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            Abstract
The mammalian taste system is responsible for sensing and responding to the five basic taste qualities: sweet, sour, bitter, salty and umami. Previously, we showed that each taste is detected by dedicated taste receptor cells (TRCs) on the tongue and palate epithelium1. To understand how TRCs transmit information to higher neural centres, we examined the tuning properties of large ensembles of neurons in the first neural station of the gustatory system. Here, we generated and characterized a collection of transgenic mice expressing a genetically encoded calcium indicator2 in central and peripheral neurons, and used a gradient refractive index microendoscope3 combined with high-resolution two-photon microscopy to image taste responses from ganglion neurons buried deep at the base of the brain. Our results reveal fine selectivity in the taste preference of ganglion neurons; demonstrate a strong match between TRCs in the tongue and the principal neural afferents relaying taste information to the brain; and expose the highly specific transfer of taste information between taste cells and the central nervous system.
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                    Figure 1: Thy1-GCaMP3 transgenic mice express functional GCaMP3 in taste ganglion cells.


Figure 2: In vivo two-photon microendoscopy of the geniculate ganglion.


Figure 3: Selective responses of geniculate ganglion neurons.


Figure 4: Representation of taste in the primary sensory ganglia.
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Extended data figures and tables

Extended Data Figure 1 Thy1â€“GCaMP3 mice show normal physiological responses to tastants.
a, Representative nerve recording traces from control and Thy1-GCaMP3 mice in response to various tastants (see Methods for details). b, Quantification of neural responses (meanÂ +Â s.e.m.) show that Thy1-GCaMP3 mice (n = 4) are indistinguishable from wild-type mice (n = 3; Studentâ€™s t-test; NaCl, P = 0.85; bitter, P = 0.46; sour, P = 0.94; sweet, P = 0.69; umami, P = 0.77). Recordings were normalized to responses to KCl (500Â mM). Horizontal bars below the traces mark the time and duration of the stimulus.


Extended Data Figure 2 Reproducibility of tastant-evoked responses in geniculate ganglion neurons.
a, Representative images of calcium-evoked GCaMP3 activity in response to sweet (left) and bitter (right) stimulation. Four relative fluorescence images are shown from separate trials. In each trial, the identical cell populations were activated. b, We tested 105 sweet responding cells and 168 bitter responding cells for their reproducibility in our automated scoring algorithm for four trials. The histograms show the number of times the cells respond all four times, three out of four, two out of four, and one out of four. c, Sample traces of four representative neurons challenged with 50 trials of the same tastant over a time window of 10Â min. Note the high reliability in the activation of the neurons. This experiment also illustrates the desensitization of bitter neurons (bottom traces) over time. Horizontal bars below the traces mark the time and duration of the stimulus.


Extended Data Figure 3 Quantification of taste ganglion responses.
aâ€“d, Rank-ordered plot of calcium transient amplitudes for various singly tuned ganglion neurons (see text and Fig. 3). For each cell, the mean response amplitudes for preferred stimulus (red) and the mean amplitude of its next-strongest tastant response (grey) are shown; minor dots indicate individual trial amplitudes. e, Quantification of mean response amplitudes in singly tuned salt ganglion neurons before and after amiloride treatment (10Â Î¼M, n = 23 cells; paired t-test, PÂ <Â 0.001). f, Quantification of mean response amplitudes in singly tuned bitter cells before and after AITC treatment17 (3Â mM, n = 63 cells; paired t-test, PÂ <Â 0.001).


Extended Data Figure 4 Bitterâ€“sour ganglion cells receive taste information from bitter T2R-expressing cells.
Distribution of bitter, sour, and bitterâ€“sour ganglion cells in a sample of control animals (n = 4) and in animals expressing tetanus toxin in PKD2L1-expressing TRCs (PKD2L1-TeNT; n = 3). As expected, no cells responsive to citric acid (50Â mM) are detected in PKD2L1-TeNT mice17. However, bitterâ€“sour cells are unaffected (see Fig. 4), suggesting that activation of T2R-expressing TRCs mediates these acidic responses. As predicted, subsequent application of the bitter TRC inactivator AITC17 abolishes bitter responses of the bitter ganglion neurons, as well as the bitter and sour responses in the bitterâ€“sour cells. Note that the solid bars showing less than 1 cell are used to illustrate the lack of responding cells.


Extended Data Figure 5 Representation of taste quality does not cluster within the geniculate ganglion.
a, Two-photon endoscopic image (left) of a geniculate ganglion expressing GCaMP3. Highlighted are the locations of the facial (VII) and greater superficial petrosal (GSP) cranial nerves. The right panel shows approximately 50 neurons colour-coded according to their taste preference in this field. Sour, yellow; sweet, magenta; NaCl, green; bitter, cyan. Scale bar, 200Â Î¼m. b, Representative fields of the geniculate ganglion from 6 different mice. The random distribution of neurons representing the various taste qualities is independent of sensor, or method of sensor delivery/expression (AAV-GCaMP6 or Thy1-GCaMP3); colour scheme same as for a.


Extended Data Figure 6 Representation of taste mixtures.
a, Imaging fields of three representative geniculate ganglia illustrating the ensembles of neurons recruited by two different single taste stimuli presented separately (left panels) versus the ensemble of neurons activated by a mixture of the two compounds presented together (right panels). See text for details; as expected there are no mixture-specific responders, and very few cells responded to each tastant in the mix: only 3 out of 113 cells examined with bitterÂ +Â sweet responded to both tastants, 5 out of 301 cells examined with sourÂ +Â salty responded to both, and 0 of 39 examined with saltyÂ +Â sweet responded to both tastants. We note that sour stimuli are known to suppress sweet responses30, but such suppression is sweet-cell autonomous and not due to interactions between sweet and sour TRCs (data not shown). b, To quantitatively examine the impact of taste mixes on the responses of individual ganglion neurons, we analysed their response amplitudes in the presence of the single tastant versus the binary mix. Shown are plots of response amplitudes of a representative set of bitter, sweet, salty and sour geniculate neurons stimulated with their selective tastant (xÂ axis) versus their response amplitude when in the presence of an additional tastant (as indicated in the yÂ axis; shown are average Î”F/F over 4 trials). 95% confidence intervals were determined using a ratio t-test: bitterÂ +Â sweet/bitter, 0.73â€“0.91; sweetÂ +Â bitter/sweet, 1.15â€“1.34; NaClÂ +Â sour/NaCl 0.74â€“1.00; sourÂ +Â NaCl/sour, 0.95â€“1.16.


Extended Data Table 1 Shown are the numbers of responding neurons analysed in each of the 14 AAV-GCaMP6s and 15 Thy1â€“GCaMP3 miceFull size table


Extended Data Table 2 The distribution of 971 taste ganglion neurons according to their responses to each of the five basic taste qualitiesFull size table
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Researcher Nicholas Ryba on the role of ganglion neurons in transmitting taste to the brain.
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        Editorial Summary
Taste representation in the central nervous system
Individual tastes (sweet, sour, bitter, salty and umami) are detected by dedicated taste receptor cells on the tongue and palate, but how these signals are encoded and transmitted to the relevant part of the central nervous system â€” the gustatory cortex â€” is unknown. Using transgenic mice expressing a calcium indicator in neurons, Charles Zuker and colleagues characterize the tuning properties of ganglion neurons, the first neural station of the gustatory system. Ganglion neurons respond specifically to certain tastes, supporting a 'labelled line' model of information transfer in the taste system.

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
            
        


    









    








