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Centrifugal control in mammalian hearing
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Summary and visual systen’s.Some centrifugal pathways influence
_ _ sensory processing by actingver before the most

1. Centrifual contol of mansensory systems is well perinheral sensory transductioneets in the sense gan.
established, notably in themotorneuron of skeletal muscle Generally these pathwaysork by modulating the stimulus
stretch receptors. _ _ _ enegy reaching the sensing elements of the senganor

2. Efferent (olvocochlear) innervation of the jiself. Familiar examples in the visual system are the control
mammalian cochlea ae first established through of the pupil and the lens of thgee Inthe auditory system
anatomical studies. Histological studies confirmed synaptige external ear or pinna in some animals is highly mobile
terminals in contact with hair cells and afferent dendrites. 5.4 this plays a special role in sound localizati@he tiry

3. Electroplysiology has elucidated the cellularignsor tympaniand stapedius muscles attached to the
mechanisms of efferent modulation in the cochlea. middle ear bones are also under centrifugal motor control,

4. The system has potential roles in noise protectioByering the stfhess of the ossicular chain to reduce sound
homeostatic feedback control of cochlear function angsnsmission to the inner eamarticularly at lov

signal processing. There is some evidence in support fPéquencies‘.

each, but also contraindications. _ This review focuses on auditory centrifugal pathys
_ 5. Itis concluded that the role of thealcochlear hat innerate the sensory structures of the cochlea and that
innenation is still contentious,ut on balance theveelence ,jter details of the primary afferent responses to sound. An
appears todvour a role in enhancing signal detection ingaly example of this kind of centrifugal control in which
noise. the peripheral sensegan itself is modulated, comes from
the work of Kuffler & Eyzaguirr@ who made an inteng
study of the crustacean stretch receptor and tfereet

The general concept of centrifalgor efferent control neurons that gulate the response of the sensorfgraht
of sensory processing is familiar to ysiologists and neuron to mechanical stimulation. The most familiar and
neuroscientists. Afferent neural pathways carry informatiowguably the best studied vertebrateample comes from
to the higher centres about particular forms of stimulu§e sensorimotor system. The length-seresitimuscle
energy transduced in the sensegams and encoded assSpindle ogen with its afferent sensory neurons is also
action potential firing in populations of neurons. There afénenated byy efferent motor neurons whose action is to
also parallel descending, centrifugor efferent pathways at contract the distal ends of the muscle spindle, enhancing the
most stages by which higher centres influence and shape $hédle aferent firing. Numerous studies beginning in the
actiity at lower leels. These pathays are of interest 19505 howed that this dérent system is aeftited during
because theprovide a mechanism for the brain to modifyvoluntary muscle contraction and sesvto maintain the
sensory gperience and an understanding of their action arifferent spindle discharge during aetimuscle shortening.
role is clearly important for a full understanding of the linkThis shift in the dynamic range of the sensgaorduring
between physical vents in the nermus system and actie nuscle shortening ensures that there is a continuing
perceptual performance. In addition, from the pathologicatream of precise length-related afferent sensory
perspectie, there is as yet untapped potential for therapidgformation going to the m@&ment control centres during
that exploit the inherent properties of these patrswand a voluntary maements®’
little researched, Wi potentially important area, is Wwo
malfunction of these descending pa#lys may contribte

to sensory deficits and disturbances. . Efferent innervation of theertebrate hearing gen,
Some descending pathways operate wholly within thge cochlea, s first demonstrated by Rasmussen in the
central nervous system.of example, descending inputs1940s8 Rasmussen lesioned the auditory patpsv at
from sensory corte are known to modify information giferent leels and used histological techniques to look for
processing in thalamic and other nuclei in a number @fyenerating neev fibres. He concluded that neurons
sensory systemsA familiar example is provided by the |ocated in the brainstemgiens called the superior wiiry
descending neural pathways that can modulate transmissga?npb( sent their axons out through thestitular branch
of ascending pain informationWell studied examplesxist  of the v|11t cranial nerve, joined the cochlear branch in the

in other systems including the mammalian auditory systeghastomosis that had been described by Oort in 4808,

Introduction

History of auditory efferents
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entered the cochlea. Rasmussen described both crossedeamtbcochlear potential that is produced by electrogenic
uncrossed projections and called the system fdreaft pumps in the transporting epithelium known as shéa
axons the oliocochlear bundle (Figure 1A). Not long aftervascularis'* Finally, the micromechanical behaviour of the
this, Galambos electrically stimulated thevotiochlear cochlea is such that there is a systematic map of sound
axons and reported that the firing of auditory eefferents frequeng along the ogan, with hair cells and neevfibres

was suppressed® at the base responding to high frequesasunds and those
further along twards the cochlear aperesponding to
progressiely lower frequencies.

The details of the olbcochlear innervation of this
organ were not unreelled until some 20 years after
Rasmusser’ ariginal description of the albcochlear fibre
bundles. Theadwent of the electron microscopevealed
the presence of anxtensve dferent innervation with
vesicle-filled efferent terminations on both receptors cells
and on derent nere dendrites (Figure 1B). Beneath the
inner hair cells gsicle-filled varicosities are found in close
contact with afferent dendrites (the type | afferent neurons

vestibular nerve

cochlear nerve of the auditory nem). In contrast, in the outer hair cell

B region, enormous vesicle-filled nervendings are found
actually on the receptor cells themssly Theouter hair

Fourtn Ventricle Ventral cochlear cells themselves do possess aferaht innervation (the

nucleus

Type Il afferent neurons) which comprises only 5-10% of
the aferent cochlear neural output.However, the
euterair | relationship, both anatomical and functional, between this
sparse outer hair cell afferent innatien and the mass
olivocochlear innervation of the outer hair cells is unclear
(see for example Thiers, Nadol & Liberman, 289&nd
for simplicity this has been omitted from Figure 1B and

‘5 Auditory nerve

Medial Neurons Vestibulo-cochlear
anastomosis

from the remainder of this revie
Dopamine The net major step in our understanding of the
GABA . . . . .
CGRP anatomical ayanization of the efferent innervation of the
Enkephalins) cochlea bgan with the autoradiographic studies of Guinan,

Warr and colleague¥l” They showed that injections of
Figurel. A: Summary of the cose of aferent (solid lines) radio-labelled amino acids into medial zones of the superior
and eferent (dotted lines) fibres of the auditoryalmstem. olivary comple resulted in bilateral labellingver the outer
Efferent olivocochlear axons exit the brainstem in théair cells, whereas injections into the lateral superimeoli
vestilular band of the VIIIM neve and coss to the cddear resulted in mainly labellingwer the inner hair cell gion.
brandh at the anastamosis of Oort. (Adapted from RasFhese studies were combined with the them methods of
mussen, 1993 B: Organization of medial (MOCS) and retrograde labelling of the cell bodies of origin of the
lateral (LOCS) olivocoblear systems, their cochlear termi-cochlear éerent innervation and as a result, Rasmussen’
nations and putative neoiranmsittes. (Adaptedfrom original diision of crossed and uncrossed componests w
Spoendlin, 1972 and Warren & Liberman, 1989). substantially modified. As shown in Figure 1B wewno
describe the olocochlear efferent pathway as comprising a
. . . medial olvocochlear system (with both crossed and
. At th'? point the non-specialized reader needs to kﬂ%crossed components) with large cell bodies located in
oriented with a f@ key facts about the structure andmedial and ventral olary regions and inneating the outer

fur:cUofn of Lhe mamm;."r';‘.” helflr":ﬁge.n' Therdearet twr)] ._hair cells of the cochlea, and a lateral@tiochlear system
SE1S Of Mechano-SenseI fair cetls, the INNEr and Outer NAIN ¢ o) cell bodies in and around the lateral superieeoli

cells, with very different roles in auditory transduction . . : : .
S . : and innervating mainly &rent dendrites beneath the inner
which will be considered again latém al mammals lookd g y

. hair cells of the ipsilateral cochledVith minor \ariations
at so &r, 90-95% of the primary afferent neurons ar P

. . . Shis basic aganization has been confirmed invesl
hOOIGC.j up.to the inner hayr cells at chemical synapses. mammalian species. Various studieyeéhahown that the
The vibration of the basilar membrane caused by sou

Ll:tge outer hair cell endings are primarily cholgier
provides the mechanical dg  the hair cells that opens " . .
. . . .-~ whereas the axo-dendritic synapses beneath the inner hair
their stretch-actiated transduction channels. The vty ynap

force for the m nt of ions throuah the transducti nceIIs contain a range of transmitters; acetylcholine,
orce for the muement of lons through the transauctio dfopamine, enkephalins and other peptidées.

channels is a combination of the intracellular potential o

the hair cells and the ge (+90mV) extracellularoltage

found in thescala mediabore the hair cells — the so-called
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Functional effects of efferent activation a fluctuation in voltage between a cochlear electrode and a
) remote reference, it is i€t a reflection of the oscillating

~ The early studies by GalamBbs shaved that (ise and 4ll in current through the hair cells, modulated by
stimulating the oliocochlear system resulted in suppressioghe opening and closing of their apical mechano-seasiti
of auditory nere dferent responses to soundlhis iansduction channels.)
stimulation can be achjedt by placing stimulating These latter tw eff ects are xplained by a drop in the
electrodes at the floor of the Mentrlcle, at the leel of  pagolateral resistance of the outer hair cells as a result of the
the facial genua where the medideeént axons coalesce t0 5otion  of the medial olbcochlear system fefrent

form the olvocochlear kndle. \arious measures of yansmitter acetylcholineWe know that thea9/10 \ariant
cochlear function can be performed reldif easily in the ot the acetylcholine receptor of the outer hair cells is
intact animal. W can, for example record with c5icium permeable and its aetion by the medial éérents
microelectrodes the _d.c.voltage in scala media (the leads to opening of Gxactivated K* channels in the outer
endocochlear potential), and with gross electrodes jpir cell membrand! The drop in outer hair cell resistance
electrical continuity with the cochlear tissues we can obtay}ins charge from thecala mediacausing the drop in its
informative measures of the afferent nenend hair cell g ¢ yoltage, and by simultaneously increasing the standing
responses to sound stimulation. current through the outer hair cells, also results in an
increase in the modulation okternal current flov by a

B sound stimulus as it alternately opens and closes the stretch-
o activated transduction channels at the top of the cells
Endocochlear “Tormv (Figure SA)'
potential (EP) \\‘\\/“Jr———-—*]' A
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Figure 2. Effects of electrical stimulation of medial effer- ﬁg
ent axons on cochlea physiology. A: Shematic illustation
of sites of measament of various cochlear potentiaB:. *+ 1I0C shocks
suppession of compound action potential response to a
click gimulus (top two traces) and simultaneousigarded J\/V\M(J .
scala mediad.c. voltgge (ower trace). C: simultaneous L "
recording of cochlear mi@phonic potential (upper two 1ms Reduced basolateral
traces -note in@ase caused by MOC stimulation) and fal wall resistance

\
in scala mediavoltage (ower trace). (Parts B and C ' -
adapted from Desmedt & Robertson, 18y5 i
>motor proteins Reduced voltage drive

to motor proteins

}

Figure 2 shows results obtained in the cat with John
Desmedt in 19720 After a train of shocks to thefefent 62)
axons, the compound cochlear action potential response t

afferent firing * ACh

brief acoustic stimulus is reduced in amplitude as describe D Reduced
by Galambos.However, there are other changes that\who aﬁerf:tsii"‘]ﬂt“"ty

that this effect is mediated by thefegent terminations on g re 3. A: Schematic illustration of the MOC action
the outer hair cells (i.e. the medialwaicochlear system).
Along with the suppression of thefafent nere response
there is a drop in the voltage alothe hair cells. The
endocochlear potential, normally about 90mV pesithith
respect to the rest of the animalll§ by up to 3mV as a
result of efferent stimulationln addition, there is a parallel
increase in the externally recorded receptor curesuked
by a tonal stimulus, the so-called cochlear microphonic.

(Note that although the cochlear microphonic is recorded as  gg gl the action in the cochlea caused by medial

on outer hair céll nicotinic ion channels. Opening of K+
channels causes drop stala medioltage and increase in
exernally recoded eceptor current (measured as btgar
micophonic potential-seextefor explanation).B: Action on
outer hair cells affects cochlear amplifier function and
reduces sensitivity of inner hair cell primaryfexent neu-
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was worked out with major contributions from the Perth

A laboratory from about 1982 onwards (forviesvs see
100 Pauzzi & Robertson, 1988 and Yates et al. 19929).

Transduction currents through the outer hair cellseda
fast electromechanical motor response of the hair cells that
is responsible for amplifying vibration of the sensgaor
This outer hair cell action, referred to as the “cochlear
amplifier” 24 is an essential element in a poatifeedback
loop that determines the sensitivity to sound of tieraifit
neurons connected to the inner hair cellie drve  the
outer hair cell electromechanical motor is\pded by the
voltage drop across the basolateralllwof the outer hair
cells and this is reduced when medidérdnt action lavers
the basolateral all resistance of the outer hair cells. The

Velocity (mm/s)

outer hairc/eﬂ{:lamage overall mechanical gain of the cochlea is reduced as a
0.001 1 2 . . consequence and the sendyi to sound of the inner hair
10 30 50 70 9 110 cells and their associated primaryfeaénts is reduced
Sound pressure level (dB re. 20 Pa) (Figure 3B).

There is an important basic property of this
mechanism of éfrent-mediated suppression. The outer
hair cell actve feedback loop has a limited dynamic range
as shavn here in measurements made of thgaoribration
in the Perth lab (Figure 4A). At the most sensiti

0 10 éo 3‘0 40 > ‘0 6’0 '0 medium sound kels as shown in Figure 4BElectrical
5 4 stimulation of the medial efferent axons causes a maximum

Tone level re. nerve threshold (dB) suppression of the afferent neresponse equilent to a

sound pressure reduction of about 20dByt kthis

. ] _ - . suppression declines to almost nothing for souneide

Figure 4. A: Examples of nonlinear viation of basilar only 40-50dB abee thresholc® This issue of the limited

mtzr}r:baneﬂm nlorrgal cocglea (SO|I(;10:E§) and in thfe Satme dynamic range of medial efferent effects is pertinent when
codilea aner loud soundxposue hat depresses function considering the possible roles of the system in hearing.

of outer hair cell cochlear amplifier (open cies). Note Medial efferent neuron astition can also affect the

that_ high int_ensity vibration is n_ot affected, but sensitivgpontaneous firing rate of primanfeents. Thiscan also
portlon_ of input-output curve 1S lost.  (Adaptedorfr be explained by the fefct on the basolateral resistance of
Pa_ttuzzL_Johnstone & Sellick, 1984 B: effect of M_OC the outer hair cellsThe drop in the standing voltage abo
s_tlmulatlon_ on feﬁarent_ nerve thresholds to sound StImUIa'the hair cells results in ayperpolarization of the inner hair
tion of various intensities. Note lact effe_ct ONn ESPONSES 0| membrane potential and hence reduced spontaneous
at T"ed'“m and h|gh stimulusviss, COHS!Stent W'_th MOC transmitter release. It has been shown by independently
action on oute_r_ h_alr cell cochlear amplifier contribution toaltering thescala mediavoltage that a change of only anfe
low level sensitivity(from Seluakumaran, 208. millivolts in this d.c. voltage is sufficient to cause
measurable changes in spontaneous afferent fifing.
efferent stimulation is occurring at the outer hair cells, and  What is the mode of action of the lateral
yet 90-95% of the &rent neural output of the cochleaolivocochlear system that terminates on the primagyreft
comes from the inner hair cellsfTo understand ho the dendrites? W would expect this system to modulate
afferent responses to sound from the inner hair cells gpgmary afferent ecitability independently of the cochlear
suppressed by action on the outer hair cells, we leturn ~ electromechanical gain. In fact it has et extremely
to the modern vie of cochlear plgsiology, much of which difficult to demonstrate reliable fetts of electrical

B

m

O

qé) 20, ——2kHz frequeng the vibration amplitude near threshold \wso

c 18 —a— BkHz roughly linearly with sound intensity but then flattens of
S 16/ __E‘: m:; markedly as the acote anplification reaches saturatiort

T 14 e 16KHz much higher sound Vels vibration is dominated by the
8 19] passve linear mechanical properties. This is who

A dramatically by the data in which loud soundsaused to
< 10 damage the outer hair cefsThis results in a loss of the
; 8 1 sensitve auter hair cell-assisted vibration whereas the
S 61 higher level linear vibration is untouched. The consequence
o 4] of this is that in the normal cochlea, the medidérent

£ 5] action on the cochlear amplifier (and hence deraft

o . neuron sensitivity to sound) is mostfesfive & low to

o s

<
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stimulation of this component of the efferent systerbrainstem nucleus of origin of the lateral systdnjections
probably because of its very small diameter unmyelinatéato basal cochlear ggons (the high frequegqoarts of the
axons and the dérse range of neurotransmitters that iplace-frequenc map) labelled efferent cell bodies a
emplgys. Lesionsof the nucleus of origin, the lateral region of the lateral superior alary nucleus that is krven
superior ole, have been reported to ke a \ariety of to receve dferent input from high frequepccochlear
effects on compound afferent nerectivity.?8-30 Although  regions. Injections into other turns of the cochlea labelled
suggestie, some of these &fcts may not reflect an efferent neurons located in systematicallwéo frequeng
immediate loss of tonic dre hut rather a longer termfett coding zones of the brainstem nucleli$iese data strongly

of loss of neuromodulatory input. Data from our own lalsuggest that, li& the medial efferents, the laterafeztnts
(Garrett unpublished results) sinthat selectie antagonists can also act in a precise feedback manner to alter cochlear
to receptors for one of the lateral system transmittereeural output from the same frequgmegon from which
dopamine, when perfused into the cochlea, cause reductitimg/ receive teir input.

in the afferent nees responses to sound. This suggests that Do the eferent neurons reog s/naptic input from
there is a tonic excitatory action of some lateral systehigher centres?Medial and lateral olocochlear neurons
efferents on the primary farent dendrites beneath the inneare contacted by noradrenergic terminals that arise from the
hair cells, It data from other labs suggest that bottocus coeruleui®“° and these inputs may aeiie both

inhibitory and excitatory actions are possitig3 medial and lateral &frent system$&! Substance P—posit
_ o _ synaptic terminals are found on medial votiochlear
Functional organization of inputs neurons and these possibly arise directly from substance P-

ositve reurons in the primary auditory coxt&43
lectrical stimulation of the inferior colliculus results in
reduction of primary &rent nere responses to sound and
increases in outer hair cell receptor current consistent with
activation of medial eferents by descending projections
from the midbrain, although the nature of the
neurotransmitter wolved is still unknan?* Xueyong
MVang carried out a series ofxtensve dudies on
olivocochlear neurons in brainstem slices. The neurons
iyere identified as &drent by pre-labelling them using
%;\cochlear injections of retrograde lab#/ang recorded
e responses of these identified neurons to a range of
gransmitters and agonists. In both sharp electrode and whole
cell patch recordings, medialfefents were found to be
strongly excited by noradrenaline and substarfSgé®.
In summary dthough there are mardetails still to
be unraelled, the olvocochlear pathays comprise an
grganized set of projections to the cochlea,vehi by
auditory brainstem inputs and probably by ariety of
hair cell amplifief® higher centres as well. The mt_adial and lateral systefes of
gwo dfferent ways of regulating cochlear neural output,

Most important of all, in the microelectrode studie ither by alteri ter hair celhi d th I di
of single efferents, it as possible to map the region of the”'Er DY altering outer hair cefag) and thescala media

cochlea innervated by single medidieeénts that had been Shc v?fltagtat, (cj)r bg _?lrel;:tl);hmampulattrl]ng thet exm;ablhty 0{
characterized pfsiologically The data from such € ?_tetren dft?n ritesur ;:‘.rmore_ t'e syos e;r;] oest no
experiments shwed that the position along the cochleg ONSHtUte a dilise non-Specilic projection. n the contrary

where individual medial efferent neurons terminated owe innervation of the cochlea and the wiring in the

outer hair cells closely corresponded to that expected frc}?ﬁamStem IS SUCh. that efferent neurons marlervthg

the sound frequegcto which they were most sensitg, discrete _cochlc_ear geons clqse to the region from which

based on the well-known place-frequgnmap of the they receve their most effectie acoustic input.

cochlea. Thesélnd.lngs.es.tabllshe.d that medlaIfEHrér]t Rolein hearing

neurons are able, in principle, to influence outer hair cell

function in a more or less precise, tonotopicallganized One possible role is in early vddopment of the

feedback manné¥. peripheral sense gan. Efferent inneration of the cochlea
No-one has succeeded in recording from singlie present in neonates well before the onset of he/drngl

lateral system neurons so we do notwow they respond it has been shown that early de-efferentation results in a

to sound, but indirect vidence suggests that a similarfailure of the normal outer hair cell amplification process to

precise aganization exists here tooRobertsonet al,3® fully develop.®® This efect could be because of a loss of

injected the fluorescent retrograde lab¥libto the cochlea trophic factors supplied by the efferent endings.

and looled at the location of labelled cell bodies in the It is important havever to dress that the centrifiady

What is known about the normal synaptic inputs t
the efferent neurons in the brainstenkst, there are
inputs at the brainstemvd that are dsuen by sound.
Recordings of the aeity of single efferent axons
combined with intracellular tracing methods véahown
that individual efferent neurons respond sevditi to
sound and she responses that are highly frequenc
selectve, with each neuron tuned to a specific soun
frequeng in a manner ‘ery similar to the sharp tuning of
primary aferents. Single efferents responded to sound
one or other ear and sometimes both. These response%j|
sound arise because of connections to tfevesft neurons ©
in the brainstem from either the ipsilateral or contralater
cochlear nucleus which ¥ been demonstrated using
double labelling method¥.

Numerous studies kia srown that acoustic astition
of these brainstem inputs to medial efferent neuraas)
result in measurable fetts on cochlear responses, in
manner consistent with a reduction in trengof the outer
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innenation is not required in gnway for the normal These are thought to result inwlaellular length changes
baseline operation of the normal adulgar. The basic mediated by corentional contractile proteins. Such length
functional properties of the cochlear afferent output amhanges might &ct parameters such as the set point of the
achieved without neural netarks, by the micromechanical hair tundle angle which could fia an important influence
behaiour of the ogan and its receptors cellslnterrupting on the eflect of loud sound on the transduction channels,
the centrifugal pathways acutely in adult animals does nasulting in a protection of the transduction currents.
interfere with this basic operatiorso if the efferents ha In addition to this unresobd issue of the mechanism
a role it must be in altering cochlear function undebof protection, the functional significance of the protecti
particular circumstances. The roles whichvénakeen effect is unclearlt has been argued that it is unlikely that
attributed to the efferent system in the mature cochlea atbe efferent innemtion of the cochlea could & esolved

1) protection from acoustioverstimulation; 2) homeostatic for this purpose in a pre-industrialovid >® It is therefore
regulation; 3) enhanced signal processing. These guessible that the proteet dfect is an accidental result of
considered in turn belo efferent-mediated processes thatehether functions.

Protection from overstimulation Homeostatic egulation?

Excessie exposure to loud sound can cause both The cochlea presents a classic example of the need
temporary and permanent loss of neural seitsitin the for physiological rgulation. o fundamental aspects of
cochlea. Thisis belived to be esentially a modern cochlear neural output need to be tightlgulated. One is
problem created by the industrialization of society — noiséhe sensitivity to sound of the primary afferents emanating
induced deafness was first described as “boileemsak from the inner hair cells and the other is their spontaneous
deafness”. &r most types of loud noise exposure, wevkno firing rate.
from a host of experiments, that the deafness is the result of Sensitvity to sound is highly dependent on the outer
either temporary or permanent damage to the outer hhair cell electromechanical gain. Thisig needs to be
cells and the loss of their unique amplification function. lsontrolled carefully because it forms part of a pesiti
our laboratory Alan Cody! first shaved in an animal feedback loop that is inherently in danger of running out of
model that binaural exposures to loud sound resulted in lessitrol and causing spontaneous mechanical oscillatien. W
cochlear damage than monaurapesures. Cody shed know that such runsay oscillations can occur because of
that this binaural éfct was eliminated if animals werethe presence of otoacoustic emissions in which sound
administered strychnine prior to the loud nois@asure, enegy can be spontaneously emitted from the, ear
implicating the olocochlear pathays. RameshRajan sometimes accompanied by the perception of phantom
followed up these observations in his PhD work in Pergounds®

and showed conclugly that stimulation of the Spontaneous fdrent firing rate also needs to be
olivocochlear efferents protects the cochlea from loucarefully regulated. Anchanges in spontaneous firing rate
sound induced damagé>3 could result in confusion in the central newg system as to

Pauzzi & Thompsoft followed up these studies by what constitutes sound and what constitutes silence and
looking at the relationship between the loss of neurgbtentially could gie lise to phantom auditory sensations
sensitvity and the outer hair cell receptor current after loudr tinnitus. On the presynaptic side, we wrthat a change
noise gposure. Theiresults indicated tavthings; first that in inner hair cell membrane potential of less than 1mV is
protection is mediated somehdy protecting the outer hair sufiicient to alter spontaneous firing rates in primary
cell receptor current from the damaging effect of loudfferents. Because of its influence on inner hair cell
sound and second, that imigiual variations in the neural membrane potential, thecala mediavoltage needs to be
threshold change resulting from loud sound exposure maghtly controlled. On the post-synaptic side, changes in
be a result of individual variations in thefesdtiveness of afferent dendrite excitability could lead to altered
the efferent protection. spontaneous firing and in addition could lead to

There are tw puzzling aspects to the protedi hypersensitiity to sound or to sudden deafness. Figure 5,
effect. The first is to do with the mechanism. Because of tespired in part by &uzzP’ illustrates the ways in which
saturation of the outer hair cell amplifighe classical lateral and medial efferents could pide feedback
medial efferent effect on outer hair cells should besgulation of these tw parameters of cochlear neural
completely inefective & the sort of intensities of sound output. Both spontaneous andveri aferent firing rates
employed to produce the acoustic trauma. Ifesfnt provide the inputs to these feedback circuits.
activation does protect by reducing the basilar membrane  The problem with these plausible theoretical notions
vibration amplitude during the loud sound it is uncleawhoof a long term homeostatic role for the voliochlear
this is achiged. It is possible that the fefrent protectie efferents, is that there is little compelling evidence to
effect is mediated not by anfeft on vibration amplitude, support them.Adult animals whose cochleae Vealeen
but by triggering some intracellular patlay in the outer completely de-efferented slhono dovious fluctuations or
hair cells that leads to protection of the outer hair cefjross abnormalities of neural threshold. In cats it has been
transduction current. It is ki that there are a number ofreported that the mean spontaneous firing rate across all
other slower C#-dependent processes in outer hair cellprimary afferentsdlls some weeks after def@entatior®
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and in mice with lesioned lateral superiorvaly nuclei, In this scheme of things, the medidieeént action on outer
there is a reduction in the amplitude of the auditory @menhair cell conductance is only one of mparontrol elements.
response to moderate intensity soutfdss argued already Despite this uncertainty about a homeostatic role for
however, these effects could represent a loss of sontke olvocochlear derents we do he $Hme quite
trophic influence rather than a loss of ongoing neurabmpelling @idence from animal studies, that abnormal
feedback control. Similarlynuman patients in whom the levels of efferent actiity can actually produce peripheral
efferent input to the cochlea has beevesad in the course hearing patholog$?® Some animals sho a pre-existing

of vestilular nene sction as a treatment for intractablehearing losses of 20dB or more in a restricted frequenc
vertigo, shav no ggnificant alteration in standard measuresange (assessed by measuring the thresholds offtrerdf

of threshold and a host of other audiometric parametéfs. nere response to tones). Remarkablyhen the medial
The incidence of phantom auditory sensation (or tinnitus) efferent axons in the brainstem are cut, the hearing
such patients has also beewestigated and the results arethresholds she substantial and immediate reay of
interesting but inconcluge. Such patients frequently def  sensitivity in some cases to normalvigs. Such results
from tinnitus before sgery About equal numbers of clearly shav that spontaneous tonic activity of efferents can
patients sha an anelioration, a worsening, or no change irresult in reersible hearing losses in limitedgiens of the

their tinnitus after de-efferentatiGh. cochlea. V8 do not knov what factors trigger such
abnormal efferent firing, but these results are interesting
Brainstem centres from the perspeate o spontaneous fluctuations and
/ ~ MOGS sudden hearing loss in humans. Perhaps some of these cases
LOGS | are due to yperactvity in efferent pathways to the cochlea
Outer hair cell basolateral and the hearing loss _might be aIIeviated_ by pharmacological
Cochlear +— resistance agents that block peripheral efferent action.
amplifier gain
i l ° — Scala midia voltage Signal detection and discrimination?
Basil\alnirb T;Tir::rane The final postulated role for the \adcochlear
Inner hair cell d.c.membrane efferents is the one that on balanceavdir. Listening in
Inner hair cell membrane potential the real acoustic world is a messysmess as anyone trying
potential change l to follow a corversation in a noisy restaurant km& There
Afferent Dendrite Spontaneous are mag mechanisms by which the auditory systemvetri
excitability Transmitter release to select signals of interest from theraneous background
| noise, but for some yearswdt has been proposed that the
~— Primary afferent response to sound Primary affere”tfifiz‘;”rtaa{;e‘ms medial eferent neurons are one element in this important

aspect of auditory signal processing.

Winslav & Sach$® first showed the neural basis of
this proposed role of the mediafesents. Figure 6A shes
% typical input-output cure o a dngle primary auditory
afferent shwing its firing rate in response to a pure tone of
different intensities.There is a spontaneous firing rate in

It is perhaps not surprising that animaperiments the absence of sound and eddhreshold a rapid increase
and clinical data hae rot provided compelling evidence for in firing to reach a saturation rate. When the medial
a homeostatic regulatory role for wticochlear dtrents. efferents are actéted, the cure is sifted to the right
There are almost certainly other homeostatic mechanisipgcause of the action of the medidieednts on the outer
that may be operating either in tandem or as backBps. hair cell gain.
example, Houshk and co-workers in Auckland hae The situation in the presence of background noise is
extensvely studied purinergic signalling patlays in the very different (Figure 6B). Note firstly that the neuron
cochlea and shown that the voltage in $hela medianay increases its background firing rate in response to the noise.
be controlled by P2X receptor ion channels allowing morEhis results in increased adaptation of the neuron and a
or less current drain through the cellular boundaries of tik@nsequent reduction in the maximum firing rate. The result
scala mediacompartment. In addition, P2¥eceptors in is that the range of output firing rates in response to the tone
the ion pumping cells of the stria may help to regulate th& now significantly compressed and the slope of the input
voltage by directly controlling the electrogenic ionoutput cure decreases. There is also a shift to the right
pumping® O’Beirne and Btuzzf® provide evidence that because the background noise partly “jams” the outer hair
the outer hair cell is itself a complélomeostatic machine cell amplifier and reduces cochlear sewijti This
with multiple feedback loops in which membrane potentiaipteraction between background noise and a tone signal is
voltage and stretch-agtited ion channels, intracellular knovn as “masking” and it is one of the major problems
calcium, slov hair cell length changes and haiurglle that we encounter in trying to listen to signals such as
operating point all interact with thecala mediadriving speech in the presence of competing noisy backgrounds.
potential to rgulate @erall gain andscala mediavoltage.

Figure 5. Scematic illustation of the various ways in
which MOCS and LOCS pathways could act in a home
static feedbadcmode to equlate afferent nerve firing.
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combinations, there is still a significantfesft of a cue,
A Tone in quiet B Tone in noise equivdent to about a 3dB impvement in probe detection
when cue and probe are matcK@dhis is an important
result because it shows that a component of the éeet &f
available on a trial-by-trial basis, and is not simply the
result of some built up expectation of a particular frequenc
; being presented. In further studies Tan has shown that in
_v\+Moc tim.  Subjects with a hearing loss resulting from outer hair cell
damage, remembering that the outer hair cells are the
.. 1 tamgets of the medial &frents, thesnhancing déct of the
a 24 42 64 84 104 4 24 44 64 8 cue was absent at most frequencies stud®a.we think
Tone level (dB SPL) that the neurectomy data of Sch&fP and our @n
psychoplysical results constitute someigence that under
Figure 6. Effects of MOC electrical stimulation on input-certain conditions, medial fefent actvation can enhance

output curves of single auditoryfafent neuron in quiet and the detection of particular signals in background noise. Our
in presence of b&ground noise(Adapted fom Whslow & Working hypothesis is that in the particulaxperiments
Sachs, 198%). described, the cue sound aatés the medial olbcochlear
neurons via the brainstem circuits that were described
) o earlier and the anti-masking feft improves the
Now, when medial efferents are aefied in the qetectability of the probe tones in the noise. THecefis
presence of mgskmg noise, the effect on.the 'r‘p”t'OUt%quency-selema both because of the sharply-tuned
cune to bnes is rather dirent from that in quiet. The \oqhonse areas of theerent neurons, and because of their
efierents cause a suppression of the response 0 WBiaction back to the outer hair cells at the place close to
relatvely low leve background noise, so the backgrounQynere the cue tone frequancis represented. This

firing rate is reduced. As explained earligre eferents ochanism might be optimized in certain sorts of tasks in
have little or no effect on the responses of the neuron to thg,i-, excitatory descending projections from higher
higher level tones, and in addition the drop in fi_ring tg the&antres such as auditory cottelocus coeruleusand
noise causes reduced adaptation, resulting in  @ayhere might act syngistically with the brainstem
improvement in the maximum firing rate. The net result is ?nputs to produce strong agfion of the olvocochlear

substantial reoeery of the output dynamic range and theyferents in response to the cue. It is possible that important

slope of the input-output cugy a phenomenon that hasg,gyday listening tasks such as focussing on the stream of
been referred to as “anti-masking”.eWave investigated

. : ; . = : information in speech in the presence of other competing
this anti-masking ééct in the_ inferior colliculus and sounds, or listening for repeatedwlontensity signals of
cochlear nucleus. Although the input-output @sref these  ong significance for communication or suai could
neurons vary in shape, some being similar to those Qi e these processe®ur results also suggest that the
primary afferents and others showing variougrées of o5t common form of sensorineural deafness in which the
non-monotonicity we dill found strong &idence of the i ier hair cells are damaged orgdaerated may be
expected ant|—.mask|ng In mwmeuron;‘?w . . . accompanied by a loss of thidezbnt-mediated attentional

What eidence is there that this anti-masking actiofjser mechanism. Further study is needed to determine
of the eferents is translated into meaningful bebaral \hether this loss of centrifugal function contries to the
performance? Theestibular neurectomy patients lacking s of functionality in signal discrimination in noise that is

olivocochlear efferents, referred to before, 880 a ommonly experienced by sufferers of this condition.
spectacular absence ofyaaffects of the de-&frentation on

basic auditory function. Heever, they did shav a change Conclusions

in performance in a particular listening task. In normal

subjects, accurgcin detection of a tone in noise is much After more than 60 years of research, the anatomical
better when the frequepof the tone is “expected”, either Organization and mode of action of the waicochlear
because that frequenis presented more often than othersefferent pathways is relaly well understood. Hwever,

or because the tone to be detected is preceded by a cleBi functional role of this centrifag control system in
audible cue of the same frequgfié This effect has been normal and abnormal hearing, is still contentious.
described as an “attentional filter”, the idea being that thumerous roles are possible although on balance the
auditory cue sets in motion some unspecified process tg4dence appears toaour a role in enhancing signal
directs attention to the cue frequgrand so imprees the detection in noise.

detection of matching probes. In de-efferented humam
subjects, this attentional filter has been found to be absenE

with cue and non-cue frequencies being detected with equal  Supported by grants from the NHMRC, Medical

probability>-6° Health Research Infrastructure Fund and Thevésity of
We haverecently shown that in normal subjects withwestern Australia.

completely randomized cue and probe freqyenc
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