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            Abstract
The mammalian olfactory system mediates various responses, including aversive behaviours to spoiled foods and fear responses to predator odours. In the olfactory bulb, each glomerulus represents a single species of odorant receptor. Because a single odorant can interact with several different receptor species, the odour information received in the olfactory epithelium is converted to a topographical map of multiple glomeruli activated in distinct areas in the olfactory bulb. To study how the odour map is interpreted in the brain, we generated mutant mice in which olfactory sensory neurons in a specific area of the olfactory epithelium are ablated by targeted expression of the diphtheria toxin gene. Here we show that, in dorsal-zone-depleted mice, the dorsal domain of the olfactory bulb was devoid of glomerular structures, although second-order neurons were present in the vacant areas. The mutant mice lacked innate responses to aversive odorants, even though they were capable of detecting them and could be conditioned for aversion with the remaining glomeruli. These results indicate that, in mice, aversive information is received in the olfactory bulb by separate sets of glomeruli, those dedicated for innate and those for learned responses.
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                    Figure 1: 
                        Odorant receptor gene expression and glomerular map formation in the Î”D and Î”II mutant mice.
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Figure 2: 
                        Odour maps for aversive odorants.
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Figure 3: 
                        Recognition tests for innate odour qualities.
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Figure 4: 
                        Discrimination tests with structurally related odorants.
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Figure 5: 
                        2MB-acid- and TMT-evoked neural pathways in the brain.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The Grueneberg ganglion controls odor-driven food choices in mice under threat
                                        
                                    

                                    
                                        Article
                                         Open access
                                         24 September 2020
                                    

                                

                                Julien BrechbÃ¼hl, AurÃ©lie de ValliÃ¨re, â€¦ Marie-Christine Broillet

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Structure and flexibility in cortical representations of odour space
                                        
                                    

                                    
                                        Article
                                        
                                         01 July 2020
                                    

                                

                                Stan L. Pashkovski, Giuliano Iurilli, â€¦ Sandeep Robert Datta

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Decomposition of an odorant in olfactory perception and neural representation
                                        
                                    

                                    
                                        Article
                                        
                                         18 March 2024
                                    

                                

                                Yuting Ye, Yanqing Wang, â€¦ Wen Zhou

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Buck, L. & Axel, R. A novel multigene family may encode odorant receptors: a molecular basis for odor recognition. Cell 65, 175â€“187 (1991)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Serizawa, S., Miyamichi, K. & Sakano, H. One neuronâ€“one receptor rule in the mouse olfactory system. Trends Genet. 20, 648â€“653 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mombaerts, P. et al. Visualizing an olfactory sensory map. Cell 87, 675â€“686 (1996)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Yoshihara, Y. et al. OCAM: a new member of the neural cell adhesion molecule family related to zone-to-zone projection of olfactory and vomeronasal axons. J. Neurosci. 17, 5830â€“5842 (1997)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Oka, Y. et al. O-MACS, a novel member of the medium-chain acyl-CoA synthetase family, specifically expressed in the olfactory epithelium in a zone-specific manner. Eur. J. Biochem. 270, 1995â€“2004 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, X. & Firestein, S. The olfactory receptor gene superfamily of the mouse. Nature Neurosci. 5, 124â€“133 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, X. et al. High-throughput microarray detection of olfactory receptor gene expression in the mouse. Proc. Natl Acad. Sci. USA 101, 14168â€“14173 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tsuboi, A., Miyazaki, T., Imai, T. & Sakano, H. Olfactory sensory neurons expressing class I odorant receptors converge their axons on an antero-dorsal domain of the olfactory bulb in the mouse. Eur. J. Neurosci. 23, 1436â€“1444 (2006)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Miyamichi, K., Serizawa, S., Kimura, H. M. & Sakano, H. Continuous and overlapping expression domains of odorant receptor genes in the olfactory epithelium determine the dorsal/ventral positioning of glomeruli in the olfactory bulb. J. Neurosci. 25, 3586â€“3592 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mori, K., Takahashi, Y. K., Igarashi, K. M. & Yamaguchi, M. Maps of odorant molecular features in the Mammalian olfactory bulb. Physiol. Rev. 86, 409â€“433 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Malnic, B., Hirono, J., Sato, T. & Buck, L. B. Combinatorial receptor codes for odors. Cell 96, 713â€“723 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gogos, J. A., Osborne, J., Nemes, A., Mendelsohn, M. & Axel, R. Genetic ablation and restoration of the olfactory topographic map. Cell 103, 609â€“620 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Imai, T., Suzuki, M. & Sakano, H. Odorant receptor-derived cAMP signals direct axonal targeting. Science 314, 657â€“661 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rubin, B. D. & Katz, L. C. Optical imaging of odorant representations in the mammalian olfactory bulb. Neuron 23, 499â€“511 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Uchida, N., Takahashi, Y. K., Tanifuji, M. & Mori, K. Odor maps in the mammalian olfactory bulb: domain organization and odorant structural features. Nature Neurosci. 3, 1035â€“1043 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gurden, H., Uchida, N. & Mainen, Z. F. Sensory-evoked intrinsic optical signals in the olfactory bulb are coupled to glutamate release and uptake. Neuron 52, 335â€“345 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Inaki, K., Takahashi, Y. K., Nagayama, S. & Mori, K. Molecular-feature domains with posterodorsalâ€“anteroventral polarity in the symmetrical sensory maps of the mouse olfactory bulb: mapping of odourant-induced Zif268 expression. Eur. J. Neurosci. 15, 1563â€“1574 (2002)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Vernet-Maury, E., Polak, E. H. & Demael, A. Structureâ€“activity relationship of stress-inducing odorants in the rat. J. Chem. Ecol. 10, 1007â€“1018 (1984)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hebb, A. L. et al. Odor-induced variation in anxiety-like behavior in mice is associated with discrete and differential effects on mesocorticolimbic cholecystokinin mRNA expression. Neuropsychopharmacology 27, 744â€“755 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hebb, A. L. et al. Brief exposure to predator odor and resultant anxiety enhances mesocorticolimbic activity and enkephalin expression in CD-1 mice. Eur. J. Neurosci. 20, 2415â€“2429 (2004)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ferguson, J. N. et al. Social amnesia in mice lacking the oxytocin gene. Nature Genet. 25, 284â€“288 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Johnson, B. A. & Leon, M. Modular glomerular representations of odorants in the rat olfactory bulb and the effects of stimulus concentration. J. Comp. Neurol. 422, 496â€“509 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wood, R. W. & Coleman, J. B. Behavioral evaluation of the irritant properties of formaldehyde. Toxicol. Appl. Pharmacol. 130, 67â€“72 (1995)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Dielenberg, R. A. & McGregor, I. S. Defensive behavior in rats towards predatory odors: a review. Neurosci. Behavi. Rev. 25, 597â€“609 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nyby, J., Kay, E., Bean, N. J., Dahinden, Z. & Kerchner, M. Male mouse attraction to airborn urinary odors of conspecific and to food odors; effects of food deprivation. J. Comp. Psychol. 99, 479â€“490 (1985)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kay, E. & Nyby, J. LiCl aversive conditioning has transitory effects on pheromonal responsiveness in male house mice (Mus domesticus). Physiol. Behav. 52, 105â€“113 (1992)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Schellinck, H. M., Forestell, C. A. & LoLordo, V. M. A simple and reliable test of olfactory learning and memory in mice. Chem. Senses 26, 663â€“672 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Day, H. E., Masini, C. V. & Campeau, S. The pattern of brain c-fos mRNA induced by a component of fox odor; 2,5-dihydro-2,4,5-trimethylthiazoline (TMT), in rats, suggests both systemic and processive stress characteristics. Brain Res. 1025, 139â€“151 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wallece, K. J. & Rosen, J. B. Neurotoxic lesions of the lateral nucleus of the amygdala decrease conditioned fear but not unconditioned fear of a predator odor: comparison with electrolytic lesions. J. Neurosci. 21, 3619â€“3627 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fendt, M., Endres, T. & Apfelbach, R. Temporary inactivation of the bed nucleus of the stria terminalis but not the amygdale blocks freezing induced by trimethylthiazoline, a component of fox feces. J. Neurosci. 23, 23â€“28 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Horder, T. J. Retention, by fish optic nerve fibres regenerating to new terminal sites in the tectum, of â€˜chemospecificâ€™ affinity for their original sites. J. Physiol. (Lond.) 6, 53Pâ€“55P (1971)

                    Google ScholarÂ 
                

	Van der Loos, H. & Woolsey, T. A. Somatosensory cortex: structural alterations following early injury to sense organs. Science 179, 395â€“398 (1973)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Uchida, N. & Mainen, Z. F. Speed and accuracy of olfactory discrimination in the rat. Nature Neurosci. 6, 1224â€“1229 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Abraham, N. M. et al. Maintaining accuracy at the expense of speed: stimulus similarity defines odor discrimination time in mice. Neuron 44, 865â€“876 (2004)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rinberg, D., Koulakov, A. & Gelperin, A. Speedâ€“accuracy tradeoff in olfaction. Neuron 51, 351â€“358 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhao, G. Q. et al. The receptors for mammalian sweet and umami taste. Cell 115, 255â€“266 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Huang, A. L. et al. The cells and logic for mammalian sour taste detection. Nature 442, 934â€“938 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Suh, G. S. et al. A single population of olfactory sensory neurons mediates an innate avoidance behaviour in Drosophila . Nature 431, 854â€“859 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stockinger, P., Kvitsiani, D., Rotkopf, S., Tirian, L. & Dickson, B. J. Neural circuitry that governs Drosophila male courtship behavior. Cell 121, 795â€“807 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Troemel, E. R., Kimmel, B. E. & Bargmann, C. I. Reprogramming chemotaxis responses: sensory neurons define olfactory preferences in C.  elegans . Cell 91, 161â€“169 (1997)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tobin, D. et al. Combinatorial expression of TRPV channel proteins defines their sensory functions and subcellular localization in C.  elegans neurons. Neuron 35, 307â€“318 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shimshek, D. R. et al. Codon-improved Cre recombinase (iCre) expression in the mouse. Genesis 32, 19â€“26 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Feng, G. et al. Imaging neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron 28, 41â€“51 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Serizawa, S. et al. Mutually exclusive expression of odorant receptor transgenes. Nature Neurosci. 3, 687â€“693 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank R. Sprengel for the pBS-iCre vector, J. R. Sanes for the Thy1-YFP-G mouse and Tama Zoo for the snow leopardâ€™s urine. We also thank Y. Maruyama and A. Kawai for technical assistance. We are grateful to P. Mombaerts, J. Ngai, T. Yamamori and members of our laboratory for comments. This work was supported by the CREST program of the Japan Science and Technology Agency; the Mitsubishi Foundation; and the Special Promotion Research Grant from the Ministry of Education, Science and Culture of Japan. R.K. is supported by the PRESTO program of the Japan Science and Technology Agency.
Author Contributions K.K. and R.K. planned and performed most of the experiments. Optical imaging of intrinsic signals and mitral cell labelling were done by H.M. and K.M. Y.O. participated in the initial characterization of the O-MACSâ†’cre knock-in mouse. T. Imai generated the MOR23â†’cre transgenic mouse. M.I. and M.O. helped generate the O-MACSâ†’cre mouse. T. Ikeda and S.I. generated the Eno2-STOP-DTA mouse. T.K. advised on the behavioral analysis. H.S. supervised the project. The manuscript was written by K.K., R.K. and H.S.


Author information
Author notes	Ko Kobayakawa and Reiko Kobayakawa: These authors contributed equally to this work.


Authors and Affiliations
	Department of Biophysics and Biochemistry, Graduate School of Science, The University of Tokyo, Tokyo 113-0032, Japan
Ko Kobayakawa,Â Reiko Kobayakawa,Â Yuichiro Oka,Â Takeshi ImaiÂ &Â Hitoshi Sakano

	Department of Physiology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-0033, Japan
Hideyuki MatsumotoÂ &Â Kensaku Mori

	Research Institute for Microbial Diseases, The Osaka University, Osaka 565-0871, Japan
Masahito IkawaÂ &Â Masaru Okabe

	 Laboratory for Behavioral Genetics, Brain Science Institute, RIKEN, Saitama 351-0198, Japan , 
Toshio IkedaÂ &Â Shigeyoshi Itohara

	Laboratory of Veterinary Ethology, The University of Tokyo, Tokyo 113-8657, Japan
Takefumi Kikusui


Authors	Ko KobayakawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Reiko KobayakawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hideyuki MatsumotoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuichiro OkaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Takeshi ImaiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masahito IkawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masaru OkabeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Toshio IkedaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shigeyoshi ItoharaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Takefumi KikusuiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kensaku MoriView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hitoshi SakanoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Hitoshi Sakano.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures
This file contains Supplementary Figures S1-S11 with Legends and Supplementary Video legend. (PDF 3326 kb)


Supplementary Video
This file contains Supplementary Video 1 showing the response of Î´D mouse to a predator odor, TMT. (MOV 5384 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Kobayakawa, K., Kobayakawa, R., Matsumoto, H. et al. Innate versus learned odour processing in the mouse olfactory bulb.
                    Nature 450, 503â€“508 (2007). https://doi.org/10.1038/nature06281
Download citation
	Received: 03 August 2007

	Accepted: 14 September 2007

	Published: 07 November 2007

	Issue Date: 22 November 2007

	DOI: https://doi.org/10.1038/nature06281


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
                        








            


            

            
                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
Smell no evil, fear no evil
The mouse pictured knows no fear. More precisely, it cannot display the innate behavioural responses to aversive odours that normally protect mice from spoiled food or a predator. In this mouse the olfactory sensory neurons in an area of the olfactory epithelium, the odour-sensitive epithelial tissue inside the nasal cavity, have been ablated by targeted expression of the diphtheria toxin gene. Though lacking innate aversive behaviour, the mouse can still detect the aversive odours, and can be conditioned for aversion. These results suggest that like the immune system, the mouse olfactory system possesses 'hard-wired' genetically programmed neural circuits in parallel with adaptive circuits acquired later and hooked up to the innate system.
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