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            Abstract
The rodent corticospinal tract (CST) has been used extensively to investigate regeneration and remodeling of central axons after injury. CST axons are currently visualized after injection of tracer dye, which is invasive, incomplete and prone to variation, and often does not show functionally crucial but numerically minor tract components. Here, we characterize transgenic mice in which CST fibers are specifically and completely labeled by yellow fluorescent protein (YFP). Using these CST-YFP mice, we show that minor CST components are responsible for most monosynaptic contacts onto motoneurons. Lesions of the main dorsal CST lead to extension of new collaterals, some of them originating from large, heavily myelinated axons within the minor dorsolateral and ventral CST components. Some of these new collaterals form additional direct synapses onto motoneurons. We propose that CST-YFP mice will be useful for evaluating strategies designed to maximize such remodeling and to promote regeneration.
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                    Figure 1: YFP expression is limited to the forebrain and CST in CST-YFP mice.[image: ]


Figure 2: YFP expression in the spinal cord of CST-YFP mice.[image: ]


Figure 3: Degeneration of CST axons and collaterals after lesion.[image: ]


Figure 4: Reorganization of minor CST components after lesion of the dorsal CST component.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Injured adult neurons regress to an embryonic transcriptional growth state
                                        
                                    

                                    
                                        Article
                                        
                                         15 April 2020
                                    

                                

                                Gunnar H. D. Poplawski, Riki Kawaguchi, â€¦ Mark H. Tuszynski

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Regulation of axonal regeneration after mammalian spinal cord injury
                                        
                                    

                                    
                                        Article
                                        
                                         05 January 2023
                                    

                                

                                Binhai Zheng & Mark H. Tuszynski

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        High-resolution mapping of injury-site dependent functional recovery in a single axon in zebrafish
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 June 2020
                                    

                                

                                Alexander Hecker, Pamela Anger, â€¦ Stefan Schuster

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Kalil, K. & Reh, T. A light and electron microscopic study of regrowing pyramidal tract fibers. J. Comp. Neurol. 211, 265â€“275 (1982).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kuang, R.Z. & Kalil, K. Specificity of corticospinal axon arbors sprouting into denervated contralateral spinal cord. J. Comp. Neurol. 302, 461â€“472 (1990).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schnell, L., Schneider, R., Kolbeck, R., Barde, Y.A. & Schwab, M.E. Neurotrophin-3 enhances sprouting of corticospinal tract during development and after adult spinal cord lesion. Nature 367, 170â€“173 (1994).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Terashima, T. Anatomy, development and lesion-induced plasticity of rodent corticospinal tract. Neurosci. Res. 22, 139â€“161 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bregman, B.S. et al. Recovery from spinal cord injury mediated by antibodies to neurite growth inhibitors. Nature 378, 498â€“501 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cheng, H., Cao, Y. & Olson, L. Spinal cord repair in adult paraplegic rats: partial restoration of hind limb function. Science 273, 510â€“513 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Y., Field, P.M. & Raisman, G. Repair of adult rat corticospinal tract by transplants of olfactory ensheathing cells. Science 277, 2000â€“2002 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weidner, N., Ner, A., Salimi, N. & Tuszynski, M.H. Spontaneous corticospinal axonal plasticity and functional recovery after adult central nervous system injury. Proc. Natl. Acad. Sci. USA 98, 3513â€“3518 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bareyre, F.M., Haudenschild, B. & Schwab, M.E. Long-lasting sprouting and gene expression changes induced by the monoclonal antibody IN-1 in the adult spinal cord. J. Neurosci. 22, 7097â€“7110 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bareyre, F.M. et al. The injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat. Neurosci. 7, 269â€“277 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Demjen, D. et al. Neutralization of CD95 ligand promotes regeneration and functional recovery after spinal cord injury. Nat. Med. 10, 389â€“395 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Daston, M.M., Bastmeyer, M., Rutishauser, U. & O'Leary, D.D. Spatially restricted increase in polysialic acid enhances corticospinal axon branching related to target recognition and innervation. J. Neurosci. 16, 5488â€“5497 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Joosten, E.A., Gribnau, A.A. & Dederen, P.J. An anterograde tracer study of the developing corticospinal tract in the rat: three components. Brain Res. 433, 121â€“130 (1987).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stanfield, B.B. The development of the corticospinal projection. Prog. Neurobiol. 38, 169â€“202 (1992).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gianino, S. et al. Postnatal growth of corticospinal axons in the spinal cord of developing mice. Brain Res. Dev. Brain Res. 112, 189â€“204 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Martin, J.H. The corticospinal system: from development to motor control. Neuroscientist 11, 161â€“173 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Terashima, T., Ochiishi, T. & Yamauchi, T. Immunohistochemical detection of calcium/calmodulin-dependent protein kinase II in the spinal cord of the rat and monkey with special reference to the corticospinal tract. J. Comp. Neurol. 340, 469â€“479 (1994).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Steward, O., Zheng, B., Ho, C., Anderson, K. & Tessier-Lavigne, M. The dorsolateral corticospinal tract in mice: an alternative route for corticospinal input to caudal segments following dorsal column lesions. J. Comp. Neurol. 472, 463â€“477 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Brosamle, C. & Schwab, M.E. Cells of origin, course, and termination patterns of the ventral, uncrossed component of the mature rat corticospinal tract. J. Comp. Neurol. 386, 293â€“303 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kerschensteiner, M., Schwab, M.E., Lichtman, J.W. & Misgeld, T. In vivo imaging of axonal degeneration and regeneration in the injured spinal cord. Nat. Med. 11, 572â€“577 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pan, Y.A., Misgeld, T., Lichtman, J.W. & Sanes, J.R. Effects of neurotoxic and neuroprotective agents on peripheral nerve regeneration assayed by time-lapse imaging in vivo. J. Neurosci. 23, 11479â€“11488 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Buffelli, M. et al. Genetic evidence that relative synaptic efficacy biases the outcome of synaptic competition. Nature 424, 430â€“434 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gorski, J.A. et al. Cortical excitatory neurons and glia, but not GABAergic neurons, are produced in the Emx1-expressing lineage. J. Neurosci. 22, 6309â€“6314 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nudo, R.J. & Masterton, R.B. Descending pathways to the spinal cord, III: Sites of origin of the corticospinal tract. J. Comp. Neurol. 296, 559â€“583 (1990).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Steward, O., Zheng, B. & Tessier-Lavigne, M. False resurrections: distinguishing regenerated from spared axons in the injured central nervous system. J. Comp. Neurol. 459, 1â€“8 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lichtman, J.W. & Sanes, J.R. Watching the neuromuscular junction. J. Neurocytol. 32, 767â€“775 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	DeLuca, G.C., Ebers, G.C. & Esiri, M.M. Axonal loss in multiple sclerosis: a pathological survey of the corticospinal and sensory tracts. Brain 127, 1009â€“1018 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kerschensteiner, M. et al. Remodeling of axonal connections contributes to recovery in an animal model of multiple sclerosis. J. Exp. Med. 200, 1027â€“1038 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yin, H. et al. Combined MR spectroscopic imaging and diffusion tensor MRI visualizes corticospinal tract degeneration in amyotrophic lateral sclerosis. J. Neurol. 251, 1249â€“1254 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Feng, G. et al. Imaging neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron 28, 41â€“51 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
F.M.B. was supported in part by a Young Investigator Fellowship from the Swiss National Science Foundation. M.K. and T.M. are supported by grants from the German National Science Foundation and the Christopher Reeve Paralysis Foundation. J.R.S. is supported by grants from the McDonnell Foundation and the US National Institutes of Health.


Author information
Authors and Affiliations
	Department of Molecular and Cellular Biology, Harvard University, Sherman Fairchild Building, Room 143, 7 Divinity Avenue, Cambridge, 02138, Massachusetts, USA
Florence M Bareyre,Â Martin Kerschensteiner,Â Thomas MisgeldÂ &Â Joshua R Sanes


Authors	Florence M BareyreView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Martin KerschensteinerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas MisgeldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Joshua R SanesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Joshua R Sanes.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Fig. 1
YFP expression in the cortex. (PDF 873 kb)


Supplementary Fig. 2
Specificity of CST labeling in CST-YFP mice. (PDF 392 kb)


Supplementary Fig. 3
Development of CST projections in CST-YFP mice. (PDF 266 kb)


Supplementary Fig. 4
Contacts between minor CST fibers and motoneurons. (PDF 339 kb)


Supplementary Fig. 5
Reorganization of minor CST components after specific dorsal lesion. (PDF 257 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Bareyre, F., Kerschensteiner, M., Misgeld, T. et al. Transgenic labeling of the corticospinal tract for monitoring axonal responses to spinal cord injury.
                    Nat Med 11, 1355â€“1360 (2005). https://doi.org/10.1038/nm1331
Download citation
	Received: 30 March 2005

	Accepted: 17 June 2005

	Published: 13 November 2005

	Issue Date: 01 December 2005

	DOI: https://doi.org/10.1038/nm1331


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

                
                    	
                            
                                
                                    
                                        Astroglial exosome HepaCAM signaling and ApoE antagonization coordinates early postnatal cortical pyramidal neuronal axon growth and dendritic spine formation
                                    
                                

                            
                                
                                    	Shijie Jin
	Xuan Chen
	Yongjie Yang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Corticospinal-specific Shh overexpression in combination with rehabilitation promotes CST axonal sprouting and skilled motor functional recovery after ischemic stroke
                                    
                                

                            
                                
                                    	Biwu Wu
	Lei Yang
	Shukun Hu


                                
                                Molecular Neurobiology (2023)

                            
	
                            
                                
                                    
                                        Optimization of adeno-associated viral vector-mediated transduction of the corticospinal tract: comparison of four promoters
                                    
                                

                            
                                
                                    	Bart Nieuwenhuis
	Barbara Haenzi
	James W. Fawcett


                                
                                Gene Therapy (2021)

                            
	
                            
                                
                                    
                                        Corticospinal Motor Circuit Plasticity After Spinal Cord Injury: Harnessing Neuroplasticity to Improve Functional Outcomes
                                    
                                

                            
                                
                                    	Syed Faraz Kazim
	Christian A. Bowers
	Meic H. Schmidt


                                
                                Molecular Neurobiology (2021)

                            
	
                            
                                
                                    
                                        Formation of somatosensory detour circuits mediates functional recovery following dorsal column injury
                                    
                                

                            
                                
                                    	CharlÃ¨ne Granier
	Julian Schwarting
	Florence M. Bareyre


                                
                                Scientific Reports (2020)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

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


                	
                            Follow us on Facebook
                            
                        
	
                            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
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    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 Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (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


    





        
    
        [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: ]
