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            Abstract
It has been known for more than 70 years that synaptic strength is dynamically regulated in a use-dependent manner1. At synapses with a low initial release probability, closely spaced presynaptic action potentials can result in facilitation, a short-term form of enhancement in which each subsequent action potential evokes greater neurotransmitter release2. Facilitation can enhance neurotransmitter release considerably and can profoundly influence information transfer across synapses3, but the underlying mechanism remains a mystery. One proposed mechanism is that a specialized calcium sensor for facilitation transiently increases the probability of release2,4, and this sensor is distinct from the fast sensors that mediate rapid neurotransmitter release. Yet such a sensor has never been identified, and its very existence has been disputed5,6. Here we show that synaptotagmin 7 (Syt7) is a calcium sensor that is required for facilitation at several central synapses. In Syt7-knockout mice, facilitation is eliminated even though the initial probability of release and the presynaptic residual calcium signals are unaltered. Expression of wild-type Syt7 in presynaptic neurons restored facilitation, whereas expression of a mutated Syt7 with a calcium-insensitive C2A domain did not. By revealing the role of Syt7 in synaptic facilitation, these results resolve a longstanding debate about a widespread form of short-term plasticity, and will enable future studies that may lead to a deeper understanding of the functional importance of facilitation.
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                    Figure 1: Facilitation is absent in Syt7 knockout mice.


Figure 2: Facilitation is altered in Syt7-knockout animals despite similar presynaptic Ca2+ signals.


Figure 3: Change in the initial probability of release does not underlie the absence of facilitation in Syt7-knockout mice.


Figure 4: Viral expression of Syt7 restores facilitation at Schaffer collateral synapses.
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Extended data figures and tables

Extended Data Figure 1 Possible mechanisms for synaptic facilitation.
aâ€“d, It is established that calcium has an important role in synaptic facilitation, and several mechanisms have been proposed that involve different aspects of calcium signalling2. Here we discuss the calcium signals that evoke rapid vesicle fusion, and also those thought to be involved in facilitation (a), and three mechanisms of facilitation are presented schematically43 (bâ€“d). a, To understand the mechanisms that have been proposed to account for facilitation, it is important to appreciate different aspects of presynaptic calcium signalling. Calcium signals are complex, but can be approximated by two components. An action potential opens calcium channels for less than a millisecond, and near open channels the calcium levels reach tens of micromolar. Release sites near calcium channels experience high local calcium levels (Calocal) that are highly dependent on the distance from open calcium channels. Calocal can be reduced by high concentrations of fast calcium buffers that rapidly bind calcium. In addition, there is a residual calcium signal (Cares) that results from calcium equilibrating within presynaptic terminals, before calcium is gradually removed over tens to hundreds of milliseconds. The amplitude of Cares (and also total influx of Ca2+, Cainflux) is determined by all of the calcium channels that open, not only those that produce Calocal that drives release, and after initial equilibration Cares is roughly uniform throughout the presynaptic bouton. It is generally accepted that fast synaptic transmission is produced by calcium binding to Syt1, Syt2 or Syt9, which have low-affinity binding sites, fast kinetics, and require the binding of multiple calcium ions7,44. The time course of release follows the time course of calcium channel opening, but with a brief delay (<1â€‰ms). Cares after a single stimulus is much smaller than Calocal. Typical fluorescence-based approaches to measure calcium readily detect Cares, but are insensitive to Calocal, which is too localized and short-lived to measure. Note the y axis is logarithmic to show both Calocal and Cares in a, but not in bâ€“d. b, For one mechanism of facilitation, a fast calcium buffer is present in presynaptic terminals that binds calcium and reduces Calocal. Stimulation twice in rapid succession results in the same calcium influx for both stimuli. If there is no fast presynaptic buffer, the amplitudes of Calocal and the EPSCs are the same for both stimuli (red traces). If a fast high-affinity buffer is present (black traces), it reduces the initial Calocal and reduces the amplitude of the initial EPSC, but if enough calcium enters and binds to the buffer, it reduces its ability to buffer calcium. As a result, the second stimulus produces larger Calocal than the first, and the EPSC is facilitated. c, A second possible mechanism is that more calcium enters for the second stimulus, and as a result there is more neurotransmitter release. This could arise from a spike broadening, or from the modulation of calcium channels. It is possible that influx through all calcium channels in the presynaptic terminal would be increased, in which case both Cares and Calocal would be increased. It is also possible that the only calcium channels that are modulated are the subset that produce Calocal that triggers release, in which case Cares would not be significantly increased. d, Finally, it is possible that there is a specialized calcium sensor that produces facilitation that is distinct from Syt1 (refs 2, 4, 45). Previous studies have shown that such a sensor would need to be sensitive to Cares based on the observation that facilitation is altered at some synapses by manipulations that affect Cares without affecting Calocal. According to this scheme, release is mediated by Syt1 but calcium binding to a second sensor would increase p. The sensor is sufficiently slow that it does not influence release evoked by the first stimulus, but it is able to influence release evoked by a second stimulus.


Extended Data Figure 2 Immunohistochemistry of Syt7 expression at four different synapses.
aâ€“d, Fluorescent images of immunostaining for vGlut1 (top) and syt7 (bottom) in slices from wild-type and Syt7-knockout animals, showing the stratum radiatum (SR) of hippocampal CA1 region (a), the ventral thalamus (b), mossy fibres (MF) in hippocampal CA3 (c), and the lateral and medial performant paths (LPP and MPP) in the outer molecular layer of the dentate gyrus (d). Notably, Syt7 expression in wild-type animals was higher in the LPP, where synapses exhibit facilitation, than in the MPP, where synapses exhibit depression. Scale bar, 50â€‰Î¼m. The presence of Syt7 labelling in regions containing CA3â€“CA1 synapses, layer 6 to thalamus synapses, mossy fibres synapses and LPPâ€“granule-cell synapses that are also colabelled with antibodies to the presynaptic marker for glutamatergic synapses vGlut1, suggests that Syt7 is located presynaptically at these synapses. It is, however, difficult to obtain sufficient resolution with confocal microscopy in brain slices to unambiguously establish that Syt7 is located presynaptically at these synapses. Importantly, the Allen Brain atlas (http://www.brain-map.org) suggests that the presynaptic cells for these synapses contain messenger RNA for Syt7. Lastly, immunoelectron microscopy revealed selective staining of presynaptic boutons in the CA1 region of the hippocampus16.


Extended Data Figure 3 Immunohistochemistry of Syt7 and calbindin expression at mossy fibre synapses.
Fluorescent images of immunostaining for calbindin-D28k, which predominantly labels mossy fibres in the CA3 region of the hippocampus9,46 (top) and Syt7 (bottom) in slices from wild-type and Syt7-knockout animals. Colocalization of Syt7 and calbindin staining in wild-type animals provides further support for the expression of Syt7 in mossy fibre terminals. Scale bar, 20â€‰Î¼m.


Extended Data Figure 4 Loss of facilitation in Syt7-knockout animals at multiple frequencies.
Average normalized synaptic responses evoked by extracellular stimulation with trains at frequencies from 5 to 50â€‰Hz at four synapses in slices from wild-type and Syt7-knockout animals. Enhancement during trains was eliminated for all synapses other than mossy fibre synapses, where significant enhancement was present by the fifth stimulus for 5â€‰Hz and 10â€‰Hz, the third stimulus for 20â€‰Hz, and the sixth stimulus for 50â€‰Hz (compared to 1 by a Wilcoxon signed rank test, Pâ€‰<â€‰0.05). This indicates that another form of synaptic enhancement gradually builds during repetitive activation and is consistent with a specialized form of synaptic enhancement that has been described at mossy fibre synapses in which spike broadening gradually builds during repetitive activation and leads to increased calcium influx. The numbers of experiments are shown in Extended Data Table 1.


Extended Data Figure 5 Spontaneous release is similar in wild-type and Syt7-knockout animals.
a, Representative spontaneous EPSCs (sEPSCs) recorded from voltage-clamped hippocampal CA1 cells in wild-type (black) and knockout (red) animals. Vertical scale bars, 20â€‰pA. b, Representative sEPSCs, averaged from >50 events recorded in wild-type and knockout animals. Vertical scale bars, 10â€‰pA. c, d, Average sEPSC amplitude (c) and frequency (d) in wild-type (nâ€‰=â€‰16) and Syt7-knockout animals (nâ€‰=â€‰18).


Extended Data Figure 6 MK801 blockade of NMDAR-mediated EPSCs reveals similar initial release probability in wild-type and knockout synapses.
a, Representative NMDAR-EPSCs recorded in wild-type and knockout animals before the application of MK801 (average of 10 traces) and after stimulation in the presence of MK801 (average response of fifteenth to twentieth stimuli). Vertical scale bars, 100â€‰pA. b, Average NMDAR-EPSCs recorded in the presence of MK801, normalized to the first stimulus. c, Half-decay times of NMDAR-EPSC amplitudes. *Pâ€‰<â€‰0.05, one-way ANOVA with Tukeyâ€™s post-hoc test. Data represent meanâ€‰Â±â€‰s.e.m. The number of experiments is shown in Extended Data Table 2.


Extended Data Figure 7 Effect of virally expressed Syt7 wild-type and Syt7(C2A*) in wild-type animals.
a, b, Top, AAV was injected into the hippocampal CA3 region in wild-type animals to express ChR2 and either wild-type Syt7 (a) or Syt7(C2A*). Bottom, representative EPSCs and average paired-pulse ratios for responses evoked electrically and optically in wild-type slices with AAV-driven expression of wild-type Syt7 (electrical, nâ€‰=â€‰12; optical, nâ€‰=â€‰13) (a) and Syt7(C2A*) (electrical, nâ€‰=â€‰5; optical, nâ€‰=â€‰13) (b). Vertical scale bars, 100â€‰pA.


Extended Data Figure 8 Evidence suggests that Syt7 does not produce facilitation by acting as a local calcium buffer at the CA3â€“CA1 synapse.
This graph illustrates the general relationship between PPR and external calcium for synapses in which buffer saturation produces facilitation (green) and for facilitation observed at the CA3â€“CA1 synapse and many other synapses (black)9. It has been shown previously that the for buffer saturation mechanism (Extended Data Fig. 1b) the amplitude of facilitation is reduced when Cainflux is reduced by lowering external calcium9. This can be understood by considering that this form of facilitation is thought to require sufficient Cainflux to saturate the endogenous buffer, and thereby reduce its ability to buffer calcium for subsequent stimuli. If Cainflux is low, then there is insufficient calcium entry to bind very much of the endogenous buffer, and little facilitation would result. In addition, as shown in Extended Data Fig. 1, for a calcium buffer to produce facilitation it would need to buffer calcium sufficiently that it would reduce initial p. We have shown, however, that p is unaltered in Syt7 knockouts. This is perhaps not surprising in light of the fact that Syt7 is thought to be located on the plasma membrane, and in cases where this type of facilitation has been observed it is associated with high concentrations of a fast cytosolic buffer9.


Extended Data Table 1 Number of electrophysiological recordings from wild-type and Syt7-knockout animalsFull size table


Extended Data Table 2 Number of experiments related to the Ca2+-dependence of probability of releaseFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Jackman, S., Turecek, J., Belinsky, J. et al. The calcium sensor synaptotagmin 7 is required for synaptic facilitation.
                    Nature 529, 88â€“91 (2016). https://doi.org/10.1038/nature16507
Download citation
	Received: 04 June 2015

	Accepted: 03 December 2015

	Published: 06 January 2016

	Issue Date: 07 January 2016

	DOI: https://doi.org/10.1038/nature16507


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

                
                    	
                            
                                
                                    
                                        SYT7 regulates the progression of chronic lymphocytic leukemia through interacting and regulating KNTC1
                                    
                                

                            
                                
                                    	Wenjie Zhang
	Jinlan Long
	Zhenshu Xu


                                
                                Biomarker Research (2023)

                            
	
                            
                                
                                    
                                        The release of inhibition model reproduces kinetics and plasticity of neurotransmitter release in central synapses
                                    
                                

                            
                                
                                    	Christopher A. Norman
	Shyam S. Krishnakumar
	Kirill E. Volynski


                                
                                Communications Biology (2023)

                            
	
                            
                                
                                    
                                        Synaptotagmin-7 outperforms synaptotagmin-1 to promote the formation of large, stable fusion pores via robust membrane penetration
                                    
                                

                            
                                
                                    	Kevin C. Courtney
	Taraknath Mandal
	Edwin R. Chapman


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Adaptor protein AP-3 produces synaptic vesicles that release at high frequency by recruiting phospholipid flippase ATP8A1
                                    
                                

                            
                                
                                    	Hongfei Xu
	Juan A. Oses-Prieto
	Robert H. Edwards


                                
                                Nature Neuroscience (2023)

                            
	
                            
                                
                                    
                                        A Flexible Tribotronic Artificial Synapse with Bioinspired Neurosensory Behavior
                                    
                                

                            
                                
                                    	Jianhua Zeng
	Junqing Zhao
	Chi Zhang


                                
                                Nano-Micro Letters (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Synaptic facilitation requires synaptotagmin 7
Synaptic facilitation is a process â€” first observed more than 70 years ago â€” that allows neurons to dynamically regulate neurotransmitter release in an activity-dependent manner. It is manifest as short-term synaptic enhancement lasting for up to several hundred milliseconds. Wade Regehr and colleagues have now identified synaptotagmin 7 as the calcium sensor required for synaptic facilitation at a variety of central synapses. Previous studies had established a role for synaptotagmin 7 in the slow phase of transmission known as asynchronous release and in Ca2+-dependent recovery from depression. This result offers a key molecular handle for future functional studies of short-term synaptic plasticity, a fundamental form of neuronal computation.
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