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            Abstract
The thalamic reticular nucleus (TRN), the major source of thalamic inhibition, regulates thalamocortical interactions that are critical for sensory processing, attention and cognition1,2,3,4,5. TRN dysfunction has been linked to sensory abnormality, attention deficit and sleep disturbance across multiple neurodevelopmental disorders6,7,8,9. However, little is known about the organizational principles that underlie its divergent functions. Here we performed an integrative study linking single-cell molecular and electrophysiological features of the mouse TRN to connectivity and systems-level function. We found that cellular heterogeneity in the TRN is characterized by a transcriptomic gradient of two negatively correlated gene-expression profiles, each containing hundreds of genes. Neurons in the extremes of this transcriptomic gradient express mutually exclusive markers, exhibit core or shell-like anatomical structure and have distinct electrophysiological properties. The two TRN subpopulations make differential connections with the functionally distinct first-order and higher-order thalamic nuclei to form molecularly defined TRN–thalamus subnetworks. Selective perturbation of the two subnetworks in vivo revealed their differential role in regulating sleep. In sum, our study provides a comprehensive atlas of TRN neurons at single-cell resolution and links molecularly defined subnetworks to the functional organization of thalamocortical circuits.
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                    Fig. 1: snRNA-seq reveals transcriptomic gradient of TRN neurons.[image: ]


Fig. 2: Ecel1+ and Spp1+ neurons show distinct spatial distribution across the TRN.[image: ]


Fig. 3: Topographical map of TRN-thalamus projections.[image: ]


Fig. 4: Spp1+ and Ecel1+ TRN subpopulations show distinct electrophysiological signatures.[image: ]


Fig. 5: Selective perturbation of the firing properties of Spp1+ or Ecel1+ neurons in vivo reveals their differential participation in thalamocortical rhythms.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Thalamic subnetworks as units of function
                                        
                                    

                                    
                                        Article
                                        
                                         31 January 2022
                                    

                                

                                Dheeraj S. Roy, Ying Zhang, … Guoping Feng

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Untangling the cortico-thalamo-cortical loop: cellular pieces of a knotty circuit puzzle
                                        
                                    

                                    
                                        Article
                                        
                                         06 May 2021
                                    

                                

                                Gordon M. G. Shepherd & Naoki Yamawaki

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A phylogenetically-conserved axis of thalamocortical connectivity in the human brain
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 September 2023
                                    

                                

                                Stuart Oldham & Gareth Ball

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              Sequencing data for this study is available through the Gene Expression Omnibus GSE145273. All additional data, and plasmids are available from the authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Expression patterns of Gad2 and Pvalb across TRN.
a, Schematic of positions of coronal sections shown along the anterior to posterior axis (indicated by numbers). b–d, RNA-FISH co-staining of Gad2 and Pvalb in anterior (b), medial (c), and posterior (d) coronal sections. For each position: Left: overview of the RNA-FISH co-staining in TRN; Right: Zoom-in view of the boxed area in the left panel. For b–d, repeated with n = 2. e, Representative FACS plot showing gating strategy used in sorting single nuclei for RNA sequencing. Repeated with n = 53 plate-based sorting.


Extended Data Fig. 2 Identification of Gad2+ cell types.
a, t-SNE embedding of 1,687 single nuclei as in Fig. 1a. Single nuclei are coloured by dissection sources as indicated by the colour bar on the right. Different batches of dissections from the external part of globus pallidus (GPE) are coloured differently. n = 1,687 nuclei. b, t-SNE embedding of nuclei showing expression levels (pseudo-colour) of marker genes for each cluster. The three small clusters exhibiting markedly less Pvalb expression, but enriched with a combination of markers including Gabra1, Fxyd6, Tac1. n = 868 nuclei. c, ISH image in sagittal view of selected markers shown in b. Images obtained from Allen Brain Atlas (https://portal.brain-map.org/). Dashed lines indicate boundaries of TRN and the neighbouring GABAergic nuclei. GP: globus pallidus; ZI: zona incerta; BNST: bed nucleus of the stria terminalis.


Extended Data Fig. 3 Binarized expression pattern of Spp1 and Ecel1 represents transcriptomic gradient.
a, Expression levels of Spp1 and Ecel1 (top) and log(Spp1/Ecel1) (bottom) in individual cells along the transcriptomic gradient, showing binary pattern of Spp1 and Ecel1 correlated with the gradient score. b, Number of genes detected for the major cell types and TRN subpopulations, showing that the Spp1+Ecel1+ (DP) and Spp1−Ecel1− (DN) are of quality comparable to other cell populations. nASC = 124, nGlut = 226, nGABA = 868, nODC = 388, nGad1+Cck+ = 9, nOPC = 23, nMCG = 28, nEbf2+ = 21 nuclei. Between Spp1+ and DP, P = 0.1787; DN and Ecel1+, P = 0.2897, two-sided ranksum test. n.s.: not significant. No adjustment for multiple testing was applicable. Box plots shows 25th, 50th, 75th percentiles, and the whiskers extend to the most extreme data points, ‘+’ are taken as outliers. c, Schematics of naive Bayes classifiers to assign Spp1+, Ecel1+, DP and DN neurons into segments of the transcriptomic gradient. d, Classification accuracy of the naive Bayes classifiers. Shown are the probability of assigning Spp1+ to ‘Spp1’ segment, DP and DN neurons to the intermediate segment, and Ecel1+ to ‘Ecel1’ segment, respectively. n = 671 nuclei total, nSpp1+ = 264, nDP+DN = 195, nEcel1+ = 212 neurons. e, Schematics for normalization of medial–lateral position of individual neurons in FISH images. Blue line: TRN boundary; Red dots: Pvalb+Spp1+ neurons; Green dots: Pvalb+Ecel1+ neurons; Yellow dots: DP neurons; DN are not shown in the schematics. f, Scatter plots showing log(Spp1/Ecel1) in individual Pvalb+ neurons at normalized medial-lateral position in selected tFISH images along anterior to posterior TRN, corresponding to Fig. 2c. m-l: medial–lateral position; Blue dots: individual cells; Solid red line: smooth fitting of blue data points, showing inverted-‘U’ shape; Dashed blue line: mean of blue data points, indicating the difference in the FISH background of Spp1 and Ecel1 channel in different images.


Extended Data Fig. 4 Injection sites in distinct thalamic relay nuclei and corresponding cortical projections.
a, The positions of retrogradely labelled neurons traced from different thalamic relay nuclei indicated by different colours are shown in the coronal view of TRN section series arranged from anterior to posterior. The light green and the magenta shaded areas indicate the distribution of typical Ecel1+ and Spp1+ neurons, respectively. VPM, ventral posterior medial; dLGN, lateral geniculate nucleus (dorsal part); POm, posterior-medial; LP, lateral posterior-lateral part; dMGN, medial geniculate-dorsal part; vMGN, medial geniculate-ventral part; VM, ventromedial; VL, ventrolateral. n = 3 mice per region. b, Panoramic view of coronal sections showing the injection sites and cortical projection for each FO and HO thalamic nuclei. V1: primary visual cortex; V2L: secondary visual cortex lateral part; V2ML: secondary visual cortex medial-lateral part; S1BF: primary somatosensory cortex barrel field; S1DZ: primary somatosensory cortex dysgranular zones; S1FL: primary somatosensory cortex forelimb; S1HL: primary somatosensory cortex hindlimb; S2: secondary somatosensory cortex; AuV: secondary auditory cortex ventral area; Au1: primary auditory cortex; AuD: secondary auditory cortex dorsal area; MGD: medial geniculate nuclei dorsal part; MGM: medial geniculate nuclei medial part; TeA: temporal cortex, association area. n = 3 mice per region. c, Quantification of the projection ratio between the primary and higher-order secondary/tertiary cortical areas for different thalamic injection sites. ndLGN = 12 slices/2 mice, nLP = 12 slices/2 mice, nMGV = 15 slices/2 mice, nMGD/MGM = 12 slices/2 mice, nVPM = 12 slices/2 mice, nPOm = 12 slices/2 mice. Bars represent mean ± s.e.m. and raw data points.


Extended Data Fig. 5 Distribution of TRN neurons according to molecular gradient score.
a, The anatomical distribution of Patch-seq recorded neurons in coronal sections of TRN along the anterior-posterior axis. The cells were labelled with different coloured numbers as indicated (Spp1+, magenta, Ecel1+, green, DP, black and DN, blue). Numbers indicate cell ID. Shown are n = 76 cells/5 mice, data collected by 2 experimenters. b, biSNE embedding of the collected TRN neurons for Patch-seq showing molecular gradient pattern with Spp1+ (magenta), Ecel1+ (green), and the intermediate sub-populations DP (blue) and DN (black). Shown are subset of neurons from a batch of n = 68 neurons/5 mice. c, Representative voltage changes in response to hyperpolarizing current step injections. Spp1+ neurons (magenta) show robust rebound burst firings elicited by hyperpolarization with high firing frequencies within a burst. When a similar protocol is applied, most of the Ecel1+ neurons (green) show only one rebound burst with lower firing frequencies within a burst than Spp1+ neurons. DN (blue) and DP (black) neurons present intermediate properties. nEcel1+ = 15, nSpp1+ = 29, nDN = 9, nDP = 10 neurons.


Extended Data Fig. 6 TRN neurons exhibit difference in action potential properties and morphology.
a, Zoom-in view of a representative single action potential traces of Spp1+ and Ecel1+ neurons. b, Summary of action potential (AP) threshold (P = 0.015, two-sided unpaired t-test) and half-width of AP (APhw) (P = 7.08 × 105, two-sided unpaired t-test). For a, b, nSpp1 = 12, nEcel1 = 13, nDP = 6, nDN = 7 neurons from 5 mice. Plots represent mean ± s.d. and raw data points. c, Example of Spp1+ like (‘Spp1’) (magenta) and Ecel1+ like (‘Ecel1’) (green) neuron morphology. d, Sholl analysis of the dendritic complexity. e, Summary of the soma length and width, total dendritic length and maximum number of intersections in Spp1+ like (‘Spp1’) and Ecel1+ like (‘Ecel1’) neurons (Mean ± s.d. Dendritic length, P = 0.0014. Number of intersections, P = 0.0004, two-sided unpaired t-test). For c–e, n’Spp1’ = 11 neurons/4 mice, n’Ecel1’ = 10 neurons/4 mice.


Extended Data Fig. 7 AAV-mediated pooled in vivo CRISPR screening.
a, Schematics of the AAV-mediated pooled CRISPR–Cas9 in vivo screen. b, List of pools and genes selected for knockout in the CRISPR–Cas9 screening. TRN enriched refers to genes differentially expressed between Pvalb+ neurons from TRN and from M2 cortex, somatosensory cortex, striatum, and hippocampus. c, A heat map showing the expression pattern of the selected genes in the TRN neurons. The selected disease-risk genes are labelled on the right side. d, A heat map showing the differentially expressed disease-risk genes in Spp1+ versus Ecel1+ neurons: autism spectrum disorder (ASD, purple) and schizophrenia (orange). e, Violin plots showing a list of genes differentially expressed between Pvalb+ neurons in TRN compared and Pvalb+ neurons in the four other brain regions including hippocampus (HP), secondary motor cortex (M2), somatosensory cortex (SCX), and striatum (STR). f, Violin plots confirming the TRN-enriched gene list as shown in e in additional brain regions using the mousebrain.org datasets. CB: cerebellum; Hypoth: hypothalamus; MBd: medial basal nucleus dorsal part; MBV: medial basal nucleus ventral part; SC: spinal cord; Thal: thalamus. g, Violin plots showing selected differentially expressed disease-risk genes compared to the Pvalb+ neurons in the other four brain regions as indicated. HP: hippocampus; M2: secondary motor cortex; SCX: somatosensory cortex; STR: striatum. For e and g, nHP = 90, nM2 = 97, nSCX = 116, nSTR = 13, nTRN = 671 cells; For (f), nCA1 = 136, nCB = 477, nHypoth = 156, nMBb = 331, nMBv = 209, nMedulla = 121, nPons = 199, nSC = 69, nThal = 54, nTRN = 501 cells. The violin plots width is based off of a Gaussian kernel density estimate of the data (estimated by the standard density function in R with default parameters), scaled to have maximum width equal to 1.


Extended Data Fig. 8 Pooled in vivo CRISPR–Cas9 screening reveals gene sets contributing to TRN bursting firing properties.
a, Representative current-clamp recording traces of Spp1+ like (‘Spp1’, magenta) and Ecel1+ like (‘Ecel1’, green) neurons held at different membrane potentials. The trace with the maximum number of bursts was selected for measuring different burst properties and calculating the Z-score (shown in the right). b, Plot showing confidence interval ellipses for classifying Spp1+ like (‘Spp1’) and Ecel1+ like (‘Ecel1’) neurons based on the AHP and the number of rebound bursts. c, Representative rebound burst traces of recorded neurons after knocking out different sets of genes via CRISPR–Cas9 gene editing. Traces show rebound bursting activity changes in response to hyperpolarizing current step injections. TRN neurons exhibited distinct changes in their firing patterns after knockout of different gene groups. d, Radar plots of 5 electrophysiological parameters illustrated in a, showing the deviation of perturbed group to the control after knocking out sets of genes in the pooled approach. Positive changes show an increase towards a parameter, while negative changes show a decrease when compared to control. Green line indicates deviations in Ecel1+ like neurons and colour shades indicates deviations in Spp1+ like neurons. e, Summary of the maximum number of rebound bursts of TRN neurons elicited by comparable hyperpolarizing current step injection as described in Fig. 4b after different sets of genes were knocked out in the pooled approach in Spp1+ like (‘Spp1’) vs Ecel1+ like (‘Ecel1’) neurons (‘Spp1’ Pool1, P = 4.8742 × 107; Pool3, P = 0.0033; Pool5, P = 0.0088; Pool7, P = 0.0065. ‘Ecel1’ Pool3, P = 0.0081; Pool7, P = 0.023, two-sided unpaired t-test). Bars represent the mean ± s.e.m. For a–e: ‘Spp1’ Ighe n = 12, Pool1 n = 12, Pool2 n = 9, Pool3 n = 13, Pool4 n = 9, Pool5 n = 10, Pool6 n = 9, and Pool7 n = 10 cells; ‘Ecel1’ Ighe n = 9, Pool1 n = 12, Pool2 n = 13, Pool3 n = 10, Pool4 n = 8, Pool5 n = 10, Pool6 n = 8, and Pool7 n = 9 cells from 24 mice (3 mice per pool).


Extended Data Fig. 9 Characterization and validation of in vivo CRISPR–Cas9 screening reveals key genes contributing to TRN bursting firing properties.
a, Representative rebound burst traces of recorded neurons after knocking out different individual genes from Pool3 via CRISPR–Cas9 gene editing. Knocking out of Kcnd2 recapitulates the effects of Pool#3. b, Radar plots for Pool3 individual gene. Top: Changes in Spp1+ like (‘Spp1’) neurons, pink line showing the effect of the Pool3 gene knock out and colour shades showing the effect produced by individual gene knock out. Bottom: Changes in Ecel1+ like (‘Ecel1’) neurons, green line showing the Pool3 gene radar plot and colour shades showing the changes produced by individual gene knockout. Kcnd2 knockout closely recapitulates the effect of Pool3 in both populations. c, Summary of the maximum number of rebound bursts of TRN neurons elicited by comparable protocols after individual genes from Pool3 were knockout in Spp1+ like (‘Spp1’) vs Ecel1+ like (‘Ecel1’) neurons (‘Spp1’ Kcnd2, P = 0.0095. ‘Ecel1’ Kcng1, P = 0.0088; Kcnd2, P = 0.019, two-sided unpaired t-test). Bars represent the mean ± s.e.m. For a−c, ‘Spp1’ Kcng1 n = 6, Kcnc3 n = 6, Kcng4 n = 5, Kcnip1 n = 7, Kcnd2 n = 7; ‘Ecel1’ Kcng1 n = 10, Kcnc3 n = 8, Kcng4 n = 9, Kcnip1 n = 11, Kcnd2 n = 11. d, Schematics of the analysis for on-target and off-target efficiency. Upper: analysis flowchart. WGA: whole genome amplification; NGS: next generation sequencing. Lower: schematics of sgRNA design and primers for on-target analysis for Kcnd2 knockout. Five sgRNA were designed in Exon2, Exon3, and Exon4. As the length spanned by the leftmost sgRNA and the rightmost sgRNA exceeds the NGS analysis limit, nested PCR combined with Sanger sequencing was used for on-target efficiency analysis. Primers for the nested PCR are shown as black arrows in Exon1 and Exon5. e, Bar chart showing the on-target efficiency (5 sgRNA pooled) analysed by nested PCR and Sanger sequencing (control: n = 96 nuclei, viral injected: n = 384 nuclei) and off-target rate for the top predicted (Methods) off-target loci of each sgRNA analysed by NGS (n = 1,600 cells and 72,000 nuclei). Predicted off-target sequences are shown with mismatched bases in lower case. Bar plots represent maximum likelihood estimation (MLE) and upper Wilson score intervals, no raw data point applicable64 (Supplementary Information).


Extended Data Fig. 10 γ6 expression and its perturbation effect in the TRN cells.
a, Calcium currents measured in control (black traces) and with γ6 expression (red traces). b, Summarized current density versus voltage relations showing that γ6 expressing TRN neurons exhibit smaller calcium current densities than controls (P = 0.02, two-sided unpaired t-test, data presented as mean ± s.e.m.). For a, b, n = 6 neurons/3 mice. c, d, Quantification of retrogradely labelled cells (c; P = 0.6170, n.s, not significant, two-sided unpaired t-test) and their percentage of total PV+ neurons (d) in the series of coronal slices from injected mice. L: left hemisphere; R: right hemisphere; g6: γ6; FO: first order; HO: higher order. For c, d, n = 7 for each experimental condition, data presented as mean ± s.e.m. For c, plots are overlaid with raw data points. e, Scatter plots showing γ6 expressing percentage and the effect size for individual mice. Top row: delta power percentage; middle row: number of spindles per minutes in NREM; bottom row: median length of sleep bout in NREM in seconds; dots: animals with retrograde γ6 injection in FO (Red) and HO (Green) somatosensory thalamic nucleus. n = 6 for each conditions. f, Cumulative distribution of sleep spindle length for each individual mouse with retrograde γ6 injection in FO (upper) and HO (lower) somatosensory thalamic nuclei, corresponding to Fig. 5h. g, h, Summary of median length of NREM sleep bouts with retrograde γ6 injection in FO (g) and HO (h) somatosensory thalamic nuclei. Right: two-sided Wilcoxon rank-sum test; Left: Kolmogorov–Smirnov test. For data in f–h, ncontrol (FO) = 8, nγ6 (FO) = 8, ncontrol (HO) = 7, nγ6 (HO) = 8. Box plots represent minima, 25th, 50th, 75th percentiles, maxima.





Supplementary information
Supplementary Information
This file contains a Supplementary Discussion, Supplementary Methods and Supplementary Tables 1-5.


Reporting Summary

Supplementary Table 6
Primer sequences.


Supplementary Table 7
Design of sgRNA targets.


Supplementary Table 8
CRISPR screen efficiency and specificity.





Rights and permissions
Reprints and permissions


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



Cite this article
Li, Y., Lopez-Huerta, V.G., Adiconis, X. et al. Distinct subnetworks of the thalamic reticular nucleus.
                    Nature 583, 819–824 (2020). https://doi.org/10.1038/s41586-020-2504-5
Download citation
	Received: 18 May 2019

	Accepted: 09 April 2020

	Published: 22 July 2020

	Issue Date: 30 July 2020

	DOI: https://doi.org/10.1038/s41586-020-2504-5


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

                
                    	
                            
                                
                                    
                                        A phylogenetically-conserved axis of thalamocortical connectivity in the human brain
                                    
                                

                            
                                
                                    	Stuart Oldham
	Gareth Ball


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Molecularly defined and spatially resolved cell atlas of the whole mouse brain
                                    
                                

                            
                                
                                    	Meng Zhang
	Xingjie Pan
	Xiaowei Zhuang


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Top-down control of human motor thalamic neuronal activity during the auditory oddball task
                                    
                                

                            
                                
                                    	Frhan I. Alanazi
	Suneil K. Kalia
	William D. Hutchison


                                
                                npj Parkinson's Disease (2023)

                            
	
                            
                                
                                    
                                        Thalamic subnetworks as units of function
                                    
                                

                            
                                
                                    	Dheeraj S. Roy
	Ying Zhang
	Guoping Feng


                                
                                Nature Neuroscience (2022)

                            
	
                            
                                
                                    
                                        Developmental oxidative stress leads to T-type Ca2+ channel hypofunction in thalamic reticular nucleus of mouse models pertinent to schizophrenia
                                    
                                

                            
                                
                                    	Corinne El Khoueiry
	Jan-Harry Cabungcal
	Pascal Steullet


                                
                                Molecular Psychiatry (2022)

                            


                

            

        
    

            
                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
	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 — 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: ]
