
Plan of the lecture 

Afferent innervation

Outer hair cell ‘electromotility’

Efferent inhibitory feedback from the brain
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Will describe results obtained by intracellular voltage-clamp recording from afferent 
dendrites at point of contact with IHCs.  The peculiar advantages of this experiment 
provide new insights into ribbon function, and perhaps by extension, into 
mechanisms of transmitter release more generally.
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Low frequency tones produce ‘phase-locked’ activity in afferent fibers (turtle).  
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Type I afferents contact single inner hair cells and make up 95% of the VIIIth nerve.  
The main (only?) source of acoustic information to the brain.   

Type II afferent contact many outer hair cells.  Not known what information they 
carry to the brain, although it is suspected they may only be activated during very 
loud sound.  
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This is what the mammalian cochlea (2-3 week old rat) really looks like.  These are 
otic capsules, the bony chamber within the temporal bone of the skull that encloses 
the inner ear.  On the right is the intact capsule.  On the left the surgeon (Dr. E. 
Wersinger, PhD) has dissected away the surrounding bone to reveal the soft tissues 
of the cochlear spiral.  
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Postsynaptic recordings to study transmitter release.  

8



Seen at higher temporal resolution, the majority of synaptic events have classic 
‘alpha’ shape with a rapid rise and slower fall.  At room temperature these in a 
fraction of a ms, and fall with a time constant of 1 ms.
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The synaptic currents reverse in sign near 0 mV, so flow through non-selective 
cation channels.  They are blocked by AMPA/kainate receptor bocker CNQX, and 
lengthened by cyclothiazide, indicating they are subserved by AMPA receptors.  
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As sound intensity rises, firing rate of auditory afferents increases.  The resulting 
intensity response curve has a threshold, a maximum slope, and usually saturates 
for loud sounds.  

Among cochlear afferents some have high spontaneous rates, low thresholds and 
narrow dynamic range (‘hi spont’ fibers).  ‘Lo spont’ fibers have higher thresholds, 
lower slopes, and ‘sloping saturation’.  

Hi spont and low spont afferents can be connected to the same inner hair cell, 
requiring that some aspect of transmitter release varies between different ribbons in 
a single hair cell.  
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The mammalian cochlea possesses two classes of afferent neurons and two 
classes of efferent neurons.  

Type I afferents contact single inner hair cells to provide acoustic analysis as we 
know it.

Type II afferents branch extensively to contact numerous outer hair cellsType II afferents branch extensively to contact numerous outer hair cells.

Medial efferent neurons synapse on outer hair cells.

Lateral efferent neurons synapse on Type I afferents beneath inner hair cells.
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Afferent neurons carry information to the brain.

Efferent (olivo-cochlear) neurons return negative feedback to the cochlea.
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The basilar membrane vibrates in response to acoustic stimulation (motion of the 
stapes footplate).  This vibration propagates as a ‘traveling wave’ from the cochlear 
base (nearest the stapes footplate) to the cochlear apex.  The basilar membrane 
varies systematically in thickness and width from base to apex, so that it is relatively 
stiff at the base, and flexible at the apex.  This varying stiffness confers a systematic 
shift in resonant frequency from high to low, so that the position of peak vibration 
varies ‘tonotopically’ along the cochlear length.  
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Animation of cochlear membrane vibration patterns
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Idealized vibration pattern of the basilar membrane (cochlear partition on which hair 
cells reside).

‘Passive mechanism’ refers to the vibration pattern produced by a pure tone in a 
‘dead’ cochlea  (or one without outer hair cells) – the physics.  

‘Active mechanism’ refers to the pattern of vibration in a healthy live cochlea madeActive mechanism  refers to the pattern of vibration in a healthy, live cochlea, made 
50 dB more sensitive and much more sharply-tuned by the active mechanical 
contribution  (‘electromotility’) of outer hair cells – physics plus biology.  
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Outer hair cells shorten and elongate in phase with vibration of cochlear partition, 
thereby increasing overall motion sensed by inner hair cells.  
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Electromotility of outer hair cells is driven by the ‘motor’ protein prestin that 
undergoes conformational changes in response to voltage changes across the outer 
hair cell plasma membrane.  
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Oto-acoustic emissions are ‘ear sounds’ due to active motility of outer hair cells.  
They are an indication of normal cochlear function.  Typically recorded as the 
distortion product (2f1-f2) produced by two tones (f1, f2) presented simultaneously 
to the ear.  A sensitive microphone in the ear canal is the detector.  
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Otoacoustic emissions are a useful clinical tool, enabling tests for cochlear health in 
prelingual, or otherwise uncommunicative patients.  
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Spontaneous otoacoustic emissions in a newborn.  
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The mammalian cochlea possesses two classes of afferent neurons and two 
classes of efferent neurons.  

Type I afferents contact single inner hair cells to provide acoustic analysis as we 
know it.

Type II afferents branch extensively to contact numerous outer hair cellsType II afferents branch extensively to contact numerous outer hair cells.

Medial efferent neurons synapse on outer hair cells.

Lateral efferent neurons synapse on Type I afferents beneath inner hair cells.
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Efferents neurons with somata in the olivary complex of the brainstem project to the 
cochlea.  Medio-olivocochlear (MOC) neurons makes synapses with outer hair cells.  
Lateral olivo-cochlear (LOC) neurons synapse onto afferent dendrites beneath the 
inner hair cells.  Both populations of efferents are cholinergic, although other 
neurotransmitters may also be found in the lateral olivocochlear efferents.  

29



Calcium influx through an ionotropic AChR activates calcium-dependent potassium 
channels in hair cells.
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The hair cell’s AChR contains two subunits related to nicotinic receptors of muscle 
and neurons.  
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Spontaneous otoacoustic emissions in a newborn.  
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Efferent activity suppresses DPOAEs.  In this example the normal efferent-evoked 
suppression (electrical stimulation of efferents in the floor of the IVth ventricle) 
reduces the amplitude of the DPOAE by 10-12 dB.  In the alpha10 knockout mouse 
in which hair cells no longer respond to ACh, this suppressive effect is lost entirely. 
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In the alpha 9 change of function mouse the efferent suppression of DPOAEs is 
enhanced and greatly prolonged compared to wildtype litter mates.  
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Efferent neurons from the central nervous system project to outer hair cells.  
Efferent neurons release the neurochemical acetylcholine (ACh) that causes outer 
hair cells to hyperpolarize.  This inhibits the process of electromotility, and so 
desensitizes the cochlea. 
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Application of ACh to short hair cells isolated from chicken show biphasic responses 
like those observed in turtle.  Biphasic current also seen in voltage clamp.  
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Cytoplasmic BAPTA rapidly buffers free calcium and prevents the ACh-evoked 
outward current.  
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The remaining inward current in BAPTA reverses at 0 mV, implying that this flows 
through a non-selective cation channel.  
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Synaptic proteins of hair cells differ from those at ‘phasic’ synapses in CNS and 
elsewhere. 
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Calcium channels in hair cells are dihydropyridine-sensitive, encoded by CaV1.3, 
often called L-type channels.  Older subunit name alpha1D.   These have relatively 
negative activation range, and show little inactivation.  
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Spontaneous release from ribbon synapses occurs at low frequency in immature 
hair cells (before hearing onset at P12).  These events are seen as transient inward 
currents at a negative membrane potential (-94 mV).  
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The mammalian cochlea possesses two classes of afferent neurons and two 
classes of efferent neurons.  

Type I afferents contact single inner hair cells to provide acoustic analysis as we 
know it.

Type II afferents branch extensively to contact numerous outer hair cells.

Medial efferent neurons synapse on outer hair cells.

Lateral efferent neurons synapse on Type I afferents beneath inner hair cells.
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First we performed standard current-voltage experiments in which from a holding 
potential of -80mV we step the membrane voltage in 10mV increments and record 
voltage gated conductances. 

One of the first things that we noticed when recording from these Type II neurons is 
that they have very large TTX sensitive sodium currents, up to 6nA. This is 
consistent with the fibers being long and branched. These currents are visible in top 
right trace which shows the sodium currents from this trace on an expanded x axisright trace which shows the sodium currents from this trace on an expanded x axis. 

In addition, the fibers have large potassium currents that are reduced by substituting 
cesium for potassium in the intracellular pipette.

In current clamp I injected current in 10pA steps, eliciting regenerating action 
potentials as seen here. In addition, spontaneous action potentials are seen 
occasionally.
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I also recorded synaptic currents in Type II fibers as seen in the two top traces 
which are from the same cell. The frequency of currents is enhanced by applying 
extracellular solution with elevated potassium to the tissue, which dopolarizes the 
outer hair cells and increases their rate of neurotransmitter release, as seen in the 
bottom left trace. The elevated potassium also causes an increased inward current 
in the fiber itself. \

In this trace I zoomed in on this EPSC to show the classic shapeIn this trace I zoomed in on this EPSC, to show the classic shape.
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We have also determined that the EPSC’s are glutamatergic. This figure shows the 
average EPSC waveform for synaptic events that occur when the membrane 
holding potential is held at the voltages shown here. Graphing the average peak 
amplitude of the events by the membrane holding potential illustrates that the 
currents reverse polarity at a holding potential of 0mV, which is consistent with 
conductance through a non-selective cation channel.

Additionally the EPSC’s are eliminated by the AMPA receptor blocker NBQX atAdditionally, the EPSC s are eliminated by the AMPA receptor blocker NBQX at 
10uM as seen in the trace on the left. The amplitude by diary plot shown on the right 
shows the complete blockage of synaptic events upon NBQX application, followed 
by their return upon washing off the drug. 
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Type I peak conductance ~0.40 nS, close to 0.45nS in central AMPA synapses

The difference in post-synaptic glutamate receptors between Type I and Type II 
fibers led us to look more closely at the differences between the response 
properties of the two neurons types. On the left is an amplitude distribution from a 
Type I fiber from Paul and Elisabeths 2002 paper. Please note the axis, showing 
extremely large amplitude EPSC’s in the Type I’s, up to 800pA with an average of 
about 150pA and a first peak of about 36pAabout 150pA and a first peak of about 36pA.

On the top right is an amplitude distribution from a Type II fiber, but in the lower right 
panel I have scaled the X-axis to 800pA to highlight that the Type II events are 
much smaller than Type I EPSC’s
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In addition to the dramatic difference between Type I and Type II EPSC’s, the Type II 
EPSC’s are slower than Type I EPSC’s as shown by a comparison of the 10-90% rise times 
and time constants of decay, shown here. Type II EPSC’s are about twice as slow as Type I 
EPSC’s. 

Most notably, Type II events are much less frequent than Type I EPSC’s. They occur far 
less than once per second in normal extracellular potassium. Elevating extracellular 
potassium to 40mM to depolarize OHC’s and induce neurotransitter release raises the 
EPSC f t b t 5 t d hi h i f l th th 27 tEPSC frequency to about 5 events per second, which is far less than the 27 events per 
second induced by the same treatment in Type I’s. 

Even the maximum EPSC frequency of 17Hz that I have observed in a Type II fiber is far 
less then the average EPSC frequency in Type I neurons.

This is especially notable when considering that each Type I neuron receives synaptic 
inputs from only a single IHC and only a single active zone In contrast this very modestinputs from only a single IHC, and only a single active zone. In contrast, this very modest 
level of synaptic activity in Type II’s is mediated by the larger number of inputs from multiple 
OHC’s.

Therefore, there are very large differences in the inputs to Type I and Type II fibers.
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