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            Abstract
Behavioural learning is mediated by cellular plasticity, such as changes in the strength of synapses at specific sites in neural circuits. The theory of cerebellar motor learning1,2,3 relies on movement errors signalled by climbing-fibre inputs to cause long-term depression of synapses from parallel fibres to Purkinje cells4,5. However, a recent review6 has called into question the widely held view that the climbing-fibre input is an â€˜all-or-noneâ€™ event. In anaesthetized animals, there is wide variation in the duration of the complex spike (CS) caused in Purkinje cells by a climbing-fibre input7. Furthermore, the amount of plasticity in Purkinje cells is graded according to the duration of electrically controlled bursts in climbing fibres8,9. The duration of bursts depends on the â€˜stateâ€™ of the inferior olive and therefore may be correlated across climbing fibres8,10. Here we provide a potential functional context for these mechanisms during motor learning in behaving monkeys. The magnitudes of both plasticity and motor learning depend on the duration of the CS responses. Furthermore, the duration of CS responses seems to be a meaningful signal that is correlated across the Purkinje-cell population during motor learning. We suggest that during learning, longer bursts in climbing fibres lead to longer-duration CS responses in Purkinje cells, more calcium entry into Purkinje cells, larger synaptic depression, and stronger learning. The same graded impact of instructive signals for plasticity and learning might occur throughout the nervous system.
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                    Figure 1: Design of the learning paradigm and variation of CS duration.


Figure 2: Effect of CS duration on trial-over-trial depression and learning.


Figure 3: Quantitative analysis of the effects of CS duration for all individual Purkinje cells.


Figure 4: Evidence that CS duration affects the magnitude of CS-linked plasticity.
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Extended data figures and tables

Extended Data Figure 1 Direction tuning of floccular Purkinje cells during pursuit eye movements.
a, Arrows show directions of ramp target motions used to assess direction tuning. Red and blue arrows show the on and off directions for simple-spike firing in the example Purkinje cell. b, c, Simple-spike firing rate and CS probability as a function of time during pursuit of vertical target motion in the on direction for simple-spike firing (b, red traces) and the off direction for simple-spike firing (c, blue traces). The target-position traces show the step-ramp target motion, which used a small step in one direction to obviate the need for saccades during the initiation of pursuit in the direction of the target ramp. d, e, Full direction tuning analysis for the simple-spike firing rate (d) and CS probability (e). Each graph comprises eight peri-stimulus time histograms that start 200 ms before the onset of target motion and are positioned appropriately for the direction of target motion. A polar plot appears at the centre of each panel showing the direction tuning as a black line, and the baseline response during fixation as a grey circle. In this example and in all Purkinje cells in our sample, simple-spike firing rate and CS probability had opposite preferred directions.


Extended Data Figure 2 Relationship between number of spikelets in a CS response and the duration of the extracellular potential.
Each graph shows data for one of 16 Purkinje cells with CS responses that were isolated well enough to allow reliable counting of spikelets. Each symbol shows the measurements for a single CS response. The regression lines were obtained with a type-II regression analysis that gave equal weight to errors along the x and y axes. The duration of the CS response to a learning instruction did not vary as a function of tiny fluctuations in the magnitude of the instruction, caused by variation in the eye velocity at the time the instructive target motion occurred. The correlation coefficients for the individual graphs ranged from 0.71 to 0.93 and averaged 0.83. The arrows indicate the time chosen as the end of each CS waveform.


Extended Data Figure 3 Absence of relationship between duration of the post-CS pause in simple-spike firing rate and trial-over-trial depression or learning.
a, An example CS waveform showing the measurement of the duration of the post-CS pause. b, Relationship between duration of pause and duration of CS. Each set of three grey symbols shows data from a single Purkinje cell. Black symbols show averages across the full sample. c, d, Trial-over-trial changes in simple-spike firing rate (c) and eye velocity (d). Red and blue traces show data for long versus short durations of post-CS pause. The light blue shaded area around the blue trace shows one standard error of the mean for the results with a short pause. Vertical dashed lines show the time of the instruction. We did not find any relationship between the magnitude of trial-over-trial depression of simple-spike firing or eye velocity and the duration of the post-CS pause in simple-spike responses. Thus, the post-CS pause might affect learning in the deep cerebellar nucleus30, but does not seem to impact short-term learning in the cerebellar cortex. In terms of the methods, as before, we formed distributions of the duration of the post-CS pause for each Purkinje cell, trisected the distributions, and divided pairs of trials according to whether the post-CS pause in the instruction trial was long, medium or short (means: 42.6, 29.5 and 20.2 ms). The simple-spike activity was somewhat higher on trials with a short versus long post-CS pause (80.4â€‰Â±â€‰7.0 versus 73.6â€‰Â±â€‰6.9 s.e.m., two-tailed paired t-test, Pâ€‰<â€‰0.01, n = 34).
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Neuronal plasticity in the cerebellum is central to behavioural learning. It is known that motor error signals from the climbing fibres drive cerebellar learning by modulating long-term depression of synapses from parallel fibres to Purkinje cells. Yan Yang and Stephen Lisberger studied the plasticity caused by a single complex spike in a single Purkinje cell in a monkey participating in a motor learning task and find that the magnitude of the plasticity as well as the motor learning depends on the duration of the complex spike in this climbing-fibre input. This graded instruction differs from the 'all-or-none' view previously thought to describe this input.

show all

    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








