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            Abstract
The development of cell polarity is an essential prerequisite for tissue morphogenesis during embryogenesis, particularly in the development of epithelia1,2. In addition, oriented cell division can have a powerful influence on tissue morphogenesis3. Here we identify a novel mode of polarized cell division that generates pairs of neural progenitors with mirror-symmetric polarity in the developing zebrafish neural tube and has dramatic consequences for the organization of embryonic tissue. We show that during neural rod formation the polarity protein Pard3 is localized to the cleavage furrow of dividing progenitors, and then mirror-symmetrically inherited by the two daughter cells. This allows the daughter cells to integrate into opposite sides of the developing neural tube. Furthermore, these mirror-symmetric divisions have powerful morphogenetic influence: when forced to occur in ectopic locations during neurulation, they orchestrate the development of mirror-image pattern formation and the consequent generation of ectopic neural tubes.
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                    Figure 1: 
                        Cell division separates daughter cells across the midline of the neural keel and rod.
                      [image: ]


Figure 2: 
                        Subcellular distribution of Pard3â€“GFP reveals that C-division is a mirror-symmetric division.
                      [image: ]


Figure 3: 
                        Delayed convergence of the neural plate leads to ectopic Pard3-mediated C-divisions.
                      [image: ]


Figure 4: 
                        Delayed neural plate convergence generates duplicate neural tubes complete with mirror-image apico-basal polarity and ventricles.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Apicalâ€“basal polarity and the control of epithelial form and function
                                        
                                    

                                    
                                        Article
                                        
                                         19 April 2022
                                    

                                

                                Clare E. Buckley & Daniel St Johnston

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Vangl2 promotes the formation of long cytonemes to enable distant Wnt/Î²-catenin signaling
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 April 2021
                                    

                                

                                Lucy Brunt, Gediminas Greicius, â€¦ Steffen Scholpp

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Neuronal migration prevents spatial competition in retinal morphogenesis
                                        
                                    

                                    
                                        Article
                                        
                                         09 August 2023
                                    

                                

                                Mauricio Rocha-Martins, Elisa Nerli, â€¦ Caren Norden

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Keller, R. Shaping the vertebrate body plan by polarized embryonic cell movements. Science 298, 1950â€“1954 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wodarz, A. Establishing cell polarity in development. Nature Cell Biol. 4, 39â€“44 (2002)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gong, Y., Mo, C. & Fraser, S. E. Planar cell polarity signalling controls cell division orientation during zebrafish gastrulation. Nature 430, 689â€“693 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Papan, C. & Campos-Ortega, J. A. A clonal analysis of spinal cord development in the zebrafish. Dev. Genes Evol. 207, 71â€“81 (1997)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Papan, C. & Campos-Ortega, J. A. Region-specific cell clones in the developing spinal cord of the zebrafish. Dev. Genes Evol. 209, 135â€“144 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kimmel, C. B., Warga, R. M. & Kane, D. A. Cell cycles and clonal strings during formation of the zebrafish central nervous system. Development 120, 265â€“276 (1994)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ciruna, B., Jenny, A., Lee, D., Mlodzik, M. & Schier, A. F. Planar cell polarity signalling couples cell division and morphogenesis during neurulation. Nature 439, 220â€“224 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lowery, L. A. & Sive, H. Initial formation of zebrafish brain ventricles occurs independently of circulation and requires the nagie oko and snakehead/atp1a1a. 1 gene products. Development 132, 2057â€“2067 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Geldmacher-Voss, B., Reugels, A. M., Pauls, S. & Campos-Ortega, J. A. A 90Â° rotation of the mitotic spindle changes the orientation of mitoses of zebrafish neuroepithelial cells. Development 130, 3767â€“3780 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyons, D. A., Guy, A. T. & Clarke, J. D. Monitoring neural progenitor fate through multiple rounds of division in an intact vertebrate brain. Development 130, 3427â€“3436 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Macara, I. G. Parsing the polarity code. Nature Rev. Mol. Cell Biol. 5, 220â€“231 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wei, X. et al. The zebrafish Pard3 ortholog is required for separation of the eye fields and retinal lamination. Dev. Biol. 269, 286â€“301 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Von Trotha, J. W., Campos-Ortega, J. A. & Reugels, A. M. Apical localization of ASIP/PAR-3:EGFP in zebrafish neuroepithelial cells involves the oligomerization domain CR1, the PDZ domains, and the C-terminal portion of the protein. Dev. Dyn. 235, 967â€“977 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jessen, J. R. et al. Zebrafish trilobite identifies new roles for Strabismus in gastrulation and neuronal movements. Nature Cell Biol. 4, 610â€“615 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Park, M. & Moon, R. T. The planar cell-polarity gene stbm regulates cell behaviour and cell fate in vertebrate embryos. Nature Cell Biol. 4, 20â€“25 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goto, T. & Keller, R. The planar cell polarity gene strabismus regulates convergence and extension and neural fold closure in Xenopus. Dev. Biol. 247, 165â€“181 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Carreira-Barbosa, F. et al. Prickle 1 regulates cell movements during gastrulation and neuronal migration in zebrafish. Development 130, 4037â€“4046 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wallingford, J. B. & Harland, R. M. Neural tube closure requires Dishevelled-dependent convergent extension of the midline. Development 129, 5815â€“5825 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tada, M. & Smith, J. C. Xwnt11 is a target of Xenopus Brachyury: regulation of gastrulation movements via Dishevelled, but not through the canonical Wnt pathway. Development 127, 2227â€“2238 (2000)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bakkers, J. et al. Has2 is required upstream of Rac1 to govern dorsal migration of lateral cells during zebrafish gastrulation. Development 131, 525â€“537 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyons, D. A. et al. erbb3 and erbb2 are essential for Schwann cell migration and myelination in zebrafish. Curr. Biol. 15, 513â€“524 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We would like to thank P. Alexandre, D. Barker, J. Brockes, M. Costa, M. Kai, R. Sousa-Nunes, V. Prince and S. Wilson for comments and discussion on the manuscript; M. Costa for Supplementary Movie 1; S. Goulas for Fig. 4c, f; and M. Hammerschmidt for the has2 morpholino. This work was funded by the MRC, the BBSRC and the Wellcome Trust.
Author Contributions M. Tawk and C.A. contributed most of the experimental data. D.A.L., G.C.G and P.R.B. contributed additional experimental data. A.M.R. provided the pard3â€“GFP and pard3-Î”6â€“GFP constructs. D.R.H. provided Pard3 antisera and initial Pard3 morpholino. M. Tada provided constructs and helped design experiments. J.D.W.C conceived the project, designed experiments and wrote the manuscript together with M.Tawk.


Author information
Author notes	Dave A. LyonsÂ &Â Philippa R. Bayley
Present address: Present addresses: Department of Developmental Biology, Stanford University School of Medicine, Beckman Center B300, 279 Campus Drive, Stanford, California 94305, USA (D.A.L.); Department of Academic and Student Affairs, Oregon Health and Science University, 3181 SW Sam Jackson Park Road, Portland, Oregon 97239, USA (P.R.B)., 


Authors and Affiliations
	Anatomy and Developmental Biology, UCL, Gower Street, London WC1E 6BT, UK, 
Marcel Tawk,Â Claudio Araya,Â Dave A. Lyons,Â Gemma C. Girdler,Â Philippa R. Bayley,Â Masazumi TadaÂ &Â Jonathan D. W. Clarke

	Institut fÃ¼r Entwicklungsbiologie, UniversitÃ¤t zu KÃ¶ln, 50923 KÃ¶ln, Germany, 
Alexander M. Reugels

	Department of Biological Sciences and Center for Zebrafish Research, University of Notre Dame, Notre Dame, Indiana 46556, USA, 
David R. Hyde


Authors	Marcel TawkView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Claudio ArayaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dave A. LyonsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Alexander M. ReugelsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gemma C. GirdlerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Philippa R. BayleyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David R. HydeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masazumi TadaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jonathan D. W. ClarkeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Jonathan D. W. Clarke.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at www.nature.com/reprints. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Figures1-9 with Legends, Supplementary Methods, Supplementary Table 1, Supplementary Movies 1-5 Legends and additional references (PDF 983 kb)


Supplementary Movie 1
This file contains Supplementary Movie 1 which shows single confocal plane at level of the hindbrain in a wild-type embryo. Cells labelled with membrane GFP and imaged at 5 minute intervals. Outlines of neural plate, neural keel and neural rod are intermittently shown with dotted lines. Otic vesicle (ov) lies to right of neural rod at end of movie. (MOV 1399 kb)


Supplementary Movie 2
This file contains Supplementary Movie 2 which shows single confocal plane at level of the caudal hindbrain in a trilobite/vangl2 mutant embryo. Cells labelled with membrane GFP and imaged at 5 minute intervals. Outline of neural plate and resultant 4 layered neural rod are shown with dotted lines. Note emergence of double epithelial phenotype towards end of movie. (MOV 1710 kb)


Supplementary Movie 3
This file contains Supplementary Movie 3 which shows single confocal plane of neural keel cell in a trilobite/vangl2 mutant embryo. Cell labelled with Pard3-GFP and imaged at 5 minute intervals. Bright expression of Pard3-GFP is first observed at telophase on either side of the cleavage plane and is then mirror-symmetrically expressed in the two daughter cells before cleavage is completed. Cell outlines dotted at start and end of sequence. (MOV 92 kb)


Supplementary Movie 4
This file contains Supplementary Movie 4 which shows single confocal plane of neural keel cell in a trilobite/vangl2 mutant embryo. Cell labelled with Pard3-GFP and imaged at 5 minute intervals. Bright expression of Pard3-GFP is first concentrated close to the cleavage plane at telophase and is then mirror-symmetrically expressed in the two daughter cells before cleavage is completed. Cell outlines dotted at start and end of sequence. (MOV 57 kb)


Supplementary Movie 5
This file contains Supplementary Movie 5 which shows single confocal plane at level of the anterior spinal cord in an embryo injected with has2 morpholino. Cells labelled with membrane GFP and imaged at 5 minute intervals. Outlines of neural plate, neural keel and resultant 4 layered neural rod are shown intermittently with dotted lines. Note emergence of double epithelial phenotype towards end of movie. (MOV 633 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Tawk, M., Araya, C., Lyons, D. et al. A mirror-symmetric cell division that orchestrates neuroepithelial morphogenesis.
                    Nature 446, 797â€“800 (2007). https://doi.org/10.1038/nature05722
Download citation
	Received: 31 October 2006

	Accepted: 26 February 2007

	Published: 28 March 2007

	Issue Date: 12 April 2007

	DOI: https://doi.org/10.1038/nature05722


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

                
                    	
                            
                                
                                    
                                        Transcriptome analysis provided a new insight into the gene expression profiles of muscle after exercise training of juvenile Schizothorax wangchiachii
                                    
                                

                            
                                
                                    	Mengsha Zeng
	Maohua Li
	Zhaobin Song


                                
                                Aquaculture International (2024)

                            
	
                            
                                
                                    
                                        H3K27me3-H3K4me1 transition at bivalent promoters instructs lineage specification in development
                                    
                                

                            
                                
                                    	Yue Yu
	Xinjie Li
	Xin Li


                                
                                Cell & Bioscience (2023)

                            
	
                            
                                
                                    
                                        Apicalâ€“basal polarity and the control of epithelial form and function
                                    
                                

                            
                                
                                    	Clare E. Buckley
	Daniel St Johnston


                                
                                Nature Reviews Molecular Cell Biology (2022)

                            
	
                            
                                
                                    
                                        Weakening of resistance force by cellâ€“ECM interactions regulate cell migration directionality and pattern formation
                                    
                                

                            
                                
                                    	Masaya Hagiwara
	Hisataka Maruyama
	Fumihito Arai


                                
                                Communications Biology (2021)

                            
	
                            
                                
                                    
                                        An enigmatic translocation of the vertebrate primordial eye field
                                    
                                

                            
                                
                                    	R. G. Loosemore
	S. D. Matthaei
	T. C. Stanger


                                
                                BMC Evolutionary Biology (2020)

                            


                

            

        
    

            
                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: ]
