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            Abstract
The detection of sound begins when energy derived from an acoustic stimulus deflects the hair bundles on top of hair cells1. As hair bundles move, the viscous friction between stereocilia and the surrounding liquid poses a fundamental physical challenge to the earâ€™s high sensitivity and sharp frequency selectivity. Part of the solution to this problem lies in the active process that uses energy for frequency-selective sound amplification2,3. Here we demonstrate that a complementary part of the solution involves the fluidâ€“structure interaction between the liquid within the hair bundle and the stereocilia. Using force measurement on a dynamically scaled model, finite-element analysis, analytical estimation of hydrodynamic forces, stochastic simulation and high-resolution interferometric measurement of hair bundles, we characterize the origin and magnitude of the forces between individual stereocilia during small hair-bundle deflections. We find that the close apposition of stereocilia effectively immobilizes the liquid between them, which reduces the drag and suppresses the relative squeezing but not the sliding mode of stereociliary motion. The obliquely oriented tip links couple the mechanotransduction channels to this least dissipative coherent mode, whereas the elastic horizontal top connectors that stabilize the structure further reduce the drag. As measured from the distortion products associated with channel gating at physiological stimulation amplitudes of tens of nanometres, the balance of viscous and elastic forces in a hair bundle permits a relative mode of motion between adjacent stereocilia that encompasses only a fraction of a nanometre. A combination of high-resolution experiments and detailed numerical modelling of fluidâ€“structure interactions reveals the physical principles behind the basic structural features of hair bundles and shows quantitatively how these organelles are adapted to the needs of sensitive mechanotransduction.
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                    Figure 1: 
                        Finite-element analysis of fluidâ€“structure interactions in a hair bundle.
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Figure 2: 
                        Fluidâ€“structure interactions in a stochastic model.
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Figure 3: 
                        Experimental verification of model predictions.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        In situ motions of individual inner-hair-cell stereocilia from stapes stimulation in adult mice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 August 2021
                                    

                                

                                Yanli Wang, Charles R. Steele, â€¦ Anthony J. Ricci

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mechanical forces drive ordered patterning of hair cells in the mammalian inner ear
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 October 2020
                                    

                                

                                Roie Cohen, Liat Amir-Zilberstein, â€¦ David Sprinzak

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Chaotic Dynamics Enhance the Sensitivity of Inner Ear Hair Cells
                                        
                                    

                                    
                                        Article
                                         Open access
                                         05 December 2019
                                    

                                

                                Justin Faber & Dolores Bozovic

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Hudspeth, A. J. How the earâ€™s works work. Nature 341, 397â€“404 (1989)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hudspeth, A. J. Making an effort to listen: mechanical amplification in the ear. Neuron 59, 530â€“545 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hudspeth, A. J., JÃ¼licher, F. & Martin, P. A critique of the critical cochlea: Hopfâ€”a bifurcationâ€”is better than none. J. Neurophysiol. 104, 1219â€“1229 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stokes, G. G. On the effect of the internal friction of fluids on the motion of pendulums. Trans. Camb. Phil. Soc. 9, 1â€“86 (1850)
ADSÂ 
    
                    Google ScholarÂ 
                

	Batchelor, G. K. An Introduction to Fluid Dynamics 353â€“364 (Cambridge University Press, 2000)
BookÂ 
    
                    Google ScholarÂ 
                

	Tamada, K. & Fujikawa, H. The steady two-dimensional flow of viscous liquid at low Reynolds numbers passing through an infinite row of equal parallel circular cylinders. Q. J. Mech. Appl. Math. 10, 425â€“432 (1957)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Yeom, J., Agonafer, D. D., Han, J.-H. & Shannon, M. A. Low Reynolds number flow across an array of cylindrical microposts in a microchannel and figure-of-merit analysis of micropost-filled microreactors. J. Micromech. Microeng. 19 10.1088/0960-1317/19/6/065025 (2009)

	Denk, W., Webb, W. W. & Hudspeth, A. J. Mechanical properties of sensory hair bundles are reflected in their Brownian motion measured with a laser differential interferometer. Proc. Natl Acad. Sci. USA 86, 5371â€“5375 (1989)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Perrin, F. Mouvement brownien dâ€™un ellipsoÃ¯de (I). Dispersion diÃ©lectrique pour des molÃ©cules ellipsoÃ¯dales. J. Phys. Radium 5, 497â€“511 (1934)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Broersma, S. Viscous force and torque constant for a cylinder. J. Chem. Phys. 74, 6989â€“6990 (1981)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kozlov, A. S., Risler, T. & Hudspeth, A. J. Coherent motion of stereocilia assures the concerted gating of hair-cell transduction channels. Nature Neurosci. 10, 87â€“92 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pickles, J. O. A model for the mechanics of the stereociliar bundle on acousticolateral hair cells. Hear. Res. 68, 159â€“172 (1993)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cotton, J. & Grant, W. Computational models of hair cell bundle mechanics: II. Simplified bundle models. Hear. Res. 197, 105â€“111 (2004)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Karavitaki, K. D. & Corey, D. P. Sliding adhesion confers coherent motion to hair cell stereocilia and parallel gating to transduction channels. J. Neurosci. 30, 9051â€“9063 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Martin, P., Mehta, A. D. & Hudspeth, A. J. Negative hair-bundle stiffness betrays a mechanism for mechanical amplification by the hair cell. Proc. Natl Acad. Sci. USA 97, 12026â€“12031 (2000)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Verpy, E. et al. Stereocilin connects outer hair cells stereocilia to one another and to the tectorial membrane. J. Comp. Neurol. 519, 194â€“210 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Howard, J. & Hudspeth, A. J. Compliance of the hair bundle associated with gating of mechanoelectrical transduction channels in the bullfrogâ€™s saccular hair cell. Neuron 1, 189â€“199 (1988)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jaramillo, F., Markin, V. S. & Hudspeth, A. J. Auditory illusions and the single hair cell. Nature 364, 527â€“529 (1993)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Neugebauer, D. C. & Thurm, U. Surface charges of the membrane and cell adhesion substances determine the structural integrity of hair bundles from the inner ear of fish. Cell Tissue Res. 249, 199â€“207 (1987)
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank A. J. Hinterwirth for assistance in constructing the interferometer and B. Fabella for programming the experimental software; M. Fleischer for help with programming the fluid finite-element model; R. GÃ¤rtner and A. Voigt for discussions of the finite-element model and stochastic computations; M. Lenz for discussions of stochastic computations and the analytic derivation of fluid-mediated interactions; and O. Ahmad, D. Andor and M. O. Magnasco for discussions about data analysis. This research was funded by National Institutes of Health grant DC000241. Computational resources were provided by the Center for Information Services and High Performance Computing of the Technische UniversitÃ¤t Dresden. J.B. was supported by grants Grâ€‰1388/14 and Voâ€‰899/6 from the Deutsche Forschungsgemeinschaft. A.S.K. was supported by the Howard Hughes Medical Institute, of which A.J.H. is an Investigator.


Author information
Authors and Affiliations
	Howard Hughes Medical Institute and Laboratory of Sensory Neuroscience, The Rockefeller University, 1230 York Avenue, New York, 10065, New York, USA
Andrei S. Kozlov,Â Corstiaen P. C. VersteeghÂ &Â A. J. Hudspeth

	Department of Mathematics, Institute of Scientific Computing, Technische UniversitÃ¤t Dresden, 01062 Dresden, Germany
Johannes Baumgart

	Institut Curie, Centre de Recherche, F-75005 Paris, France
Thomas Risler

	UPMC UniversitÃ© Paris 06, UMR 168, F-75005 Paris, France
Thomas Risler

	CNRS, UMR 168, F-75005 Paris, France
Thomas Risler

	Experimental Zoology Group, Wageningen University, 6709â€‰PG Wageningen, The Netherlands
Corstiaen P. C. Versteegh


Authors	Andrei S. KozlovView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Johannes BaumgartView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas RislerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Corstiaen P. C. VersteeghView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	A. J. HudspethView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
A.S.K. organized the collaboration, designed and performed the experiments, analysed data, and wrote most of the manuscript. J.B. developed the finite-element formulation and conducted the corresponding computations, implemented the stochastic modelling, derived analytic estimates of fluid-mediated interactions, wrote the corresponding Supplementary Information sections, analysed data and edited the manuscript. T.R. derived analytic estimates of fluid-mediated interactions, developed the stochastic models, implemented the data analysis, wrote the corresponding Supplementary Information sections and edited the manuscript. C.P.C.V. built the scaled model and performed the corresponding experiment. A.J.H. designed the experiments, performed the electron microscopy and edited the manuscript.
Corresponding author
Correspondence to
                A. J. Hudspeth.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Text and Data, Supplementary Figures 1-19 with legends, Supplementary Tables 1-2 and additional references. (PDF 12632 kb)


Supplementary Movie 1
This movie shows motion of a hair bundle without elastic links. Progressively more stereocilia are entrained with increasing frequency. (ZIP 26822 kb)


Supplementary Movie 2
This movie shows motion of a hair bundle with elastic top connectors. The bundle moves as a unit at all frequencies until inertia intervenes at frequencies above several kilohertz. (ZIP 26832 kb)


Supplementary Movie 3
This movie shows motion of a hair bundle with tip links. At low frequencies, only the stereocilia in the symmetry plane are deflected. The obliquely oriented tip links amplify the motion for the shorter stereocilia. As the frequency rises, more and more stereocilia are entrained. (ZIP 26831 kb)


Supplementary Movie 4
This movie shows motion of a hair bundle containing both tip links and top connectors. The bundle moves as a unit at all frequencies until inertia intervenes at frequencies above several kilohertz. (ZIP 26791 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
Cite this article
Kozlov, A., Baumgart, J., Risler, T. et al. Forces between clustered stereocilia minimize friction in the ear on a subnanometre scale.
                    Nature 474, 376â€“379 (2011). https://doi.org/10.1038/nature10073
Download citation
	Received: 05 August 2010

	Accepted: 24 March 2011

	Published: 22 May 2011

	Issue Date: 16 June 2011

	DOI: https://doi.org/10.1038/nature10073


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

                
                    	
                            
                                
                                    
                                        Single fibre enables acoustic fabrics via nanometre-scale vibrations
                                    
                                

                            
                                
                                    	Wei Yan
	Grace Noel
	Yoel Fink


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Mechanics to pre-process information for the fine tuning of mechanoreceptors
                                    
                                

                            
                                
                                    	Friedrich G. Barth


                                
                                Journal of Comparative Physiology A (2019)

                            
	
                            
                                
                                    
                                        Hair bundles of cochlear outer hair cells are shaped to minimize their fluid-dynamic resistance
                                    
                                

                            
                                
                                    	Nikola CiganoviÄ‡
	Amanuel Wolde-Kidan
	Tobias Reichenbach


                                
                                Scientific Reports (2017)

                            
	
                            
                                
                                    
                                        A nanostructured surface increases friction exponentially at the solid-gas interface
                                    
                                

                            
                                
                                    	Arindam Phani
	Vakhtang Putkaradze
	Thomas Thundat


                                
                                Scientific Reports (2016)

                            
	
                            
                                
                                    
                                        Solid friction between soft filaments
                                    
                                

                            
                                
                                    	Andrew Ward
	Feodor Hilitski
	Zvonimir Dogic


                                
                                Nature Materials (2015)

                            


                

            

        
    

            
                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
How inner-ear stereocilia pull together
Hearing is initiated by the movement of tiny bundles of cilia located at the top of hair cells inside the ear. Despite being surrounded by the viscous fluid that bathes the inner ear, these stereocilia remain sensitive to movements of atomic dimension. The mechanism that makes this possible by eliminating most of the viscous drag in the liquid between the stereocilia has now been demonstrated. Analysis of the balance of forces in bullfrog hair cell stereocilia on a subnanometre scale shows that, at the frequencies used in hearing, most stereocilia inside the hair bundle are shielded from the external liquid and move virtually as one.
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