Today’s lecture will begin with a paradox implied by the efferent innervation of the
cochlea. Afferent flow from cochlea to brain is supplied by inner hair cell excitation
of type I afferent neurons. But, as will be discussed, feedback efferent inhibition is
delivered to outer hair cells. Our first task is to understand how outer hair cell
inhibition alters the response of inner hair cells.
This opening image is a ‘whole mount’ view of the rat cochlea. Hair cell nuclei and
synaptic ribbons are labelled red by an antibody to CtBP2. Efferent axons and
terminals are labeled green by an antibody to choline acetyl transferase (ChAT)
involved in the synthesis of the efferent neurotransmitter, ACh.
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The animated ear.
A useful animation of acoustic transduction.
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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. 95% of all afferents.
Type II afferents branch extensively to contact numerous outer hair cells.
Medial efferent neurons form synapses with outer hair cells.
Lateral efferent neurons form synapses with Type I afferents beneath inner hair
cells.
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Animation of cochlear membrane vibration patterns. Lower frequency traveling
waves peak nearer the cochlear apex, where the basilar membrane is broader and
more flexible. Higher frequency traveling waves peak nearer the cochlear base
where the basilar membrane is narrower , thicker and stiffer.
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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, made
50 dB (almost 1000-fold) more sensitive and much more sharply-tuned by the active
mechanical contribution (‘electromotility’) of outer hair cells – physics plus biology.
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Movement of cochlear partition enhanced by active motion of outer hair cells –
‘electromotility’.
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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. This is a voltagedriven motion of the OHCs – electromotility.
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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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Prestin belongs to the Solute Carrier 26 (SLC26) gene family that encodes
anion transporter related proteins.
In expression systems such as HEK and CHO cells SLC26 proteins such as pendrin
and PAT1 show significant anion transport activity.
However, prestin is a modified member of this family that does not transport ions,
but confers NLC and electromotility (Zheng et.al and Oliver et al).
Mutations on charged residues do not affect voltage sensing capability. Removal of
intracellular Cl- does. So it is thought the chloride ions may themselves be the
mobile charge that forces conformational change onto the protein.
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Chloride binds to an internal site (mM affinity) then moves toward the outside of the
membrane when hyperpolarized, and toward the inside of the membrane when
depolarized. Chloride’s movement (in an as yet undefined way) leads to
conformational changes.
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Direct recording and visualization of outer hair cells shows that they undergo length
changes in response to imposed changes. What about in the intact cochlea?
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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Efferents neurons with somata in the olivary complex of the brainstem project to the
cochlea. Medio-olivocochlear (MOC) neurons make synapses with outer hair cells.
Lateral olivo-cochlear (LOC) neurons contact afferent dendrites beneath the inner
hair cells. Both populations of efferents are cholinergic, although other
neurotransmitters also may be found in the lateral olivocochlear efferents.
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Activation of MOC neurons in the floor of the 4th ventricle suppresses the response
to sound of individual cochlear afferent neurons. Electrical shocks (400 Hz) to the
MOCs indicated by solid line. Histogram shows action potentials per second elicited
by sound at the best frequency of this afferent neuron.
MOC = medial olivo-cochlear
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Average spike rate of a single auditory afferent neuron (extracellular recording in
VIIIth nerve of cat). As sound intensity is increased, spike rate increases along a
sigmoidal line.
When the same acoustic stimuli are combined with electrical shocks to the
efferents, the response curve is shifted to higher levels.
Sound at ‘best frequency’ of the fiber.
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Tuning curves of single auditory afferent neurons (VIIIth nerve recording).
Inhibition ‘de-tunes’ the afferent fiber (cat cochlea). The efficacy of inhibition
depends on the frequency of acoustic stimulation. Inhibition is greatest at the
characteristic, or best, frequency.
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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, made
50 dB (almost 1000-fold) more sensitive and much more sharply-tuned by the active
mechanical contribution (‘electromotility’) of outer hair cells – physics plus biology.
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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.
Thus, if efferent inhibition hyperpolarizes the membrane, the OHC will execute less
‘contraction’, add less motive force to the cochlear partition, so less stimulation of
the neighboring inner hair cell.
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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, made
50 dB (almost 1000-fold) more sensitive and much more sharply-tuned by the active
mechanical contribution (‘electromotility’) of outer hair cells – physics plus biology.
During inhibition of OHCs, the motion of the basilar membrane will be smaller, and
less sharply-tuned.
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How are hair cells inhibited by the efferent neurons?
Ionic mechanisms of efferent inhibition were first worked out in hair cell systems of
nonmammalian vertebrates, such as experiments on the red-eared turtle by Robert
Fettiplace and Andrew Crawford at Cambridge University.
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Closer view of the turtle’s basilar papilla (auditory end-organ). The elliptical basilar
membrane is ~ 1 mm in length, on which resides a stripe of ~ 1000 hair cells. The
basilar papilla is tonotopically arranged, best frequencies of ~ 1000 Hz are found for
afferent fiber responses on the right-hand end, and ~ 50 Hz on the left-hand end.
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Extracellular recording from a single afferent in the turtle half-head prep. A tone at
the best frequency produces action potentials at ~ 150 per second. Electrical
shocks delivered to the efferent axons in the VIIIth nerve (a trick of the anatomy
allows this without simultaneously activating afferent axons) suppresses the afferent
response for ~ 100 ms.
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Like in mammals, efferent inhibition ‘de-tunes’ the acoustic response of a single
auditory afferent neuron. Frequency selectivity in the turtle results from electrical
tuning of the hair cell membrane potential, rather than mechanical tuning of the
basilar membrane vibration pattern. Also, turtles do not have outer hair cells as
such, so electromotility as occurs in mammals is not thought to occur in the turtle.
Despite these marked differences in tuning mechanisms, the effect of inhibition is
functionally similar – loss of sensitivity AND tuning.
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Intracellular recording from turtle auditory hair cells. During efferent shock train the
membrane potential (shown here relative to the resting potential of -45 mV) is
strongly hyperpolarized. The hyperpolarization outlasts the efferent shocks by more
than 100 ms.
IPSPs (inhibitory postsynaptic potentials) are cholinergic, and blocked by nicotinic
antagonist (upper panel) and muscarinic antagonists.
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The average change in membrane potential to a single shock is biphasic, a small
depolarization preceding the larger and longer-lasting hyperpolarization. The
explanation for this biphasic was obtained in other experiments to be described.

26

The bird auditory organ (basilar papilla) is intermediate in form and function
between that of turtle and mammals. About 10,000 hair cells cover the 5 mm long
basilar membrane, encoding sounds between 50 Hz and 5 kHz. The hair cells are
differentially innervation. Tall hair cells, like mammalian inner hair cells, receive
most afferent contacts. Short hair cells, like mammalian outer hair cells, receive
most efferent contacts.
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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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The release of ACh from efferent terminals causes hair cell hyperpolarization
through a 2 channel mechanism. The ACh receptor (AChR) is itself an ion channel
through which calcium enters upon ACh binding. The rise in cytoplasmic calcium
activates calcium-dependent potassium channels. These are usually small
conductance (SK) potassium channels but so many are opened that they dominate
the membrane potential, causing a negative change (hyperpolarization) as
potassium leaves the cell. As far as we know, ALL vertebrate hair cells respond the
same way to the release of ACh at efferent synapses.

29

Calcium influx through an ionotropic AChR activates calcium-dependent potassium
channels.
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Addition of a strong calcium buffer (BAPTA) to hair cell cytoplasm rapidly buffers
free calcium and prevents the ACh-evoked outward current. This result supports
the hypothesis that the ACh-evoked K channels are calcium-dependent.
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So, is the hair cell AChR a calcium channel?
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Molecular cloning studies revealed that 2 gene products encode the hair cell AChR.
Α9 and α10 are members of the family of ionotropic ‘nicotinic’ AChRs that include the
muscle receptor and a large number of brain neuronal nicotinic AChRs. The hair cell AChR
is genetically-related but pharmacologically quite unusual. It is NOT activated by nicotine,
and is blocked by strychnine, usually considered a glycine receptor antagonist. In fact
nicotinic AChRs, glycine receptors, GABAa receptors, 5-HT3 receptors are all members of
the Cysteine-loop family of related receptors. A pair of cysteines is found in the
extracellular ligand-binding loop of all these receptors.
The molecular identification provides an opportunity to manipulate the receptor genetically
to test function.
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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.
Thus, the cellular and molecular mechanisms of inhibition pointed to a particular
class of AChRs that must operate here.
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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. This change is
in the same direction as observed at the cellular level – but the time scale is orders
of magnitude longer, seconds rather than milliseconds.
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Acoustic trauma causes a permanent hearing loss – as shown here by the threshold
for the acoustic brainstem evoked response. This results in a 30-50 dB loss in wildtype mice, but 0 to 25 dB in the homozygous L9’T knock-in mice. Stronger efferent
feedback appears to ameliorate the permanent effects of acoustic trauma.
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Intracellular recording of inner hair cell membrane potential in the guinea pig (high
resistance ‘sharp’ microelectrode). Tonal stimulus produces a plateau
depolarization of several millivolts. During efferent (c.o.c.b. – crossed olivocochlear
bundle) stimulation the receptor potential is reduced in amplitude. Note that
inhibition is seen as a reduction of excitation to the inner hair cell, but no net
hyperpolarization. Onset and offset of inhibition has time constants in range of 100
ms.
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Intracellular recording from turtle auditory hair cells. During efferent shock train the
membrane potential (shown here relative to the resting potential of -45 mV) is
strongly hyperpolarized. The hyperpolarization outlasts the efferent shocks by more
than 100 ms.
IPSPs (inhibitory postsynaptic potentials) are cholinergic, and blocked by nicotinic
antagonist (upper panel) and muscarinic antagonists. Strange…
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Acoustic receptor potentials in turtle hair cells are sinusoidal changes in membrane
potential that mimic the sound wave.
A. During inhibition the membrane is hyperpolarized, and the receptor potential
changes in amplitude depending on frequency. At the center or best frequency the
receptor potential is made smaller, at higher frequencies the peak-to-peak sinusoid
is unchanged, and at lower frequencies the receptor potential actually gets larger!
B. Peak-to-peak receptor potential amplitude as a function of acoustic frequency in
a different cell. Solid circles control, open circles during moderate inhibition, open
squares during maximum hyperpolarization. Hair cell is converted into a low pass
filter by strong inhibition.
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Electrical circuit model of hair cell tuning and the possible effects of inhibition.
The hair cell’s electrical tuning can be modeled by an LRC circuit in which the
inductance and capacitance ‘exchange’ charge to produce resonance (and ringing
in the time domain).
The LRC circuit’s tuning can reduced by shunt damping with a parallel resistor to
produce curve ‘c’.
The LRC circuit’s tuning can reduced by series damping’, an increase in resistance
in series with the inductor, to produce curve ‘b’.
Moderate inhibition produces shunt damping, simply adding a synaptic conductance
in parallel. But, during strong inhibition, dominant voltage-dependent potassium
conductances of the hair cell membrane are turned off, producing a net increase in
membrane resistance, so series damping.
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Tuned systems, i.e., the turtle auditory hair cell (or a piano string – to use a more
familiar example), responds to transient stimuli by ‘ringing’. The frequency of that
ring corresponds to the best frequency of the filter, and the duration of ringing is
proportional to the sharpness of tuning. So, as in the example, a hair cell sharplytuned to 371 Hz produces a slowly-decaying oscillation (‘ringing’) at 371 Hz after a
transient stimulus (an acoustic click).
When that acoustic click is paired with efferent inhibition (second record), the
sharpness of tuning drops (fewer cycles of oscillation). This is equivalent to the
model curve ‘c’ in the previous electrical model. Stronger inhibition (note the
average hyperpolarization is greater in the third record) and even fewer oscillations
are seen. If a still larger hyperpolarization were produced, no oscillations would
occur – curve ‘b’ in the electrical model.
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This two channel mechanism confers a peculiar voltage-dependence on the
membrane current activated by ACh. At negative membrane potentials the current
is mostly due to potassium flux, and so varies in amplitude according to the ‘driving
force’ on potassium (that is, the difference between the membrane potential and the
equilibrium potential for potassium (Nernst potential)). At positive membrane
potentials this simple explanation fails because the current becomes very small.
This drop in potassium current can be explained by the fact that the K channels are
activated by calcium entry. As the membrane becomes less negative, the driving
force on calcium entry becomes less. At positive membrane potentials so little
calcium enters that the calcium-dependent potassium channels fail to activate, and
net current falls.
This behavior is characteristic of calcium-activated potassium current and supports
the interpretation that calcium entry through the AChR is required to evoke this
response.
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The role of calcium in the ACh response is made more complicated by the
ultrastructure of the synapse.
Efferent synaptic ultrastructure includes a ‘synaptic cistern’ in the hair cell, coextensive with the efferent contact, and lying very close (~14 nm) to the
postsynaptic membrane. At a minimum this results in a highly-restricted diffusion
space for calcium to build to high levels. However, it has also been suggested that
this cistern might serve as a store, releasing additional calcium in a fashion akin to
that of sarcoplasmic reticulum in muscle. Therefore, the unsolved mystery here is
to determine the relative importance of calcium entry, versus the possibility of
release from the synaptic cistern. The voltage-dependence of the response means
that calcium entry is required at least to initiate the response, but perhaps later
components rely more on a store.
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Figure 1. Efferent synapses on outer hair cells. A. Low power cochlear cross
section showing 3 OHCs. B. Higher power view of multiple efferent terminals on
one OHC. C. High magnification showing parallel membranes that demarcate the
synaptic cistern in apposition to an efferent terminal.
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Figure 2. Demarcation and reconstruction of efferent synapse on a9kiWT OHC. A.
Single cross section (montage of 3 images). Efferent terminal in magenta, afferent
boutons in umber, synaptic cistern in green, ribbon in turquoise, ribbon-associated
vesicles in yellow. B. 3-D reconstruction from 29 sections including that in A.
Same color scheme as in A., with hair cell membrane shown in gray lines. (A9 ki
WT 112409 part 4 row 3 slice 22 in A)
Synaptic cisterns can be several microns in diameter, but are typically very thing,
only about 20 nm, and very close to the plasma membrane, ~14 nm.
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The close and invariant association of cistern with plasma membrane implies tight
molecular attachments. EM images show regular densities with average 16 nm
spacing, but at present we don’t know what molecules these might be.
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Schematic representation of calcium homeostasis at the postsynaptic cistern.
Calcium influx through AChRs activates SK channels. This calcium transient
persists when the cistern is fully-loaded with calcium. Calcium influx through
voltage-gated channels can load the cistern, then become available to activate SK
channels through ACh-dependent calcium-induced calcium release.
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