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            Abstract
A heterogeneous population of inhibitory neurons controls the flow of information through a neural circuit1,2,3. Inhibitory synapses that form on pyramidal neuron dendrites modulate the summation of excitatory synaptic potentials4,5,6 and prevent the generation of dendritic calcium spikes7,8. Precisely timed somatic inhibition limits both the number of action potentials and the time window during which firing can occur8,9. The activity-dependent transcription factor NPAS4 regulates inhibitory synapse number and function in cell culture10, but how this transcription factor affects the inhibitory inputs that form on distinct domains of a neuron in vivo was unclear. Here we show that in the mouse hippocampus behaviourally driven expression of NPAS4 coordinatesthe redistribution of inhibitory synapses made onto a CA1 pyramidal neuron, simultaneously increasing inhibitory synapse number on the cell body while decreasing the number of inhibitory synapses on the apical dendrites. This rearrangement of inhibition is mediated in part by the NPAS4 target gene brain derived neurotrophic factor (Bdnf), which specifically regulates somatic, and not dendritic, inhibition. These findings indicate that sensory stimuli, by inducing NPAS4 and its target genes, differentially control spatial features of neuronal inhibition in a way that restricts the output of the neuron while creating a dendritic environment that is permissive for plasticity.
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                    Figure 1: Exposure of mice to increased circuit activity reveals an NPAS4-dependent regulation of inhibition in vivo.[image: ]


Figure 2: Behaviourally induced NPAS4 differentially regulates inhibitory synapse function across the somato-dendritic axis of pyramidal neurons.[image: ]


Figure 3: Behaviourally induced NPAS4 regulates inhibitory synapse number.[image: ]


Figure 4: Behaviourally induced BDNF regulates somatic but not dendritic inhibition.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Infection with AAV-Cre-GFP effectively excises Npas4.
a, Schematic of the AAV-Creâ€“GFP virus genome. b, Representative hippocampal section from an AAV-Creâ€“GFP; Npas4f/f animal 3â€‰h after kainic acid injection. Sections were imaged for native GFP fluorescence (green) and immunostained NPAS4 (red) and NeuN (blue) protein. c, Quantification of neurons with overlapping GFP and NPAS4 in the sections represented in b. n = 14 neurons, *Pâ€‰<â€‰0.01.


Extended Data Figure 2 NPAS4-dependent changes in inhibition require loss of NPAS4 in excitatory neurons.
a, mIPSCs frequency (left) and amplitude (right) were measured from pairs of neighbouring GFP+and GFPâˆ’ neurons from wild-type (C57BL/6) mice maintained in standard housing. n = 17 pairs. b, mIPSCs frequency (left) and amplitude (right) were measured from pairs of neighbouring GFP+ and GFPâˆ’ neurons from wild-type (C57BL/6) mice 24â€‰h after injection of kainic acid. n = 17 pairs. Open circles indicate individual GFP+/GFPâˆ’pairs. Red circles indicate meanâ€‰Â±â€‰s.e.m. c, Representative hippocampal CA1 section from an EMX-Cre;Npas4f/+ and EMX-Cre;Npas4f/f mouse 3â€‰h after kainic acid injection. Sections were immunostained for NPAS4 (red) protein. d, Quantification of NPAS4 immunoreactivity. n = 9 sections from 3 animals. *Pâ€‰<â€‰0.05. e, mIPSCs frequency and amplitude measured from neurons in EMX-Cre;Npas4f/f mice maintained in standard housing (n = 14 neurons) or 24â€‰h after kainic acid injection (n = 16 neurons). freq: Pâ€‰<â€‰0.01; amp: Pâ€‰<â€‰0.05.


Extended Data Figure 3 Stimulation of axons in different hippocampal layers generates eIPSCs with distinct rise times.
a, Cartoon of a CA1 pyramidal neuron and example eIPSCs generated in response to stimulation of axons in lacunosum (L, blue), radiatum (R, yellow), pyramidale (P, red) and oriens (O, green). Slopes (10â€“90% of the peak eIPSC) are indicated by coloured lines. b, Standard housing summary of the slopes of the eIPSC rise times recorded from neighbouring NPAS4-WT and NPAS4-KO neurons in response to stimulation of axons in each of the four hippocampal layers. Measurements are from eIPSCs in Fig. 2bâ€“e. c, Enriched environment summary of the slopes as in b. Measurements are from eIPSCs in Fig. 2fâ€“i. d, Kainic acid summary of the slopes as in (b). Measurements are from eIPSCs in Extended Data Fig. 4bâ€“e.


Extended Data Figure 4 NPAS4 differentially regulates inhibitory synapses across the somato-dendritic axis of pyramidal neurons in response to kainic acid.
a, Experimental configuration. L, lacunosum; R, radiatum; P, pyramidale; O, oriens. bâ€“e, eIPSCs measured from mice injected with kainic acid. Top shows average eIPSC, normalized pairwise to the wild-type neuron, measured from NPAS4-WT (black) and NPAS4-KO (green) neurons in response to stimulation in lacunosum (b), radiatum (c), pyramidale (d) or oriens (e). Scale bars indicate per cent change from wild type. Bottom shows eIPSC amplitude measured from pairs of neighbouring NPAS4-KO and NPAS4-WT neurons in response to stimulation of axons in lacunosum (b) (n = 13 pairs); radiatum (c) (n = 17 pairs, Pâ€‰<â€‰0.05); pyramidale (d) (n = 18 pairs, Pâ€‰<â€‰0.01); or oriens (e) (n = 15 pairs, Pâ€‰<â€‰0.05). Open circles represent NPAS4-KO/NPAS4-WT pairs. Red circles indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 Sholl analysis and paired pulse ratios for NPAS4-WT and NPAS4-KO neurons from mice injected with kainic acid.
a, Schematic of the AAV-YFP-2A-Cre virus genome used for Sholl analysis. b, Kainic acid example NPAS4-WT and NPAS4-KO CA1 pyramidal neurons (left) and quantification of NPAS4-WT (black, n = 10 neurons) and NPAS4-KO (red, n = 13 neurons) dendrites (right). câ€“e, PPRs measured from NPAS4-WT and NPAS4-KO neurons in response to stimulation in radiatum (c), pyramidale (d) or oriens (e). Standard housing (black) or kainic acid (red). Standard housing data are re-plotted from Fig. 3câ€“e. R, n = 11 neurons; P, n = 13 neurons; O, n = 8 neurons. All data are shown as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 6 Functional screen of putative NPAS4 target genes identifies many genes that regulate mIPSCs frequency or amplitude.
a, b, mIPSCs were recorded from CA1 pyramidal neurons transfected with a pool of three shRNAs targeting a single putative NPAS4 target gene. mIPSC frequency (a) and amplitude (b) of those significantly different from control are shown. Knockdown of genes that result in fewer or smaller mIPSCs are shown on top (mustard); knockdown of genes that result in more or larger mIPSCs are shown on the bottom (blue). The dashed line represents the median value from control conditions. Pâ€‰<â€‰0.05.


Extended Data Figure 7 Validation of five putative NPAS4 target genes.
aâ€“e, Select putative NPAS4 target genes that influence mIPSC frequency and/or amplitude were subjected to additional validation: Npas4 (a), Bdnf (b), Pcsk1 (c), Penk1 (d) and Adycap1 (e). Top shows mIPSC frequency and amplitude recorded from CA1 pyramidal neurons that were transfected with individual shRNAs from the pool used in the primary screen. The meanâ€‰Â±â€‰s.e.m. mIPSC frequency and amplitude recorded from control neurons is indicated by the grey bar. Expression of individual shRNAs phenocopied expression of the pool. Bottom shows expression of target-specific shRNAs reduces expression of the target protein. f, qRTâ€“PCR using primers specific to the target gene indicate that all five genes are induced in the hippocampus and their induction is misregulated in NPAS4 knockout neurons. Standard housing, n = 5 animals; kainic acid, n = 6 animals. All data are shown as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05.


Extended Data Figure 8 Many putative NPAS4 target genes do not regulate inhibitory synapses.
a, b, mIPSCs were recorded from CA1 pyramidal neurons transfected with a pool of three shRNAs targeting a single putative NPAS4 target gene. mIPSC frequency (a) and amplitude (b) of those not significantly different from control are shown.


Extended Data Figure 9 BDNF regulates somatic inhibitory synapses in response to kainic acid.
aâ€“c, eIPSCs were measured simultaneously from neighbouring BDNF4-WT (black) and BDNF-KO (green) neurons from mice injected with kainic acid. Top shows average eIPSC, normalized pairwise to the wild-type neuron, measured from BDNF-WT (black) and BDNF-KO (green) neurons in response to stimulation of axons in radiatum (a), pyramidale (b) or oriens (c). Scale bars indicate per cent change from wild type. Bottom shows eIPSC amplitude measured from pairs of neighbouring BDNF-KO and BDNF-WT neurons in response to stimulation of axons in radiatum (a) (n = 14 pairs), pyramidale (b) (n = 12 pairs, Pâ€‰<â€‰0.01), or oriens (c) (n = 15 pairs). Open circles represent BDNF-KO/BDNF-WT pairs. Red circles indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Table 1 Putative NPAS4 target genesFull size table





Supplementary information
Supplementary Data
This file contains Supplementary Tables 1-4. (PDF 207 kb)





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
Bloodgood, B., Sharma, N., Browne, H. et al. The activity-dependent transcription factor NPAS4 regulates domain-specific inhibition.
                    Nature 503, 121â€“125 (2013). https://doi.org/10.1038/nature12743
Download citation
	Received: 13 August 2013

	Accepted: 09 October 2013

	Published: 06 November 2013

	Issue Date: 07 November 2013

	DOI: https://doi.org/10.1038/nature12743


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

                
                    	
                            
                                
                                    
                                        Biphasic Npas4 expression promotes inhibitory plasticity and suppression of fear memory consolidation in mice
                                    
                                

                            
                                
                                    	David V. C. Brito
	Janina Kupke
	Ana M. M. Oliveira


                                
                                Molecular Psychiatry (2024)

                            
	
                            
                                
                                    
                                        Identifying foetal forebrain interneurons as a target for monogenic autism risk factors and the polygenic 16p11.2 microdeletion
                                    
                                

                            
                                
                                    	Yifei Yang
	Sam A. Booker
	Thomas Pratt


                                
                                BMC Neuroscience (2023)

                            
	
                            
                                
                                    
                                        Integrative transcriptome- and DNA methylation analysis of brain tissue from the temporal pole in suicide decedents and their controls
                                    
                                

                            
                                
                                    	Qiong Sha
	Zhen Fu
	Lena Brundin


                                
                                Molecular Psychiatry (2023)

                            
	
                            
                                
                                    
                                        A NPAS4â€“NuA4 complex couples synaptic activity to DNA repair
                                    
                                

                            
                                
                                    	Elizabeth A. Pollina
	Daniel T. Gilliam
	Michael E. Greenberg


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Activity-Dependent Differential Regulation of Auts2 Isoforms In Vitro and In Vivo
                                    
                                

                            
                                
                                    	Wenbin Pang
	Meijuan Wang
	Le Xiao


                                
                                Molecular Neurobiology (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
Activity-dependent neuronal activity
Individual neurons distinguish synaptic inputs received at their soma and dendrites, but how behaviour may affect their balance has been unclear. Now Michael Greenberg and colleagues show that mouse hippocampus neurons respond to sensory enrichment with increased levels of the transcription factor NPAS4 and its target-gene product, brain derived neurotrophic factor (BDNF), which then promotes inhibitory synapses on the cell body while destabilizing those on dendrites. Thus individual neurons respond to sensory stimulation by redrawing the map of their inhibitory inputs, restricting their somatic output while promoting plasticity at their dendrites.
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