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Forces moving ions: chemical and electrical.  g
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K efflux hyperpolarizes the cell.yp p
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Na influx depolarizes the cell.p
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Differential gating kinetics of sodium and potassium channels gives rise g g p g
to action potential.  Specific gating of various ion channels contributes 
to hair cell response properties.  
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Schematic diagram of the cochlear spiral.  Afferent neurons form the g p
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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Rigid rod motion of hair bundleg
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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(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 linksReal tip links
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Recording from hair cells is no trivial task due to the unique fluid environment in 
vivo, the location of these cells within the bony labyrinth, and the necessity for 
micromechanical stimulation of the hair bundle.  Here, we will describe four ‘classic’ 
recording techniques  (from Corey and Hudspeth)

Single-electrode voltage recording (left)

An epithelial preparation is pinned in an experimental chamber Hair cells areAn epithelial preparation is pinned in an experimental chamber.  Hair cells are 
penetrated using a single fine tipped microelectrode, measuring the cell’s 
membrane potential (note: not a voltage or current clamp configuration).  This 
methodology is relatively easy to employ but transduction-channel conductance 
changes can be distorted by changes in membrane permeability and driving forces. 

Transepithelial preparation (right)Transepithelial preparation (right)

An entire vestibular organ (most often the saccule) is dissected and a portion of the 
otolithic membrane (overlying hair cells) is removed (OM).  The preparation is 
mounted across a hole in a nonconducting surface (W).  Thus, there are now two 
separate fluid chambers (simulating the in vivo environment).  Electrodes are placed 
in the upper and lower chambers, and the apical and basolateral surfaces are 
clamped to 0 mV using a voltage-clamp circuit.  Hair bundles are displaced en mass
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(SP); transduction currents flowing in through transduction channels and out 
through the basolateral surfaces are measured by the clamp circuit.  The 
intracellular membrane potential is not clamped using this method, and large 
changes in intracellular potential will alter transduction currents.



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 stimulireceptor 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.  p p  p p p
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.  
Th f t d ti t lt f t d ti h l h ti i t i d

27

Therefore, transduction currents result from transduction channels whose gating is triggered 
by hair bundle displacement.



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 .
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Preparation:  Bullfrog  sacculus  (Hudspeth et al)

Methods:  Transepithelial voltage clamp

Top:  A prepulse of -0.4 m closes all transduction channels.  The onset of current in activation 
steps is slightly delayed, but curves are fit by a single exponential.  The delay of activation from 
a resting position is approximately 25 s.  Such a delay in photoreceptors is about 2 orders of 
magnitude greater! This delay in hair cells is extremely short and excludes the involvement of amagnitude greater!  This delay in hair cells is extremely short and excludes the involvement of a 
second messenger system.  Instead, these kinetics suggest the direct mechanical gating of 
transduction channels.

Bottom: A prepulse of 1.0 m opens all transduction channels.  Current relaxation requires two 
exponential components.  The closing rate saturates for large negative stimuli.

---------------------------------------------------------------------------------------------------------------------------

Corey and Hudspeth, 1979, and Lumpkin et al., 1997

Relative permeabilities:

NH4 (1.3), K (1.0), Rb (1.0), Cs (1.0), Na (0.9), Li (0.9), TEA (0.4), Ca 
(5-200)
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Ca required for transduction (> 10 M), but it also blocks at high 
concentrations.  Thus, there is likely a calcium binding site within the 
pore of the transduction channel.

Pore diameter:

At least 0.54 nm



Left:

Helical structure of the tip link. (A) Proposed model for tip-link structure. Two 
helically intertwined protofilaments (Inset) make up the tip link, attaching at two 
points to the taller stereocilium and contacting three filaments emanating from the 
shorter stereocilium. Note the dense plaques (red color) at the connection points.  
(B) Freeze-etch image of tip link from guinea pig cochlea. Note the thick carbon 
coat forming a halo around the tip link and the stereocilia surface. (C) Higher 

ifi ti i f th ti li k i B (D) S f l t f th i l i t iti f thmagnification view of the tip link in B. (D) Surface plot of the pixel intensities of the 
digitized image of the tip link shown in B created with National Institutes of Health 
IMAGE. The pseudo-three-dimensional image helped visualize the helical 
configuration and the possible periodic substructure of the protofilaments. (Scale 
bars: B = 50 nm; C and D = 10 nm.)

Ri htRight:

Upper and lower attachments of the tip link. (A and B) Freeze-etch images of tip-link 
upper insertions in guinea pig cochlea (A) and (left to right) two from guinea pig 
cochlea, two from bullfrog sacculus, and two from guinea pig utriculus (B). Each 
example shows pronounced branching. (C and D) Freeze-etch images of the tip-link 
lower insertion in stereocilia from bullfrog sacculus (C) and guinea pig utriculus (D); 
multiple strands (arrows) arise from the stereociliary tip (E) Freeze fracture image
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multiple strands (arrows) arise from the stereociliary tip. (E) Freeze-fracture image 
of stereociliary tips from bullfrog sacculus; indentations at tips are indicated by 
arrows. (Scale bars: A = 100 nm, B = 25 nm; C–E = 100 nm.)



Preparation: Bullfrog sacculus  (Gillespie et al.)

Methods:  TEM/SEM quantification of tip-link presence as well as measure of 
transduction current via whole-cell patch clamp following BAPTA treatment.

133 nm movement forward after break, due to pre-tensioning of tip-links (note 
inward tilt of most hair bundles).

Trace above seems to indicate a large increase in inward current after BAPTA.  
More recent evidence supports the notion that transduction channels remain open 
after breaking tip-links with BAPTA or elastase treatment.  This result throws a 
minor curve at the gating-spring hypothesis, in that breaking the gating-spring 
should result in closure of gates and elimination of resting transduction current.  
However it is conceivable that both BAPTA and elastase modify the transductionHowever, it is conceivable that both BAPTA and elastase modify the transduction 
channel as well and quite possibly destroy the gate along with the tip-link. 

Incubation of hair bundles with any tetracarboxylic calcium chelator (e.g. BAPTA) 
results in the destruction of tip links and transduction currents.  At one time, it was 
thought that the low calcium condition created by the chelators was responsible for 
tip-link destruction the key now seems to be in the chelator itself (particularly
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tip link destruction, the key now seems to be in the chelator itself (particularly 
tetracarboxylic chelators).  Neither low calcium alone nor chelators in other families 
break tip-links.  



Preparation: Chick basilar papilla (cochlea analog), in culture for 0-24 hours.
Methods: Whole-cell patch clamp of isolated hair cells as well as imaging of tip-
links.  (Gillespie et al)

Incubate tissue in control media with or without a 15 minute pretreatment with 
BAPTA.  Quantify tip-links (from SEM or TEM micrographs) at various time points.  
Electrophysiology conducted on isolated hair cells in whole-cell patch clamp while 
hair bundles were displaced by a pipette attached to a piezoelectric bimorph (+/- 1.2 
m)m).

Tip-links regenerate within 12 hours after BAPTA treatment (top panel).  
• After 24 hours, the number of tip links in treated 
bundles approaches 90% of those in control bundles.
• Small percentage of these tip links are abnormal 
(attached to wrong stereocilia, different angles).
• Regeneration on this time scale is not dependent on 
protein synthesis.
• Regeneration is dependent on intracellular calcium 
concentration, where a low [Ca] is apparently a signal for 
regeneration.

The regeneration of tip links is associated with the return of transduction currents.
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g p
• Although transduction returns it is significantly altered 
(e.g. lower peak currents, slower adaptation, and lower 
extent of adaptation).
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Preparation:  Turtle cochlear hair cells (isolated)  (Crawford and Fettiplace)

Method:  Whole-cell patch clamp during fiber stimulation with displacements 
measured via photodiode array.

Left:  Effects of holding potential on the transducer current evoked by a 0.65 micron 
displacement step of hair bundle.  Holding potentials given beside averaged traces.  
Traces at –72 mV are repeated measures before and after experiment CurrentTraces at 72 mV are repeated measures before and after experiment.  Current 
reversal is at ~0 mV (expected for transduction currents).  Adaptation was abolished 
at positive holding potentials.  Voltage dependency is not due to voltage per se, but 
due to changes in calcium influx.  

Right:  Transducer currents recorded with an electrode containing 10 mM-BAPTA as 
the calcium buffer Adaptation was absent during displacement and offset timethe calcium buffer.  Adaptation was absent during displacement and offset time 
constants were extremely slow.  Thus, adaptation is not only due to calcium influx, 
but the site of calcium activity is intracellular.
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Single 
transduction 
channel currents

Single-Channel Responses to Hair Bundle Displacement(A) Examples of single-
channel records for hair bundle deflections (∆x) relative to the steady-state position 
of the bundle. Holding potential, −80 mV. C and O in this and subsequent figures 
denote the closed and open levels of the channel.(B) Ensemble averages of 
between 44 and 82 single-channel responses at each stimulus level. The right-hand 
ordinate gives the probability of opening of the channel, which had an amplitude of 
8.2 pA.(C) Probability of opening, POPEN, of two different channels as a function of 
hair bundle displacement x relative to the steady-state position (see Experimentalhair bundle displacement, x, relative to the steady-state position (see Experimental 
Procedures). Smooth curve is given by: POPEN = 1/(1 + exp((x − x0.5)/xe)), with x0.5 
= 59 nm and xe = 36 nm. 

“Tonotopic Variation in the Conductance of the Hair Cell Mechanotransducer 
Channel” 

A th J Ri i A d C C f d d R b t F tti lAnthony J. Ricci, Andrew C. Crawford, and Robert Fettiplace

Neuron Volume 40, Issue 5 , 4 December 2003, Pages 983-990 
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Tonotopic Variations in Mechanotransducer Channel Amplitude(A) Single-channel 
records from two hair cells in 0.05 mM Ca2+ for hair bundle displacements of 150 
nm. The cells were located at fractional distances, d, of 0.22 and 0.67 from the low-
frequency end of the cochlea. Holding potential, −80 mV.(B) Single-channel 
amplitudes recorded at −80 mV in hair cells at different relative distances along the 
cochlea from the low-frequency end. Measurements at each location came from 
different turtles. (o) 2.8 mM Ca2+; (•) 0.05 mM Ca2+. The right-hand ordinate gives 
the channel conductance assuming a reversal potential of 0 mV Straight lines arethe channel conductance assuming a reversal potential of 0 mV. Straight lines are 
least-squares fits using the Levenberg Marquardt algorithm. Note that the channel 
conductance increases for hair cells tuned to high frequencies. 

(Ricci and Fettiplace)
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Preparation: Bullfrog sacculus  (Hudspeth)

Methods:  Extracellular potential recorded at precise locations around the hair 
bundle.

Extracellular potentials recorded during sinusoidal hair bundle stimulation.  
Potentials result from the ‘sink’ of current passing through the transduction 
channels.  

This experiment assumes that the hair cell acts as a simple dipole (or sum of 
dipoles sources and sinks) This assumption breaks down with considerabledipoles…sources and sinks).  This assumption breaks down with considerable 
resistive barriers (e.g. reticular lamina, tightly packed actin in the stereocilia).  
Moreover, vector representations of the dipoles would be more accurate. 

Nevertheless, response to increasing stimuli mimicked current-displacement 
transduction curves.  Transduction channels were localized to stereocilia tips.
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Fast calcium imaging shows that calcium enters ONLY at the very tip of the 
stereocilia, and not along the side (Fettiplace et al).  So, channels not at top end of 
tip link, but only at bottom end, in the tip of the shorter stereocilium.  

Amplitude and time course of stereociliary calcium signals. (a) Images of an inner 
hair cell stereociliary bundle in fluorescence at +100 mV and −80 mV holding 
potential and in brightfield illumination (bottom) with the focus at the top of the 
middle row stereocilia. Each bright spot at −80 mV corresponds to the fluorescence 
f th l i i di t i i l t ili i 2 (R2) 1 (R1) Iof the calcium indicator in a single stereocilium in row 2 (R2) or row 1 (R1). Images 

are averages of 10 individual frames taken at times denoted by the thick bars in (b). 
(b) Average changes in fluorescence in row 2 (R2) and row 1 (R1) in response to 
the pair of stimuli shown above. These correspond to a depolarization from −80 to 
+100 mV followed by a bundle deflection evoked by a water jet. In this and 
subsequent figures, the mechanical stimulus denotes the voltage pulse producing

the water jet and the fluorescence traces have been zeroed removing smallthe water jet and the fluorescence traces have been zeroed, removing small 
difference in offset, to facilitate comparison of the traces. The calcium fluorescence 
developed after repolarization to −80 mV when the MT current is inward. R2 and R1 
onsets have been fitted with single exponentials with time constants of 25 ms and 
77 ms respectively. At the bottom are superimposed traces of the time course of the 
fluorescence changes in 14 individual bright R2 stereocilia (R2 bright) and two dark 
stereocilia (R2 dark) that are indicated by white lines in fluorescence images and 
dark lines in the brightfield image. Fluorescence intensity expressedi n arbitrary 
units. Calcium indicator, 1mM Fluo-4FF; peak MT current, 760 pA.
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Gating spring associated with met channel (somehow…)g p g ( )
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Pushing on hair bundle with a flexible glass fiber.  Observe bending of fiber, and movement of 
hair bundle.  If stiffness of fiber is known, stiffness of hair bundle can be obtained by principle of 
reciprocity.  
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Fig. 2. Average photocurrents for displacements of a flexible fibre when placed at 
the tip of a ciliary bundle (on) or just above the same bundle (off). Top trace shows 
the time course of the voltage step delivered to the piezoelectric device. The 
ordinate calibration (in nanometres) was obtained by assuming that the steady 
deflexion of the free end of the fibre when not on the bundle was equal to that of the 
fixed end. Transients at beginning and end of step are thought to be due to a higher 
mode of vibration of the fibre which behaves like a cantilevered beam. The force 
delivered by the fibre can be calculated from its known stiffness (Kf here 0 067delivered by the fibre can be calculated from its known stiffness (Kf, here 0.067 
pN/nm) and the difference in steady displacements (y1) on and (Y2) off the bundle; 
the bundle stiffness, KB, is given by KB = Kf(Y2-y,)/yl. About 300 records were 
averaged to produce each trace.
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1: Technique for measuring hair bundle stiffness.

A fine glass fiber adheres to the bulbous tip of the kinocilium, and its image was 
projected onto a pair of photodiodes.  The output of the photodiodes was passed to 
a differential amplifier so that movement of the fiber causes a change in current.  

The fiber is displaced by a distance “Y”, resulting in a displacement of the hair 
bundle, “X”.  The extent to which the fiber was bent (Y – X) provided a measure of 
the force exerted on the bundle (provided that the stiffness of the fiber, Kf, is 
k ) Th t ti l tiff f th h i b dl Kb i th l l t d i lknown).  The rotational stiffness of the hair bundle, Kb, is then calculated simply as 
the ratio of force to displacement.

F = Kf (Y – X) Kb = F / X

2: Gating compliance in stiffness-displacement curve.

Measurements of hair bundle stiffness reveal a dip in the stiffness-displacementMeasurements of hair bundle stiffness reveal a dip in the stiffness displacement 
curve, indicating a compliance from the gate.  This dip coincides with the midpoint in 
the transduction curve.  Why?

3: Blocking transduction channels eliminates gating compliance.

Stiffness-displacement curves are generated before (A) and after (C) the application 
of gentamicin (B), an open channel blocker of the transduction current.  
Presumably gentamicin binds within the pore of the channel and prevents closure
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Presumably, gentamicin binds within the pore of the channel and prevents closure 
of the gate. 



Position of minimum stiffness corresponds to middle of met gating p g g
curve, i.e., where 50% of met channels are open.  I.e., gating spring 
stiffness contributes to overall bundle stiffness.  
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Preparation: Turtle cochlear hair cell

Method: Flexible fiber stimulation of hair bundle during intracellular recording

Comparison of the time course of ciliary bundle displacement (middle trace) and 
receptor potential (bottom trace) when bundle forced towards the kinocilium with 
flexible fiber attached to its tip.  Driving voltage to piezoelectric element shown at 
top For voltage record ordinate is membrane potential relative to resting potentialtop.  For voltage record, ordinate is membrane potential relative to resting potential 
(-50 mV).  Frequency of damped oscillations 39 Hz.  Twitches in bundle 
displacement curves at the onset and offset of piezo stimulus was likely due to 
alternate vibration modes in the fiber rather than hair bundle activity.
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Negative feedback, such as that produced by calcium’s effect on the myosin motor, 
can result in oscillations under appropriate conditions.  

Properties of spontaneous oscillations at 8 Hz by a hair bundle from the sacculus of 
the bullfrog’s inner ear. 

(A)Monitoring the position of a glass fiber attached at the hair bundle’s top 
measured the bundle’s spontaneous movement This oscillation had a root–measured the bundle s spontaneous movement. This oscillation had a root
mean–square magnitude of 28 nm. The data were smoothed by forming the 
running average of a number of points equal to one-fifth of a cycle, and drift in 
the baseline was subtracted. 

(B)The probability distribution of bundle positions was bimodal, with a local 
minimum near the bundle’s mean position. This histogram is asymmetrical; the 
bundle spent more time during negative than positive deflections. p g g p

(C)The signal’s spectrum displayed a broad peak. To obtain the spectrum, we 
averaged the spectral densities computed from 15 measurements of bundle 
oscillations, each 2 s in length. The resulting spectrum was further smoothed by 
forming the running average of the number of points sampling a 1-Hz frequency 
band. The error bars specify standard deviations from these mean values. 

(D)The autocorrelation function of bundle motion, obtained as the inverse Fourier 
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( )
transform of the spectral density, revealed an average oscillation frequency of 8 
Hz. The signal’s envelope, which relaxed towards zero with an exponential time 
constant of 115 ms, reflected the period over which the oscillation’s phase lost 
coherence. Analog signals were sampled at a frequency of 2.5 kHz. B, C, and D 
derive from the data shown in A.



Active bundle

Passive bundle

Frequency tuning of the hair-bundle response. The sensitivity of a spontaneously 
oscillatory hair bundle peaked near the bundle's natural frequency and then 
declined slowly with increasing stimulus frequency. By contrast, a passive hair 
bundle, which did not display prominent spontaneous oscillations, maintained a low 
sensitivity throughout the frequency range. The stimuli were of fixed amplitudes of 
15 nm for the active hair bundle and 300 nm for the control cell. 

Martin and Hudspeth: “Unprovoked movements of some constituent of the ear’s 
amplifier are expected to underlie the production of spontaneous otoacoustic 
emissions….. The similarity of the active process throughout the vertebrates, 
however, suggests that a common amplificatory mechanism is at work in all 
mechanically active acousticolateralis organs, the mammalian cochlea among them. 
It is probable that active hair-bundle motility is essential for amplification and in fact 
constitutes the active process ”constitutes the active process.
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This model supposes that a single transduction channel is attached directly to the 
tip link on the extracellular side and attached by a linker protein to the motor 
complex on the cytoplasmic side. The motor complex might be composed of 50–
100 myosin Ic molecules, with regulatory calmodulins bound to each myosin neck. 
Only a few of the myosin molecules would be bound to the actin core of the 
stereocilia at any time. Bending at the myosin head-neck junction during the power 
stroke exerts upward force on the complex. Myosins might be linked together by a 
rafting protein although other possibilities existrafting protein, although other possibilities exist.
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Morphology of bullfrog saccular hair bundles and labeling with antibody to myosin-I . 

A, A saccular bundle typical of those in this study contains ~60 stereocilia in nine 
columns. Lengths vary from ~4 µm at the shorter (negative) edge to ~8 µm at the 
taller (positive) edge. 

B, Labeling of a dissociated hair cell with an antibody to myosin-I . The secondary 
antibody was labeled with Cy3; the image is a summation of a stack of confocal 
images through the middle 2 µm of the cell. 

C, D, Two examples of the tip link (tl) and the osmiophilic densities marking the tip-
insertion plaque (tp) and side-insertion plaque (sp).  (Tip links are evident in original 
images, but difficult to make out in scans.  However, insertional plaques are readily 
identifiable.)

E, Immunogold labeling of the tips of stereocilia with the myosin-I  antibody. Gold 
particles are present along the sides of stereocilia but appear more concentrated at p p g pp
the tip plaques and in a region near the side plaques. 

F, Example of the basal tapers of stereocilia and their insertions into the cuticular 
plate. Stereocilia are ~150 nm in diameter where their rootlets insert into the 
cuticular plate, thicken to a maximum diameter of ~550 nm ~2 µm above the 
cuticular plate, and then narrow to a diameter of 300-400 nm at their distal tips. 

G, Immunogold labeling of the bases of stereocilia. Particles appear around the 
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g g pp
rootlet at the narrowest part of the taper where the rootlet enters the cuticular plate 
(arrow) but are otherwise scarce in the taper region. Scale bars: A, B, 2 µm; C-G, 
200 nm. 



Left:  Immunogold reactivity counts for stereocilia aligned by tip and side-plaque.  
Density scale indicates particles per square micrometer.

Right:  Tests of the specificity of myosin-I  immunoreactivity. A, Density of particles 
at morphologically identified side-insertion plaques. Filled bars represent the 
negative sector; open bars represent the positive sector. Particles were counted in 
one section each of 19 stereocilia of three bundles. The particle density at identified 
side plaques is higher than for all stereocilia averaged. B, Particle density for the 
shortest stereocilia, aligned by tips. The shortest stereocilium of each column 
(n = 53 from about nine columns in each of six bundles) was selected for averaging 
and analyzed. Whereas the positive sector showed a rise in density at the very tips 
that matched that of all stereocilia, the negative sector (which would not contain a 
side plaque) was not significantly different from the positive sector over most of the 
length Both sectors showed a decline in the taper region Error bars represent thelength. Both sectors showed a decline in the taper region. Error bars represent the 
maximum mean ± SE for each sector. 
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Preparation:  Turtle cochlear hair cells (isolated)  (Crawford et al)

Method:  Whole-cell patch clamp during fiber stimulation with displacements 
measured via photodiode array.

Left:  Effects of holding potential on the transducer current evoked by a 0.65 micron 
displacement step of hair bundle.  Holding potentials given beside averaged traces.  
Traces at –72 mV are repeated measures before and after experiment CurrentTraces at 72 mV are repeated measures before and after experiment.  Current 
reversal is at ~0 mV (expected for transduction currents).  Adaptation was abolished 
at positive holding potentials.  Voltage dependency is not due to voltage per se, but 
due to changes in calcium influx.  

Right:  Transducer currents recorded with an electrode containing 10 mM-BAPTA as 
the calcium buffer Adaptation was absent during displacement and offset timethe calcium buffer.  Adaptation was absent during displacement and offset time 
constants were extremely slow.  Thus, adaptation is not only due to calcium influx, 
but the site of calcium activity is intracellular.
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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 (related to frequency of 
movement oscillations).  

Does increased calcium influx confer more rapid adaptation? It could but otherDoes increased calcium influx confer more rapid adaptation?  It could, but other 
factors also involved.   
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Adaptation of Mechanotransducer Channel Activity(A) Ensemble average current 
responses for similar hair bundle deflections for a low-frequency hair cell (top, 
fractional distance from low-frequency end, D = 0.38; bundle deflection, 0.16  m) 
and a high-frequency hair cell (bottom, D = 0.57; bundle deflection, 0.1  m). The 
decline in the current was fitted with a single exponential (smooth line) of time 
constant 3.2 ms (top) and 1.0 ms (bottom). Fifty responses were averaged; holding 
potential, −80 mV; 2.8 mM extracellular Ca2+. Note different time scales for the two 
averages Bars below denote timing of bundle deflection (B) Adaptation timeaverages. Bars below denote timing of bundle deflection.(B) Adaptation time 
constants inferred from fits similar to those in (A) as a function of the fractional 
distance of the hair cell along cochlea from the low-frequency end. Straight line is 
least-squares fit. 
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Single 
transduction 
channel currents

Single-Channel Responses to Hair Bundle Displacement(A) Examples of single-
channel records for hair bundle deflections (∆x) relative to the steady-state position 
of the bundle. Holding potential, −80 mV. C and O in this and subsequent figures 
denote the closed and open levels of the channel.(B) Ensemble averages of 
between 44 and 82 single-channel responses at each stimulus level. The right-hand 
ordinate gives the probability of opening of the channel, which had an amplitude of 
8.2 pA.(C) Probability of opening, POPEN, of two different channels as a function of 
hair bundle displacement x relative to the steady-state position (see Experimentalhair bundle displacement, x, relative to the steady-state position (see Experimental 
Procedures). Smooth curve is given by: POPEN = 1/(1 + exp((x − x0.5)/xe)), with 
x0.5 = 59 nm and xe = 36 nm. 

“Tonotopic Variation in the Conductance of the Hair Cell Mechanotransducer 
Channel” 

A th J Ri i A d C C f d d R b t F tti lAnthony J. Ricci, Andrew C. Crawford, and Robert Fettiplace

Neuron Volume 40, Issue 5 , 4 December 2003, Pages 983-990 
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Foregoing observations and more to be detailed below suggest that adaptation 
involves a frank movement of the hair bundle, or interconnections within it.  That 
movement is calcium dependent.  Another well-known molecular motion is that of 
actin myosin during excitation contraction of muscle.  Given the actin cores of hair 
cell stereocilia, the notion of a myosin motor to produce hair bundle movement 
seemed promising.  Such a motor might act to tension a ‘gating spring’ that couples 
hair bundle deflection to transducer channel gating.   
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