 (n = 97) and 2 (n = 777)) with nIPC-specific genes removed (see Methods, as in Fig. 2e-f). Nodes represent cells (total n = 1127 cells), edges connect mutual nearest neighbors. (a) Cells stained by cluster annotations as in Fig. 1d. nIPCs fall along a trajectory between Radial Glia-like and Neuroblast 1. (b) Mutual KNN graph stained by gene expression: progenitor genes (top), cell-cycle genes (middle), neurogenic genes (bottom) (grey, not expressed; red, expressed; compare Fig. 2f). Line indicates the divide of nIPCs by distance from Radial Glia-like or Neuroblast 1 (as in Fig. 2e).


Supplementary Figure 5 Time-resolved dentate gyrus Dataset B and characterization of hGFAP:GFP reporter mice
(a) t-SNE visualization of all 2303 cells, colored and labeled by cluster names. (b) Heatmap of 17 clusters from 2303 cells (all sampled time points), by their top marker genes (526 genes), expression normalized by gene. Barplots on top show sampling age source. (c) Dendrogram and correlation heatmap of clusters. (d) t-SNE visualization (as in (a)). Cells are colored by sampling age and experiment source (hGFAP:GFP sorted by FACS). Dashed box indicates astrocytes and clusters in early neurogenesis. (e) t-SNE visualization (as in (a)) with cells contributed by FACS are colored light green, cells expressing at least one molecule of Gfap or Cdk1 are encircled as indicated. Dashed circles outline populations that contain GFP+ cells, and are labeled by cluster name. (f) Analysis of clusters containing GFP+ cells. GFP expression is not restricted to Gfap+ cells or progenitor populations. Left: Contribution of GFP+ cells to each cluster, in percent. Line shows total contribution of GFP+ cells to the dataset (5.2%). Left center: Percentage of all cells expressing at least one molecule Gfap, per cluster. Right center: Percentage of GFP+ cells expressing at least one molecule Gfap, per cluster. Right: Percentage of all cells expressing at least one molecule Cdk1, per cluster. (g) Immunohistochemistry of hGFAP:GFP mouse dentate gyrus, stained with antibodies against GFP, GFAP, Aldoc (astrocytes) and Pdgfra (OPCs), representative images from stainings in two mice. Left panel: Overview of denate gyrus. Right panel: zoom-in, coexpression of respective markers indicated by arrowheads. Scale bars represent 200μm (left) and 50μm (zoom-ins, right).


Supplementary Figure 6 Markers of neurogenesis, maturation, and Notch-signaling
t-SNE visualization of Dataset A (as in Fig. 1d), cells stained for expression of markers of early neurogenesis (Calb2), granule cell maturation (Fxyd7-Icam5), and Notch-signaling related genes (Notch1, Notch2, Dner, Dlk2, Jag1). Grey, low expression; red, high expression.


Supplementary Figure 7 Overview of dentate gyrus Dataset C, spanning perinatal, juvenile, and adult neurogenesis
(a) t-SNE visualization of all 24,185 cells, colored and labeled by cluster names, sampled from perinatal (E16.5-P5), juvenile (P18-23) and adult (P120-132) mice. (b) Dendrogram and correlation heatmap of Dataset C clusters. (c) Heatmap of 24 clusters from 24,185 cells (all sampled time points), represented by their top marker genes (756 genes), expression normalized by gene. Barplots on top show sampling age source.


Supplementary Figure 8 Suggested model of cell types involved in perinatal and adult dentate neurogenesis
Both in perinatal and adult neurogenesis we propose distinct initiation clusters (radial glia and radial glia-like; size of circle symbolizes frequency), and convergence of the maturation process.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–8


Life Sciences Reporting Summary

Supplementary Table 1
Gene enrichment in clusters of early neurogenesis


Supplementary Table 2
Early neurogenesis clusters: Pairwise Wilcoxon rank-sum test, q-values


Supplementary Table 3
Gene enrichment in clusters of granule cell maturation


Supplementary Table 4
Granule cell maturation clusters: Pairwise Wilcoxon rank-sum test, q-values


Supplementary Table 5
Experimental details of Datasets A and C sampling


Supplementary Table 6
Experimental details of Dataset B sampling





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Hochgerner, H., Zeisel, A., Lönnerberg, P. et al. Conserved properties of dentate gyrus neurogenesis across postnatal development revealed by single-cell RNA sequencing.
                    Nat Neurosci 21, 290–299 (2018). https://doi.org/10.1038/s41593-017-0056-2
Download citation
	Received: 20 April 2017

	Accepted: 22 November 2017

	Published: 15 January 2018

	Issue Date: February 2018

	DOI: https://doi.org/10.1038/s41593-017-0056-2


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

                
                    	
                            
                                
                                    
                                        DeepVelo: deep learning extends RNA velocity to multi-lineage systems with cell-specific kinetics
                                    
                                

                            
                                
                                    	Haotian Cui
	Hassaan Maan
	Bo Wang


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        Interrogations of single-cell RNA splicing landscapes with SCASL define new cell identities with physiological relevance
                                    
                                

                            
                                
                                    	Xianke Xiang
	Yao He
	Xuerui Yang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Genetic labeling of embryonically-born dentate granule neurons in young mice using the PenkCre mouse line
                                    
                                

                            
                                
                                    	Pierre Mortessagne
	Estelle Cartier
	Emilie Pacary


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        The lncRNA Snhg11, a new candidate contributing to neurogenesis, plasticity, and memory deficits in Down syndrome
                                    
                                

                            
                                
                                    	Cesar Sierra
	Miguel Sabariego-Navarro
	Mara Dierssen


                                
                                Molecular Psychiatry (2024)

                            
	
                            
                                
                                    
                                        Deep generative modeling of transcriptional dynamics for RNA velocity analysis in single cells
                                    
                                

                            
                                
                                    	Adam Gayoso
	Philipp Weiler
	Nir Yosef


                                
                                Nature Methods (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Stem cells from development to the clinic
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Same path, different beginnings
                

                
	Ben W. Dulken
	Anne Brunet



                
    
        
            Nature Neuroscience
        
        News & Views
        
        
            25 Jan 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

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


                

            
        

        
            
                
                    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 Neuroscience (Nat Neurosci)
                
                
    
    
        ISSN 1546-1726 (online)
    
    


                
    
    
        ISSN 1097-6256 (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
            
        


    









    








