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            Abstract
Sighs are long, deep breaths expressing sadness, relief or exhaustion. Sighs also occur spontaneously every few minutes to reinflate alveoli, and sighing increases under hypoxia, stress, and certain psychiatric conditions. Here we use molecular, genetic, and pharmacologic approaches to identify a peptidergic sigh control circuit in murine brain. Small neural subpopulations in a key breathing control centre, the retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG), express bombesin-like neuropeptide genes neuromedin B (Nmb) or gastrin-releasing peptide (Grp). These project to the preBÃ¶tzinger Complex (preBÃ¶tC), the respiratory rhythm generator, which expresses NMB and GRP receptors in overlapping subsets of ~200 neurons. Introducing either neuropeptide into preBÃ¶tC or onto preBÃ¶tC slices, induced sighing or in vitro sigh activity, whereas elimination or inhibition of either receptor reduced basal sighing, and inhibition of both abolished it. Ablating receptor-expressing neurons eliminated basal and hypoxia-induced sighing, but left breathing otherwise intact initially. We propose that these overlapping peptidergic pathways comprise the core of a sigh control circuit that integrates physiological and perhaps emotional input to transform normal breaths into sighs.
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                    Figure 1: NMB neuropeptide pathway neurons in breathing centre.[image: ]


Figure 2: NMB effect on breathing.[image: ]


Figure 3: GRP neuropeptide pathway expression and function in breathing.[image: ]


Figure 4: Interactions between NMB and GRP pathways in sighing.[image: ]


Figure 5: Effect on sighing of ablating preBÃ¶tC NMBR-expressing and GRPR-expressing neurons.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Expression of Nmb in rodent brain.
a, b, Sagittal sections of P7 mouse (a) and P7 rat (b) brain showing RTN/pFRG region probed for Nmb mRNA expression (purple) by in situ hybridization as in Fig. 1. Scale bars, 100â€‰Î¼m. c, d, Nmb expression as in a showing regions outside ventrolateral medulla. Nmb is expressed in mouse olfactory bulb (c) and hippocampus (d). Scale bars, 200â€‰Î¼m (c) and 100â€‰Î¼m (d). eâ€“h, Section through RTN/pFRG brain region of P0 transgenic Nmb-GFP mouse immunostained for GFP (green) and probed for Nmb mRNA (red) by in situ hybridization. Blue, DAPI nuclear stain. Nmb-GFP and Nmb mRNA are mainly co-expressed in the same cells. Scale bar, 100â€‰Î¼m.


Extended Data Figure 2 Serial confocal preBÃ¶tC sections showing Nmb-GFP projections contain puncta of NMB.
aâ€“d, Serial confocal optical sections (0.6â€‰Î¼m apart) through preBÃ¶tC brain region of Nmb-GFP mouse immunostained for GFP (green), NMB (red), preBÃ¶tC marker SST (white), and DAPI (blue) as in Fig. 2h. Note the GFP-positive projection with a puncta of NMB (yellow, open arrows in b, c) directly abutting an SST positive neuron (asterisk). Most NMB puncta (open arrowheads) were detected within GFP-positive projections as expected, and only a small fraction of NMB puncta (closed arrowhead) were detected outside them; NMB outside Nmb-GFP projections could be secreted protein or the rare Nmb-expressing cells that do not co-express the Nmb-GFP transgene (see Extended Data Fig. 1eâ€“h). Scale bar, 20â€‰Î¼m.


Extended Data Figure 3 Sighing after surgery and bilateral injection of saline into preBÃ¶tC.
a, Example of a sigh in a breathing activity trace of a urethane anaesthetized rat after surgery as in Fig. 2aâ€“c. VT, tidal volume; âˆ«Dia, integrated diaphragm activity; Dia, raw diaphragm activity trace. b, Sigh rate before (control) and after (saline) bilateral saline injection into preBÃ¶tC. There is no effect of saline injection (data are meanâ€‰Â±â€‰s.d., nâ€‰=â€‰5, Pâ€‰=â€‰0.83 by paired t-test). câ€“f, Breathing activity trace as in a (but also showing airflow). Note stereotyped waveform of sighs (dâ€“f). Bars, 1â€‰min (c), 1â€‰s (dâ€“f).


Extended Data Figure 4 Effects on sighing in individual rats following bilateral injection into preBÃ¶tC of NMB, GRP and both NMB/GRP.
aâ€“e, Raster plot of sighs (upper) and instantaneous sigh rates (lower) before and after NMB injection for the five experiments (aâ€“e) shown in Fig. 2d. fâ€“j, Raster plot of sighs (upper) and instantaneous sigh rates (lower) before and after GRP injection for the five experiments (fâ€“j) shown in Fig. 3c. kâ€“o, Raster plot of sighs (upper) and instantaneous sigh rates (lower) before and after NMB/GRP injection for the five experiments (kâ€“o) shown in Fig. 4i. Grey, injection period; arrowhead in raster plots, maximum instantaneous sigh rate; numbers, basal (left) and maximal instantaneous sigh rate (right) and fold induction (in parentheses) after neuropeptide injection.


Extended Data Figure 5 Effect of NMB and GRP on rhythmic activity of preBÃ¶tC slice.
a, Neuronal activity trace(âˆ«XII, black; âˆ«preBÃ¶tC population activity, grey) of preBÃ¶tC slice containing 30â€‰nM NMB, as in Fig. 2e. Note the extreme effect of NMB in which every burst (â€˜breathâ€™) in the trace is a doublet (â€˜sighâ€™, asterisk). Bar, 5â€‰s. b, c, NMB increases the doublet rate by increasing the fraction of total events that are doublets (b) and decreasing the interval following a doublet (c). Data are meanâ€‰Â±â€‰s.d., *Pâ€‰<â€‰0.05 by paired t-test, nâ€‰=â€‰7. d, e, GRP also increases the doublet rate by increasing the fraction of total events that are doublets (d) and decreasing the interval following a doublet (e). Data are meanâ€‰Â±â€‰s.d., *Pâ€‰<â€‰0.05 by paired t-test, nâ€‰=â€‰9. Note that post-doublet intervals are significantly longer than post-burst intervals under all conditions, consistent with longer post-sigh apneas in vivo.


Extended Data Figure 6 Effects on sighing in individual rats following bilateral injection of BIM23042, RC3095 and BIM23042/RC3095 into preBÃ¶tC.
aâ€“d, Raster plot of sighs (upper) and binned sigh rates (lower; bin size 4â€‰min; slide 30â€‰s) before and after injection of the NMBR antagonist BIM23042 for the four experiments shown in Fig. 2h. eâ€“h, Raster plot of sighs (upper) and binned sigh rates (lower; bin size 4â€‰min; slide 30â€‰s) before and after injection of the GRPR antagonist RC3095 for the four experiments shown in Fig. 3f. iâ€“n, Raster plot of sighs (upper) and binned sigh rates (lower; bin size 4â€‰min; slide 30â€‰s) before and after BIM23042 and RC3095 injection for the six experiments shown in Fig. 4j. Grey, injection period; numbers, longest inter-sigh intervals (s, seconds) following injection.


Extended Data Figure 7 Specificity of antagonists BIM23042 and RC3095 in preBÃ¶tC slice.
a, BIM 23042 (100â€‰nM) blocks the effect of NMB (10â€‰nM), but not GRP (3â€‰nM) in preBÃ¶tC slices. Data are meanâ€‰Â±â€‰s.d., *Pâ€‰<â€‰0.05 by paired t-test, nâ€‰=â€‰7. b, RC3095 (100â€‰nM) shows the opposite specificity, blocking the effect of GRP (3â€‰nM), but not NMB (10â€‰nM). Data are meanâ€‰Â±â€‰s.d., *Pâ€‰<â€‰0.05 by paired t-test, nâ€‰=â€‰9.


Extended Data Figure 8 Expression of Grp in rodent brain.
a, b, In situ hybridization of mouse brain slices as in Fig. 3a showing expression of Grp (purple) in parabrachial nucleus (PBN) (a) and nucleus tractus solitarius (NTS) (b). Scale bar, 200â€‰Î¼m. câ€“e, In situ hybridization of rat brain slices showing expression of Grp in PBN (c), NTS (d), RTN/pFRG (e). Scale bar, 200â€‰Î¼m. f, Tiled image showing GRP-positive projection (red) from RTN/pFRG region to preBÃ¶tC region containing SST-positive neuron (green). Scale bar, 20â€‰Î¼m. gâ€“i, Serial confocal optical sections (0.8â€‰Î¼m apart) through mouse preBÃ¶tC stained for GRP (red) and SST (green) focusing on short segment of GRP-positive projection where a GRP puncta (red) directly abuts (arrowhead) an SST-positive neuron. Scale bar, 10â€‰Î¼m.


Extended Data Figure 9 Effect of bombesin injection on sighing following BBNâ€“SAP-induced ablation of NMBR-expressing and GRPR-expressing preBÃ¶tC neurons.
a, b, 10â€‰min plethysmography traces of a control rat (a) and a day 5 BBNâ€“SAP injected rat (b) during eupneic breathing (left). Indicated parts (10â€‰s) of traces are expanded at right. Note presence of sighs with stereotyped waveform in control rat, and no sighs detectable in BBNâ€“SAP injected rat. c, Sigh rate before (control) and after 10 Î¼g bombesin injection (BBN) into the cisterna magna of rats before BBNâ€“SAP injection (WT) and at day 4 and day 6 after BBNâ€“SAP injection (BBNâ€“SAP) into the preBÃ¶tC to ablate NMBR-expressing and GRPR-expressing neurons as in Fig. 5a, b. Values shown are meanâ€‰Â±â€‰s.d. (WT, nâ€‰=â€‰10; BBNâ€“SAP, nâ€‰=â€‰7 for day 4 and nâ€‰=â€‰5 for day 6), *Pâ€‰<â€‰0.05 by paired t-test; n.s., not significant.





Supplementary information
Video 1: 3-D view of Nmb-GFP neurons in RTN/pFRG region of CLARITY-processed P14 brainstem
Nmb-GFP neurons surround the lateral half of the facial nucleus, as shown in Figure 1d, e. (MP4 2683 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


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



Cite this article
Li, P., Janczewski, W., Yackle, K. et al. The peptidergic control circuit for sighing.
                    Nature 530, 293â€“297 (2016). https://doi.org/10.1038/nature16964
Download citation
	Received: 28 May 2015

	Accepted: 30 December 2015

	Published: 08 February 2016

	Issue Date: 18 February 2016

	DOI: https://doi.org/10.1038/nature16964


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 vagal reflex evoked by airway closure
                                    
                                

                            
                                
                                    	Michael S. Schappe
	Philip A. Brinn
	Stephen D. Liberles


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Upregulation of breathing rate during running exercise by central locomotor circuits in mice
                                    
                                

                            
                                
                                    	Coralie HÃ©rent
	SÃ©verine Diem
	Julien Bouvier


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Purinergic signaling mediates neuroglial interactions to modulate sighs
                                    
                                

                            
                                
                                    	Liza J. Severs
	Nicholas E. Bush
	Jan-Marino Ramirez


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Modulation of inspiratory burst duration and frequency by bombesin in vitro
                                    
                                

                            
                                
                                    	Consuelo Morgado-Valle
	Jeffrey C. Smith
	Luis Beltran-Parrazal


                                
                                PflÃ¼gers Archiv - European Journal of Physiology (2023)

                            
	
                            
                                
                                    
                                        Control of Emotion and Wakefulness by Neurotensinergic Neurons in the Parabrachial Nucleus
                                    
                                

                            
                                
                                    	Jingwen Chen
	Noam Gannot
	Peng Li


                                
                                Neuroscience Bulletin (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
Sigh centre neurons identified
Although sighs are an integral part of breathing and respiratory physiology, little is known about the neuronal circuits controlling this behaviour. Here, Mark Krasnow and colleagues identify a small subset of genetically defined neurons in the medulla that project to the preBÃ¶tzinger complex (preBÃ¶tC), the respiratory rhythm generator, to drive sighing. Inhibition of this connection could completely eliminate sighs, while regular breathing was left intact. The authors propose a mechanism by which specific preBÃ¶tC neurons may integrate physiological and possibly emotional inputs to turn regular breaths into sighs when appropriate.
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