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            Abstract
New neurons are continually recruited throughout adulthood in certain regions of the adult mammalian brain. How these cells mature and integrate into preexisting functional circuits remains unknown. Here we describe the physiological properties of newborn olfactory bulb interneurons at five different stages of their maturation in adult mice. Patch-clamp recordings were obtained from tangentially and radially migrating young neurons and from neurons in three subsequent maturation stages. Tangentially migrating neurons expressed extrasynaptic GABAA receptors and then AMPA receptors, before NMDA receptors appeared in radially migrating neurons. Spontaneous synaptic activity emerged soon after migration was complete, and spiking activity was the last characteristic to be acquired. This delayed excitability is unique to cells born in the adult and may protect circuits from uncontrolled neurotransmitter release and neural network disruption. Our results show that newly born cells recruited into the olfactory bulb become neurons, and a unique sequence of events leads to their functional integration.
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                    Figure 1: Newborn neurons are functionally integrated into the adult olfactory bulb.[image: ]


Figure 2: Functional properties of class-1 and class-2 newborn granule cells.[image: ]


Figure 3: Functional properties of class-3 and class-4 newborn granule cells.[image: ]


Figure 4: Functional properties of class-5 newborn granule cells.[image: ]


Figure 5: Summary graphs of changes in intrinsic membrane properties during neuronal maturation.[image: ]


Figure 6: Delayed maturation of excitability is a feature of adult neurogenesis.[image: ]


Figure 7: Changes in synaptic activity during neuronal maturation.[image: ]


Figure 8: Two populations of newborn granule cells were distinguished according to their location in the GC layer.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Immature olfactory sensory neurons provide behaviourally relevant sensory input to the olfactory bulb
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 October 2022
                                    

                                

                                Jane S. Huang, Tenzin Kunkhyen, â€¦ Claire E. J. Cheetham

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Heterogeneous fates of simultaneously-born neurons in the cortical ventricular zone
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 April 2022
                                    

                                

                                Elia Magrinelli, Natalia Baumann, â€¦ Esther Klingler

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The development and evolution of inhibitory neurons in primate cerebrum
                                        
                                    

                                    
                                        Article
                                         Open access
                                         23 March 2022
                                    

                                

                                Matthew T. Schmitz, Kadellyn Sandoval, â€¦ Alex A. Pollen

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Alvarez-Buylla, A. & Garcia-Verdugo, J.M. Neurogenesis in adult subventricular zone. J. Neurosci. 22, 629â€“634 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gage, F.H. Neurogenesis in the adult brain. J. Neurosci. 22, 612â€“613 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nottebohm, F. Why are some neurons replaced in adult brain? J. Neurosci. 22, 624â€“628 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wichterle, H., Turnbull, D.H., Nery, S., Fishell, G. & Alvarez-Buylla, A. In utero fate mapping reveals distinct migratory pathways and fates of neurons born in the mammalian basal forebrain. Development 128, 3759â€“3771 (2001).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Luskin, M.B. Restricted proliferation and migration of postnatally generated neurons derived from the forebrain subventricular zone. Neuron 11, 173â€“189 (1993).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lois. C. & Alvarez-Buylla, A. Long-distance neuronal migration in the adult mammalian brain. Science 264, 1145â€“1148 (1994).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kishi K. Golgi studies on the development of granule cells of the rat olfactory bulb with reference to migration in the subependymal layer. J. Comp. Neurol. 258, 112â€“124 (1987).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	De Marchis, S., Fasolo, A., Shipley, M. & Puche, A. Unique neuronal tracers show migration and differentiation of SVZ progenitors in organotypic slices. J. Neurobiol. 49, 326â€“338 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	CarlÃ©n, M. et al. Functional integration of adult-born neurons. Curr. Biol. 12, 606â€“608 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Petreanu, L. & Alvarez-Buylla, A. Maturation and death of adult-born olfactory bulb granule neurons: role of olfaction. J. Neurosci. 22, 6106â€“6113 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Paton, J.A. & Nottebohm, F.N. Neurons generated in the adult brain are recruited into functional circuits. Science 225, 1046â€“1048 (1984).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shepherd, G.M. & Greer, C.A. Olfactory bulb. in The Synaptic Organization of the Brain (ed. Shepherd, G.M.) 159â€“203 (Oxford Univ. Press, New York, 1998).

                    Google ScholarÂ 
                

	Gheusi, G. et al. Importance of newly generated neurons in the adult olfactory bulb for odor discrimination. Proc. Natl. Acad. Sci. USA 97, 1823â€“1828 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cecchi, G.A., Petreanu, L.T., Alvarez-Buylla, A. & Magnasco, M.O. Unsupervised learning and adaptation in a model of adult neurogenesis. J. Comput. Neurosci. 11, 175â€“182 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Okada, A., Lansford, R., Weimann, J.M., Fraser, S.E. & McConnell, S.K. Imaging cells in the developing nervous system with retrovirus expressing modified green fluorescent protein. Exp. Neurol. 156, 394â€“406 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lee, S.H., Lumelsky, N., Studer, L., Auerbach, J.M. & McKay, R.D. Efficient generation of midbrain and hindbrain neurons from mouse embryonic stem cells. Nat. Biotechnol. 18, 675â€“679 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van Praag, H. et al. Functional neurogenesis in the adult hippocampus. Nature 415, 1030â€“1034 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Song, H.J., Stevens, C.F. & Gage, F.H. Neural stem cells from adult hippocampus develop essential properties of functional CNS neurons. Nat. Neurosci. 5, 438â€“445 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, R.H., Morassutti, D.J., Whittemore, S.R., Sosnowski, J.S. & Magnuson, D.S. Electrophysiological properties of mitogen-expanded adult rat spinal cord and subventricular zone neural precursor cells. Exp. Neurol. 158, 143â€“154 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stewart, R.R., Zigova, T. & Luskin, M.B. K+ currents in precursor cells isolated from the anterior subventricular zone of the neonatal rat forebrain. J. Neurophysiol. 81, 95â€“102 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Castillo, P.E., Carleton, A., Vincent, J.D. & Lledo, P.-M. Multiple and opposing roles of cholinergic transmission in the main olfactory bulb. J. Neurosci. 19, 9180â€“9191 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nusser, Z., Kay, L.M., Laurent, G., Homanics, G.E. & Mody, I. Disruption of GABAA receptors on GABAergic interneurons leads to increased oscillatory power in the olfactory bulb network. J. Neurophysiol. 86, 2823â€“2833 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Roy, N.S. et al. In vitro neurogenesis by progenitor cells isolated from the adult human hippocampus. Nat. Med. 6, 271â€“277 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stewart, R.R., Hoge, G.J., Zigova, T. & Luskin, M.B. Neural progenitor cells of the neonatal rat anterior SVZ express functional GABAA receptors. J. Neurobiol. 50, 305â€“322 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Durand, G.M., Kovalchuk, Y. & Konnerth, A. Long-term potentiation and functional synapse induction in developing hippocampus. Nature 381, 71â€“75 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Komuro, H. & Rakic, P. Orchestration of neuronal migration by activity of ion channels, neurotransmitter receptors, and intracellular Ca2+ fluctuations. J. Neurobiol. 37, 110â€“130 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Spigelman, I., Zhang, L. & Carlen, P.L. Patch-clamp study of postnatal development of CA1 neurons in rat hippocampal slices: membrane excitability and K+ currents. J. Neurophysiol. 68, 55â€“69 (1992).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pirchio, M., Turner, J.P., Williams, S.R., Asprodini, E. & Crunelli, V. Postnatal development of membrane properties and delta oscillations in thalamocortical neurons of the cat dorsal lateral geniculate nucleus. J. Neurosci. 17, 5428â€“5444 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Koestner, J. Membrane potential. in Principles of Neural Science (eds. Kandel, E.R., Schwartz, J.H. & Jessell T.H.) 81â€“94 (Elsevier, New York, 1991).

                    Google ScholarÂ 
                

	Tyzio, R. et al. The establishment of GABAergic and glutamatergic synapses on CA1 pyramidal neurons is sequential and correlates with the development of the apical dendrite. J. Neurosci. 19, 10372â€“10382 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Khazipov, R. et al. Early development of neuronal activity in the primate hippocampus in utero. J. Neurosci. 21, 9770â€“9781 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cline, H.T. Dendritic arbor development and synaptogenesis. Curr. Opin. Neurobiol. 11, 118â€“126 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Owens, D.F. & Kriegstein, A.J. Is there more to GABA than synaptic inhibition? Nat. Rev. Neurosci. 3, 715â€“727 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ben-Ari, Y. Excitatory actions of GABA during development: the nature of the nurture. Nat. Rev. Neurosci. 3, 728â€“739 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ganguly, K., Schinder, A.F., Wong, S.T. & Poo, M.M. GABA itself promotes the developmental switch of neuronal GABAergic responses from excitation to inhibition. Cell 105, 521â€“532 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alonso, G., Prieto, M. & Chauvet, N. Tangential migration of young neurons arising from the subventricular zone of adult rats is impaired by surgical lesions passing through their natural migratory pathway. J. Comp. Neurol. 405, 508â€“528 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lois, C., Garcia-Verdugo, J.M. & Alvarez-Buylla, A. Chain migration of neuronal precursors. Science 271, 978â€“981 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, L.I. & Poo, M.M. Electrical activity and development of neural circuits. Nat. Neurosci. 4, 1207â€“1214 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Snyder, J.S., Kee, N. & Wojtowicz, J.M. Effects of adult neurogenesis on synaptic plasticity in the rat dentate gyrus. J. Neurophysiol. 85, 2423â€“2431 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lemaire, V., Koehl, M., Le Moal, M. & Abrous, D.N. Prenatal stress produces learning deficits associated with an inhibition of neurogenesis in the hippocampus. Proc. Natl. Acad. Sci. USA 97, 11032â€“11037 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gould, E., Beylin, A., Tanapat, P., Reeves, A. & Shors, T.J. Learning enhances adult neurogenesis in the hippocampal formation. Nat. Neurosci. 2, 260â€“265 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van Praag, H., Kempermann, G. & Gage, F.H. Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266â€“270 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rochefort, C., Gheusi, G., Vincent, J.D. & Lledo, P.-M. Enriched odor exposure increases the number of newborn neurons in the adult olfactory bulb and improves odor memory. J. Neurosci. 22, 2679â€“2689 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Didier, A. et al. A dendro-dendritic reciprocal synapse provides a recurrent excitatory connection in the olfactory bulb. Proc. Natl. Acad. Sci. USA 98, 6441â€“6446 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Walker, M.C., Ruiz, A. & Kullmann, D.M. Monosynaptic GABAergic signaling from dentate to CA3 with a pharmacological and physiological profile typical of mossy fiber synapses. Neuron 29, 703â€“715 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	GutiÃ©rrez, R. Activity-dependent expression of simultaneous glutamatergic and GABAergic neurotransmission from the mossy fibers in vitro. J. Neurophysiol. 87, 2562â€“2570 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kanda, T., Sullivan, K.F. & Wahl, G.M. Histoneâ€“GFP fusion protein enables sensitive analysis of chromosome dynamics in living mammalian cells. Curr. Biol. 8, 377â€“385 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by the Pasteur Institute, the Annette Gruner-Schlumberger Foundation, the CNRS, the Fondation pour la Recherche MÃ©dicale, a grant from the French Ministry of Research and Education (ACI Biologie du DÃ©veloppement et Physiologie IntÃ©grative 2000) and by a National Institutes of Health grant HD32116. We thank E. Perret and M.M. Gabellec for technical help with the confocal microscope and immunocytochemistry, respectively. We also thank A. Saghatelyan, M. Davenne and I. Manns for critical reading of the manuscript.


Author information
Authors and Affiliations
	Pasteur Institute, Laboratory of Perception and Memory, CNRS UMR 2182, 25 Rue du Dr Roux, Paris, 75015, France
Alan CarletonÂ &Â Pierre-Marie Lledo

	The Rockefeller University, 1230 York Avenue, New York, 10021, New York, USA
Leopoldo T. Petreanu

	Division of Biology, Biological Imaging Center, Beckman Institute, California Institute of Technology, Pasadena, 91125, California, USA
Rusty Lansford

	Neurosurgery Research, UCSF, San Francisco, 94134, California, USA
Arturo Alvarez-Buylla


Authors	Alan CarletonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Leopoldo T. PetreanuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rusty LansfordView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Arturo Alvarez-BuyllaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Pierre-Marie LledoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Pierre-Marie Lledo.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Fig. 1.
Summary Graphs of the sIPSC Kinetics. (a) IPSC rise times obtained for the different neuronal classes are presented as cumulative plots (see Supplementary Table for the number of tested neurons). There is no statistical difference between values obtained from cells belonging to different classes (K-S test: the numbers in parenthesis indicate the classes), which indicates that the location of the inhibitory contacts remains the same throughout maturation. (b) Graph showing no relation between the rise time and the decay time of average IPSCs. Each dot represents an individual cell recorded from one of the different classes, as depicted by the color code (green, red and black for classes 3, 4 and 5 respectively, n = 73). Note the absence of correlation between the two parameters (R2, square regression index) demonstrating that the decay time variability does not result from dendritic filtering. (GIF 18 kb)


Supplementary Table 1 (PDF 18 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Carleton, A., Petreanu, L., Lansford, R. et al. Becoming a new neuron in the adult olfactory bulb.
                    Nat Neurosci 6, 507â€“518 (2003). https://doi.org/10.1038/nn1048
Download citation
	Received: 06 February 2003

	Accepted: 11 March 2003

	Published: 21 April 2003

	Issue Date: 01 May 2003

	DOI: https://doi.org/10.1038/nn1048


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

                
                    	
                            
                                
                                    
                                        Increased proliferation and neuronal fate in prairie vole brain progenitor cells cultured in vitro: effects by social exposure and sexual dimorphism
                                    
                                

                            
                                
                                    	Daniela Ã�vila-GonzÃ¡lez
	Italo Romero-Morales
	Wendy Portillo


                                
                                Biology of Sex Differences (2023)

                            
	
                            
                                
                                    
                                        Seed-induced AÎ² deposition alters neuronal function and impairs olfaction in a mouse model of Alzheimerâ€™s disease
                                    
                                

                            
                                
                                    	Stephanie Ziegler-Waldkirch
	Marina Friesen
	Melanie Meyer-Luehmann


                                
                                Molecular Psychiatry (2022)

                            
	
                            
                                
                                    
                                        Changes in olfactory function and olfactory bulb after treatment for acromegaly
                                    
                                

                            
                                
                                    	Nazan Degirmenci
	Hasan Bektas
	Sabri Baki Eren


                                
                                European Archives of Oto-Rhino-Laryngology (2021)

                            
	
                            
                                
                                    
                                        Current understanding of adult neurogenesis in the mammalian brain: how does adult neurogenesis decrease with age?
                                    
                                

                            
                                
                                    	Yoshitaka Kase
	Takuya Shimazaki
	Hideyuki Okano


                                
                                Inflammation and Regeneration (2020)

                            
	
                            
                                
                                    
                                        Rapid Bayesian learning in the mammalian olfactory system
                                    
                                

                            
                                
                                    	Naoki Hiratani
	Peter E. Latham


                                
                                Nature Communications (2020)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Young neurons in old brains
                

                
	Sandra Aamodt



                
    
        
            Nature Neuroscience
        
        News & Views
        
        
            01 May 2003
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [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: ]
