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What does it mean to analyze the frequency components of a sound?  A 
‘spectrogram’ such as that shown here is the usual display of frequency 
components as a function of time – here during the production of a sentence “I can 
see you”.    We will see a real-time spectrograph in operation ourselves.  
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So now to The Ear.  Drawings from Max Brodel, an Austrian artist who came to 
Johns Hopkins in the 1920s.  

My point in showing this figure is to emphasize the intricate and well-protected 
structure of the inner ear, encased in the temporal bone.  This combination of 
fragility and inaccessibility is a large part of the explanation for why knowledge of 
hearing has somewhat lagged others, such as the vision and olfaction.  
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Today I will  provide an overview of cochlear function.  Sound enters the external 
ear, initiating motion of the eardrum and attached ossicular chain, resulting in fluid 
movement within the inner ear, in the cochlea.  



When middle ear function is degraded, it results in a “conductive” hearing loss.  A 
common cause is otosclerosis in which bony growth impedes the movement of the 
middle ear ossicles.  Conductive hearing loss can be distinguished from 
“sensorineural” hearing loss (the loss of hair cells and/or nerve fibers such as 
occurs with sound damage) by comparing the audibility of a tuning fork held in the 
air, or pressed against the skull (‘Rinne test’).  In conductive hearing loss, the latter 
position is effective at presenting sound by bone conduction, thus overcoming the 
conductive loss pertaining to air-borne sound.  If the loss is sensorineural, then 
bone conduction doesn’t help.  Drs Eric Young and Charles Limb will elaborate on 
hearing loss and cochlear pathology in later lectures.  
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The middle ear helps to overcome the air/water impedance mismatch.  The area 
ratio of eardrum to stapes footplate is 20x.  The lever action of the ossicles provides 
an additional small advantage (~1.2x).  
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Motion of the stapes footplate causes fluid motion, resulting in deflection of the 
cochlear partition upon which are situated the hair cells and surrounding supporting 
cells.  Frequency selectivity begins with the fact that the mechanics of the cochlear 
duct vary from end to end.  Consequently, lower frequency tones cause maximal 
vibration at positions near the cochlear apex.  High frequency tones deflect the 
stiffer partition nearer the oval window.  This ‘tonotopic’ pattern of vibration was 
described first by von Bekesy and is the basis of frequency selectivity in the 
mammalian cochlea.  



A rat’s cochlea dissected from the otic capsule in the temporal bone. 
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Cross section of the organ of Corti.
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A continuous gradient in stiffness from base (stiff) to apex (floppy) sets up 
mechanical tuning for cochlear vibration (von Bekesy’s traveling wave).  
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Traveling waves.
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Selective innervation of hair cells along the tonotopic axis provides labeled lines for 
frequencies.  
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The ‘labelled lines’ made up by cochlear neurons project to the brain to establish a 
tonotopic map (map of sound frequencies) all the way up to the cortex.  The 
auditory cortex is found on the superior surface of the temporal lobe.  
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The tonotopic organization of the cochlea, and the selective innervation of that 
sensory epithelium, is taken advantage of with the cochlear implant.  For the 
profoundly deaf, a set of electrodes are threaded into the cochlea.  A spectrum 
analyzer provides frequency-dependent stimulation to each electrode, which then 
stimulates the nearest auditory nerve fibers.  With practice this very limited input 
(usually ~ 10 working electrodes) can be used to understand speech.  

The best success has been obtained in post-lingually deafened adults, and in 
congenitally-deaf children who receive the implant in the first year of life.  In the best 
cases otherwise deaf children can hit age-appropriate educational milestones.  
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Schematic diagram of the cochlear spiral.  Afferent neurons form the spiral ganglion 
within the center, or modiolus of the cochlea.  The cochlear duct is separated into 
scala vestibuli (red arrows) and scala tympani (blue arrows), by the basilar 
membrane on which resides the Organ of Corti.  Overlying Corti’s organ is the scala
media, containing endolymph produced by the stria vascularis (violet).  Stephan Blatrix
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3 parallel chambers along the cochlear length.



Hair reside at an interface between assymetic ionic solutions.  Endolymph is high 
potassium.  Perilymph is low potassium.  
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How is an up-down motion of the basilar membrane translated into significant lateral 
displacement of the hair bundle?  The answer lies in the fact that the basilar 
membrane and tectorial membrane are attached at different points on the cochlear 
wall.  Thus, vertical displacements of both membranes occur as the folding of a 
parallelogram, resulting in lateral shear between basilar and tectorial membranes.  
Since the hair cells are coupled to both membranes, the ciliary bundles are pushed 
from side to side as a consequence of that shear.  This may seem at best an 
awkward way to stimulate the hair cell.  Nonetheless, it is effective, in part because 
the hair cell is almost unbelievably sensitive to hair bundle displacement.  Estimates 
of hair cell sensitivity suggest that it can reliably signal a bundle displacement of a 
fraction of a nanometer!
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The cochlear partition vibrates as a folding parallelogram.  Unequal axes of rotation 
impose later displacment between upper and lower sheets.
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Rigid rod motion of hair bundle
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In 1982 and 1983, it became clear that the gating kinetics of the transduction 
channels were extremely fast, precluding the involvement of a second messenger 
system.  Instead, it was suggested that a direct mechanical gating of the channel 
would be necessary. The gating-spring hypothesis proposes that transduction 
channels are physically blocked in a trap-door fashion, where gating of the trap-door 
involves the action of an attached gating-spring.  Tension in the gating-spring 
increases during excitatory stimulation until passing a threshold for opening the gate 
(i.e. imagine a rubber-band attached to a mouse-trap…pulling on the rubber-band 
will eventually cause the clamp on the mouse-trap to open).  This animation also 
represents the calcium-dependent adaptation of transduction that will be discussed 
later.  N.B., tip-link is NOT actual gating spring, too stiff.  
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Real tip links
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Motions as small as a few nm (nanometers) can be measured by projection onto photodiode array.  
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Preparation:  Bullfrog sacculus 

Methods:  Apical surface, two-electrode recordings (from Hudspeth and Corey)

(A) Receptor potentials from a 10-Hz triangle wave stimulus.  Upward displacements indicate 
motion toward the tallest stereocilia.  Deflections are parallel to an axis of bilateral symmetry 
(along the graded heights of the bundle).  Greater deflections result in greater changes in 
receptor potential.  Note the rectification for large, negative stimuli.  

(B) Input-output curve, V(x), for curves as in (A).  Peak changes in receptor potential are less 
than 10 mV.  Saturating displacements are less than 1 m (or 10º deflection).  The curve is 
asymmetric (greater changes for positive displacements than negative) and approximates a 
Boltzman relationship.  This suggests that some transduction related current is present in hair 
bundles at rest.  Note: statistically significant changes in membrane potential for 
photoreceptors is 10 V.  This would correspond to a displacement of 500 picometers.  
Estimates for auditory hair cells are as low as 1 pm!

(C)Hyperpolarizing square current pulses were injected into the hair cell during triangle-wave 
stimulation and recording of membrane potential.  V = I R.  Thus, for the constant current 
pulses, when changes in V are reduced during deflection toward the tallest stereocilia, the 
input resistance into the hair cell is also reduced.  Presumably, conductance changes from 
the opening and closing of an ion channel are responsible for the change in input resistance.  
Therefore, transduction currents result from transduction channels whose gating is triggered 
by hair bundle displacement.



33

Preparation:  Bullfrog sacculus (from Shotwell and Hudspeth)

Methods:  Single-electrode intracellular voltage recording

Receptor potentials were elicited by 0.5 m (peak-to-peak) stimuli at various angles 
with respect to the 0º axis (the axis of symmetry).  Both the peak of the response 
and the sensitivity of the cell (i.e. slope) decline as the stimulation direction moves 
from 0º to 90º.

In a separate series of experiments (Hudspeth and Jacobs, 1979), using the same 
techniques, it was determined that the stereocilia mediated transduction.  When the 
kinocilium was carefully dissected away from the hair bundle, the maximal 
transduction currents were still obtained.  When the hair bundle was divided in two, 
half-maximal transduction currents obtained.  Of course, this is good news since the 
kinocilium is absent from mature cochlear hair bundles .



Present best guess.  ‘Springiness of mechanotransduction probably an aspect of 
the gating mechanism itself.  
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Transducer currents are larger in higher frequency hair cells, and, not quantified 
here, adaptation is faster in higher frequency hair cells .  
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Hair cell shape is either flask-like (e.g. IHC) or columnar (e.g. OHC), regardless of 
species.  Classification by shape often mimics classification by innervation patterns.  
Interestingly, the size (primarily length) of the hair cell is associated with its location 
along the frequency (tonotopic) axis of the sensory epithelium.  There are functional 
consequences of this variation in size. 

Stereocilium length also varies with the location of the hair cell along the cochlea.  
Resonance of a structure varies proportionately with square-root of stiffness.  For a 
cantilevered beam (like the stereocilia), stiffness is inversely proportional to some 
power of the beam’s length.  Thus, as the length of the stereocilium increases it’s 
resonant frequency decreases.  In this slide, we show the change in stereocilium 
length for IHC and OHC hair bundles in humans (the tallest stereocilia are 
reported).  As we move from the base of the cochlea to the apex (HF to LF), the 
length of the stereocilia increase.  The hypothetical resonant frequency for the hair 
bundle would then decrease.  Is this a mechanism for passive resonance of the hair 
bundle to assist in tuning?  It turns out that there is a correlation in the lizard, but 
passive resonance does not seem to be present in hair bundles of other species 
(although some active processes may indeed be present…next lecture).  But 
resonant frequencies based on stereociliary length are many times higher than the 
cochlear place code. 



Outer hair cells in the rat and gerbil cochlea have larger transducer currents as one 
progresses from low to high frequency positions.  AND, basolateral voltage-gated 
potassium conductances also are larger in higher frequency outer hair cells.   

Structure and Function of the Auditory 
and Vestibular System - 1
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Smaller surface area means that input capacitance is smaller in higher frequency 
hair cells.  Increasing conductance (transducer and basolateral) means that input 
resistance is lower is higher frequency hair cells.  The membrane time constant is 
the product of membrane resistance times capacitance, 

m = RmCm

so this term is smaller in higher frequency hair cells.  

Consequently, the corner frequency of a low pass filter (where output falls to half the 
input)

The corner frequency of a low pass filter, 

fcorner =  1/2m

representing the hair cell shifts to higher frequencies in outer hair cells from high 
frequency positions along the cochlea’s tonotopic axis.

Structure and Function of the Auditory 
and Vestibular System - 1
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Forces moving ions: chemical and electrical.  
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K efflux hyperpolarizes the cell.
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Na influx depolarizes the cell.
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Differential gating kinetics of sodium and potassium channels gives rise to 
action potential.  Specific gating of various ion channels contributes to hair 
cell response properties.  
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