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            Abstract
The human cerebral cortex is distinguished by its large size and abundant gyrification, or folding. However, the evolutionary mechanisms that drive cortical size and structure are unknown. Although genes that are essential for cortical developmental expansion have been identified from the genetics of human primary microcephaly (a disorder associated with reduced brain size and intellectual disability)1, studies of these genes in mice, which have a smooth cortex that is one thousand times smaller than the cortex of humans, have provided limited insight. Mutations in abnormal spindle-like microcephaly-associated (ASPM), the most common recessive microcephaly gene, reduce cortical volume by at least 50% in humans2,3,4, but have little effect on the brains of mice5,6,7,8,9; this probably reflects evolutionarily divergent functions of ASPM10,11. Here we used genome editing to create a germline knockout of Aspm in the ferret (Mustela putorius furo), a species with a larger, gyrified cortex and greater neural progenitor cell diversity12,13,14 than mice, and closer protein sequence homology to the human ASPM protein. Aspm knockout ferrets exhibit severe microcephaly (25â€“40% decreases in brain weight), reflecting reduced cortical surface area without significant change in cortical thickness, as has been found in human patients3,4, suggesting that loss of â€˜cortical unitsâ€™ has occurred. The cortex of fetal Aspm knockout ferrets displays a very large premature displacement of ventricular radial glial cells to the outer subventricular zone, where many resemble outer radial glia, a subtype of neural progenitor cells that are essentially absent in mice and have been implicated in cerebral cortical expansion in primates12,13,14,15,16. These data suggest an evolutionary mechanism by which ASPM regulates cortical expansion by controlling the affinity of ventricular radial glial cells for the ventricular surface, thus modulating the ratio of ventricular radial glial cells, the most undifferentiated cell type, to outer radial glia, a more differentiated progenitor.
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                    Fig. 1: Aspm knockout ferrets robustly model human microcephaly.[image: ]


Fig. 2: Aspm knockout ferrets show displaced NPCs.[image: ]


Fig. 3: Loss of Aspm changes cell type proportions but not transcriptional programs.[image: ]


Fig. 4: ASPM controls localization of apical polarity complex proteins to the centrosome.[image: ]
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Extended Data Figures and Tables

Extended Data Fig. 1 Cytoarchitecture and neuronal subtype lamination in the cortex of mature Aspm knockout ferrets.
a, Nissl stains of coronal sections from the brains of P41 littermates, as shown in Fig.Â 1l, with additional Aspm+/âˆ’ and Aspmâˆ’/âˆ’ littermates shown. b, c, Brain sections of P41 littermates immunostained for cortical layer-specific projection neurons including SATB2 (layer IIâ€“IV), CTIP2 (layer V), and FoxP2 (layer VI). The experiments were repeated independently three times with similar results. Scale bars, 2â€‰mm (a, top), 200â€‰Î¼m (a, bottom) and 100â€‰Î¼m (b, c).


Extended Data Fig. 2 SOX2 and Ki-67 immunostaining in additional E35 and P0 littermates dorsal cortex.
Additional results to Fig.Â 2e, f. Each set of panels is from the brain of a different littermate, showing the high penetrance of the neural progenitor cell basal displacement phenotype. The experiments were repeated independently three times with similar results. Scale bar, 200â€‰Î¼m.


Extended Data Fig. 3 Displaced progenitors in Aspm knockout ferrets have basal fibres.
Additional results for Fig.Â 2h, i. Immunostaining of SOX2, Ki-67 and VIM shows that displaced neural progenitors have basal radial fibres. The experiments were repeated independently three times with similar results. Scale bars, 100â€‰Î¼m.


Extended Data Fig. 4 Aspm knockout mice do not demonstrate displaced progenitors in the intermediate zone.
a, b, Unlike Aspmâˆ’/âˆ’ ferrets, Aspmâˆ’/âˆ’ mice do not have displaced NPCs in the intermediate zone. However, they show a variable increase in the number of intermediate progenitors (PAX6âˆ’Ki-67+ cells in a and TBR2+ cells in b), which is enhanced by heterozygous, compound mutation in Wdr62, a microcephaly gene causing more severe microcephaly9. The experiments were repeated independently three times with similar results. Scale bars, 100â€‰Î¼m.


Extended Data Fig. 5 Modest increase in apoptosis throughout the germinal zones of the Aspm knockout telencephalon.
Apoptotic cells (yellow) are indicated by enzymatic fluorescence detection of double-stranded DNA damage with DAPI nuclear counterstaining (blue). TheÂ experiments were repeated independently three times with similar results. a, Whole section. b, c, Cortical wall columns. Scale bars, 500â€‰Î¼m (a) and 100â€‰Î¼m (b, c).


Extended Data Fig. 6 Additional immunohistochemical analyses of displaced progenitors in the Aspm knockout cortex.
a, E35 knockout cortex stained for VRG and ORG markers SOX2 and HOPX reveals extensive co-labelling in both the ventricular zone (VZ) and SVZ, including in displaced OSVZ progenitors. b, In the E35 knockout OSVZ, clusters of supernumerary displaced neural progenitor cells include numerous TBR2+ intermediate progenitors and are surrounded by DCX+ newborn neurons, indicating preserved neurogenesis within the precocious OSVZ niche of the Aspm knockout cortex. The experiments were repeated independently three times with similar results. Scale bars, 50â€‰Î¼m.


Extended Data Fig. 7 scRNA-seq batch, sample and cluster analyses.
a,Â t-SNE plot from Fig.Â 3a with cells coloured by biological replicate (that is, animal). Most clusters include cells from all samples, except for a cluster expressing blood genes and a cluster expressing choroid plexus epithelial cells that are mostly from animal WT5E. These two cell clusters were not included in downstream analyses. HET, heterozygote; KO, knockout; WT, wild type. Numbers and letters indicate litter and animal identification number, respectively. b, t-SNE plot from Fig.Â 3a with cells coloured by the batch they were processed in. Clusters are composed of cells from all batches. c, Per-cell gene count and UMI count per sample. Each violin plot is one biological replicate and each dot is one cell. Sample WT5D was not included in the analysis due to the lower gene and UMI count compared to other samples as well as the inconsistent clustering compared to other wild-type samples (data not shown). d, Per-cell gene count and UMI count for identified clusters. Each violin plot is one cell cluster and each dot is one cell. The three clusters in grey (EN4, BL, CPE) were not included in downstream analyses. See Methods for details. This scRNA-seq experiment was performed once with nâ€‰=â€‰22,211 cells (8,037 cells from two Aspm+/+ and one Aspm+/âˆ’ ferrets and 14,174 cells from four Aspmâˆ’/âˆ’ ferrets). RG1, cycling radial glial progenitors; RG2, interphase radial glial progenitors; IP, intermediate progenitors; EN1, upper-layer excitatory neurons; EN2, deep-layer excitatory neurons; EN3, Cajalâ€“Retzius cells; IN1, immature inhibitory neurons; IN2, SST+ inhibitory neurons; IN3, ventral/inhibitory progenitors; ENDO1, endothelial cells 1; ENDO2, endothelial cells 2; OPC, oligodendrocyte precursors; MG, microglia; EN4, mixed excitatory neuron identity; BL, blood cells; CPE, choroid plexus epithelial cells.


Extended Data Fig. 8 Loss of Aspm disrupts centriole duplication in FEFs.
Mitotic Aspm knockout FEFs, identified by staining for pH3 and co-stained for the centriolar marker centrin, display a significant loss of centrioles. The percentage of cells with an abnormal number (less than 4) of centrioles is increased eightfold in Aspmâˆ’/âˆ’ FEFs compared to Aspm+/+ FEFs (nâ€‰=â€‰100 cells per genotype for three independent experiments; Pâ€‰=â€‰0.003). The experiments were repeated independently three times with similar results. Statistical analysis was performed using a two-tailed t-test; data are meanâ€‰Â±â€‰s.e.m.


Extended Data Table 1 Region-specific changes in volume and surface area by loss of Aspm in ferretsFull size table


Extended Data Table 2 Cluster identifiers of E35 ferret cerebral cortical cells analysed by scRNA-seqFull size table





Supplementary information
Supplementary Data 1 This file contains Supplementary Text and Supplementary References

Reporting Summary

Source Data

Source Data

Source Data




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Johnson, M.B., Sun, X., Kodani, A. et al. Aspm knockout ferret reveals an evolutionary mechanism governing cerebral cortical size.
                    Nature 556, 370â€“375 (2018). https://doi.org/10.1038/s41586-018-0035-0
Download citation
	Received: 25 May 2017

	Accepted: 22 February 2018

	Published: 11 April 2018

	Issue Date: 19 April 2018

	DOI: https://doi.org/10.1038/s41586-018-0035-0


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

                
                    	
                            
                                
                                    
                                        The growth factor EPIREGULIN promotes basal progenitor cell proliferation in the developing neocortex
                                    
                                

                            
                                
                                    	Paula Cubillos
	Nora Ditzer
	Mareike Albert


                                
                                The EMBO Journal (2024)

                            
	
                            
                                
                                    
                                        Embryonic mouse medial neocortex as a model system for studying the radial glial scaffold in fetal human neocortex
                                    
                                

                            
                                
                                    	Samir Vaid
	Oskari Heikinheimo
	Takashi Namba


                                
                                Journal of Neural Transmission (2023)

                            
	
                            
                                
                                    
                                        How mechanisms of stem cell polarity shape the human cerebral cortex
                                    
                                

                            
                                
                                    	Madeline G. Andrews
	Lakshmi Subramanian
	Arnold R. Kriegstein


                                
                                Nature Reviews Neuroscience (2022)

                            
	
                            
                                
                                    
                                        Endosomal trafficking defects alter neural progenitor proliferation and cause microcephaly
                                    
                                

                            
                                
                                    	Jacopo A. Carpentieri
	Amandine Di Cicco
	Alexandre D. Baffet


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Inhibiting microcephaly genes as alternative to microtubule targeting agents to treat brain tumors
                                    
                                

                            
                                
                                    	Giorgia Iegiani
	Ferdinando Di Cunto
	Gianmarco Pallavicini


                                
                                Cell Death & Disease (2021)

                            


                

            

        
    

            
                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

                            
    
        
            
                [image: 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
	protocols.io
	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 Middle East


            


        

    

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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    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
            
        


    









    [image: ]







[image: ]
