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Cholinergic efferent neurons originating in the brainstem innervate the acoustico-lateralis
organs (inner ear, lateral line) of vertebrates. These release acetylcholine (ACh) to inhibit
hair cells through activation of calcium-dependent potassium channels. In the mammalian
cochlea, ACh shunts and suppresses outer hair cell (OHC) electromotility, reducing the
essential amplification of basilar membrane motion. Consequently, medial olivocochlear
neurons that inhibit OHCs reduce the sensitivity and frequency selectivity of afferent
neurons driven by cochlear vibration of inner hair cells (IHCs). The cholinergic synapse on
hair cells involves an unusual ionotropic ACh receptor, and a near-membrane postsynaptic
cistern. Lateral olivocochlear (LOC) neurons modulate type | afferents by still-to-be-defined
synaptic mechanisms. Olivocochlear neurons can be activated by a reflex arc that includes
the auditory nerve and projections from the cochlear nucleus. They are also subject to
modulation by higher-order central auditory interneurons. Through its actions on cochlear
hair cells, afferent neurons, and higher centers, the olivocochlear system protects against age-
related and noise-induced hearing loss, improves signal coding in noise under certain con-
ditions, modulates selective attention to sensory stimuli, and influences sound localization.

fferent neurons originating in the brainstem
Eproject to the acoustic-lateralis organs of ver-
tebrates, ranging from the fish lateral line to the
mammalian cochlea (Klinke and Galley 1974).
These efferent neurons release acetylcholine
(ACh) to inhibit sensory hair cells. Although
the general vertebrate pattern has both afferent
and efferent synapses on individual hair cells,
these connections are largely segregated to dif-
ferent types of hair cells in the mammalian co-
chlea (Warr and Guinan 1979). Cochlear outer
hair cells (OHCs) are the sole targets of medial
olivocochlear (MOC) efferent neurons in the
adult. Cochlear OHCs also have sparse, weak
connections with unmyelinated type II spiral
ganglion neurons (SGNs). In contrast, cochlear

inner hair cells (IHCs) have no direct efferent
inputs at maturity but instead are the sole pre-
synaptic source to the great majority (95%) of
primary afferents, the myelinated type I SGN.
Immediately after birth, efferent neurons do
make inhibitory synaptic contacts with cochlear
IHCs (Glowatzki and Fuchs 2000; Simmons
2002) but these disappear by the onset of hear-
ing, by postnatal day 12-14 in rodents (Katz et al.
2004; Roux et al. 2011). Smaller diameter LOC
efferents remain connected with the dendrites of
type I SGNs below the IHCs in the mature co-
chlea. It has proved more difficult to determine
the synaptic effects of LOC efferents. Lesion
experiments and pharmacological studies in
vivo have produced mixed outcomes, possibly
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reflecting the more complex neurochemistry of
LOC efferents that includes dopamine and
GABA as well as ACh (Ruel et al. 2007). Efferent
inputs can excite vestibular afferent neurons by
activation of nicotinic cholinergic receptors (Jor-
dan et al. 2013) and such an effect may occur
in the cochlea (Fig. 1) (Felix and Ehrenberger
1992).

INNERVATION AND ULTRASTRUCTURE

Labeling by silver stains for axonal degeneration
after lesioning and cholinesterase histochemis-
try established the number, origins, and cholin-
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Figure 1. Efferent neurons to the cochlea. (A) Sche-
matized brainstem section showing location of medial
olivocochlear (MOC) and lateral olivocochlear (LOC)
somata in or near the olivary complex. MOCs project
both contra- and ipsilaterally. LOCs are predomi-
nantly ipsilateral. (B) LOCs form synaptic contacts
on the dendrites of type I cochlear afferents below
the inner hair cells (IHCs). MOCs form synaptic con-
tacts on outer hair cells (OHCs). Type II afferents also
contact OHCs. (From Lauer et al. 2012; adapted, with
permission, from Elsevier © 2012.)

ergic identity of efferent neurons to both the
cochlear and vestibular end organs (Klinke and
Galley 1974). Retrograde tracing by horseradish
peroxidase injection into the inner ear revealed
1700-1800 cochlear, and 400-500 vestibular
efferents (Warr 1975). Since that time, various
cholinergic and presynaptic markers have been
used to describe efferent innervation of the inner
ear. MOC and LOC efferent neurons are both
positive for acetylcholinesterase histochemistry
(Warr 1975; Emmerling et al. 1990) and can be
immunolabeled for cholinergic markers such
as choline acetyltransferase (ChAT) (Sobkowicz
and Emmerling 1989; Huang et al. 2007; Roux
etal. 2016) and vesicular ACh transporter (VAT)
(Maison et al. 2003). In addition to cholinergic
markers, MOC and LOC efferents also can be
selectively immunolabeled for proteins involved
in transmitter release that are absent from hair
cells, among them synapsin (Bergeron et al.
2005), synaptophysin (Bartolome et al. 2009;
Murthy et al. 2009), and synaptic vesicle protein
2 (SV2) (Kong et al. 2008). Immunolabeling
for Na/K ATPase distinguishes MOC from
LOC efferents (McLean et al. 2009). Antibodies
to the neuropeptide calcitonin gene-related pep-
tide (CGRP) label MOCs and LOCs (Cabanillas
and Luebke 2002; Maison et al. 2003), although
this peptide can be expressed by type II afferents
as well (Wu et al. 2018). Antibody labeling
has shown that MOC efferents reach OHCs of
rodents in the first postnatal weeks, followed
several days later by LOC efferents to the region
beneath the IHCs (Simmons 2002). Prior to the
arrival of LOC efferents, it is thought that MOC
efferents form temporary synaptic contacts on
IHCs like the mature inhibitory synapses on
OHCs (Figs. 2 and 3) (Glowatzki and Fuchs
2000; Oliver et al. 2000; Lioudyno et al. 2004;
Goutman et al. 2005; Ballestero et al. 2011).
Efferent synapses on hair cells range from
0.5 to several microns in maximum extent of
contact with the hair cell and are richly vesicu-
lated (Smith and Sjostrand 1961; Sato et al. 1997,
1999; Fuchs et al. 2014). A near-membrane
endoplasmic reticulum (subsynaptic cistern) is
always found in the hair cell aligned with the
efferent terminal where it forms a flattened sac
closely secured to the plasma membrane. In co-
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Figure 2. Efferent innervation of the cochlea. Surface view of a cochlear turn from a mouse in which choline
acetyltransferase (ChAT)-Cre is driving the expression of the fluorescent reporter tdTomato. Medial olivoco-
chlear (MOC) efferent neuron terminals are seen beneath three rows of outer hair cells, with labeled axons
crossing the tunnel of Corti. Lateral olivocochlear (LOC) efferent axons run along the inner spiral bundle and give
off terminals to the dendrites of type I afferents beneath the inner hair cells. (Image provided by K. Schrode.)

chlear OHCs, these cisterns are coextensive with
one or more efferent terminals and so can be
several microns in maximal extent. The hair
cell’s subsynaptic cistern is reminiscent of the
sarcoplasmic reticulum of muscle and may serve
as a synaptic calcium store (Lioudyno et al. 2004;
Im et al. 2014). Neurotransmitter receptors
and ion channels that mediate the postsynaptic
response cluster in the postsynaptic membrane

beneath the efferent contact (Wersinger et al.
2010; Roux et al. 2011; Rohmann et al. 2015).

CELLULAR PHYSIOLOGY

Intracellular recording of efferent synaptic ef-
fects was first accomplished on hair cells of
fish and frogs (Flock and Russell 1973; Ashmore
and Russell 1982) followed by a series of stud-

(nucleus;
.

OHC nucleus
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Figure 3. Synaptic ultrastructure in outer hair cells (OHCs) of mice. (A) Transverse section showing an OHC of
each row. (B) Higher magnification showing three efferent terminals on one OHC. (C) Postsynaptic cistern of
OHC, aligned with efferent terminal. Scale bars, 4 um (A); 1 pm (B); 250 nm (C). (From Fuchs et al. 2014;

adapted, courtesy of HHS Public Access.)
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ies in the basilar papilla of turtle (Art et al.
1982, 1984, 1985). Recordings from hair cells
isolated from the chicken basilar papilla (Fuchs
and Murrow 1992a,b; McNiven et al. 1996;
Yuhas and Fuchs 1999) and mammalian co-
chlea (Blanchet et al. 1996; Dallos et al. 1997;
Evans et al. 2000) revealed that ACh activated a
calcium-dependent potassium current to hyper-
polarize and inhibit hair cells. Molecular cloning
discovered that the hair cell’s acetylcholine re-
ceptor (AChR) is uniquely composed of two
atypical members of the nicotinic receptor
gene family, 9 and 10 (Elgoyhen et al. 1994,
2001). These are distinguished by their narrow
range of effective agonists (not including nico-
tine) and blockade by strychnine and atropine as
well as some nicotinic antagonists such as curare
and o-bungarotoxin. 09010-containing recep-
tors form a ligand-gated ion channel with rela-
tively high permeability to calcium, the resulting
influx of which activates nearby calcium-depen-
dent potassium channels. In most hair cells,
these are small conductance SK channels (Fuchs
and Murrow 1992a; Yuhas and Fuchs 1999; Glo-
watzki and Fuchs 2000; Oliver et al. 2000; Daw-
kins et al. 2005; Parks et al. 2017; Poppi et al.
2017), but also can include BK channels, partic-
ularly in OHCs of the basal turns of the mam-
malian cochlea (Wersinger et al. 2010; Roh-
mann et al. 2015). Oppositely directed flux
through the AChR and potassium channels
near the resting membrane potential gives rise
to biphasic changes in membrane voltage. The
potassium conductance increase is predominant
and long lasting, hyperpolarizing the OHC for
100 msec or longer (Fig. 4).

Several features of this synapse are notewor-
thy. First is the unusual coupling of a ligand-
gated cation channel (the AChR) with calcium-
dependent potassium channels. The resulting
inhibition and unexpected pharmacology (block
by atropine) of the a9-containing AChR led to
early supposition that this might be a muscarin-
ic, G-protein-coupled mechanism akin to thatin
heart muscle. However, the cloning of 09 and
010 enabled genetic knockout and point muta-
tion experiments that proved this was the nec-
essary and sufficient receptor (Vetter et al. 1999;
Taranda et al. 2009). The hair cell subunits are

T
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Figure 4. Evoked release of acetylcholine (ACh) from
medial olivocochlear (MOC) efferent neuron termi-
nals produces biphasic change in membrane current
and voltage of an outer hair cell. Arrows point to
inward current (upper record) or initial depolariza-
tion (lower record). Dotted line indicates resting cur-
rent or membrane potential. (From Ballestero et al.
2011; adapted, with permission, from Journal of Neu-
roscience © 2011.)

members of a gene family that includes the sig-
nature nicotinic receptor of muscle. In contrast
to other members of this family, the hair cell
subunits have been subject to positive selection
in mammals, giving rise to enhanced calcium
permeability in cochlear hair cells (Lipovsek
et al. 2012, 2014). A second aspect is the long
time course of the potassium conductance
change itself. The time course of unitary synap-
tic currents in rat OHCs is explained by the
gating kinetics of SK channels exposed to a brief
pulse of calcium, decaying with a time constant,
time course of 30 msec (Oliver et al. 2000).
Thus, longer-lasting signals may reflect more
slowly decaying calcium signals. The near-
membrane postsynaptic cistern is likely to shape
synaptic calcium signals (Lioudyno et al. 2004),
either as a constraint on calcium diffusion, or by
calcium-induced calcium release. A third fea-
ture involves the low quantum content (the av-
erage number of vesicles released for each action
potential) of efferent terminals, about 0.3 during
1 Hz stimulation of MOCs onto OHCs (Balles-
tero et al. 2011) and about 1.0 for efferent syn-
apses on immature IHCs (Goutman et al. 2005;
Zorrilla de San Martin et al. 2010). Consequent-
ly, repetitive activation of efferents is required to
facilitate transmitter release for effective inhibi-
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tion, as observed for electrical stimulation of
efferents to suppress afferent activity in vivo
(Galambos 1956; Wiederhold and Kiang 1970).

Modulation of Efferent Transmission

Efferent terminals are richly endowed with syn-
aptic vesicles (Lenoir et al. 1980; Nadol 1988;
Simmons et al. 1996; Bruce et al. 2000; Fuchs
etal. 2014) and release is enhanced with elevated
extracellular calcium (Ballestero et al. 2011).
Thus, short-term facilitation of efferent trans-
mitter release is most likely a result of calcium
accumulation in the presynaptic terminal as
occurs generally (Zucker and Regehr 2002). In
addition, there are several other modes of plas-
ticity that affect the operation of efferent syn-
apses, particularly those temporary ones found
on IHCs before the onset of hearing. Efferent
terminals on IHCs possess L-type voltage-gated
calcium channels and calcium-dependent BK
channels whose combined action limits the im-
pact of presynaptic action potentials (Zorrilla de
San Martin et al. 2010). Glutamate release from
the hair cell negatively modulates efferent trans-
mitter release through the activation of presyn-
aptic metabotropic receptors (Ye et al. 2017).
Activation of presynaptic metabotropic GABA
receptors likewise suppresses efferent transmit-
ter release onto IHCs and OHCs (Wedemeyer
et al. 2013). Efferent transmission is enhanced
when cytoplasmic stores release calcium in
the postsynaptic IHC (Kong et al. 2013). This
retrograde facilitation is communicated by
calcium-dependent production of nitric oxide
in the THC. With the exception of GABAergic
modulation, it is not known whether a similar
wealth of modulatory mechanisms exists also
at the MOC synapses on OHCs. It is possible
that the transient efferent contacts on IHCs are
particularly subject to modulation.

DEVELOPMENTAL PLASTICITY
OF EFFERENT INNERVATION

Development and Maturation

Efferent innervation of the inner ear begins in
mid-embryogenesis of rodents (Fritzsch 1996)

Efferent Inhibition of the Cochlea

with functional synaptic contacts on IHCs first
detected at postnatal 2-3 and on OHC:s several
days later (Katz et al. 2004; Roux et al. 2011). The
earliest responses to applied ACh include only
cationic current through the hair cell’s nicotinic
acetylcholine receptor (nAChR) (Dulon and Le-
noir 1996; He and Dallos 1999; Roux et al. 2011),
with outward current through SK channels and
synaptic activity appearing 1 to 2 days later, in
conjunction with numerous labeled clusters of
AChRs (average of 16) and SK channels (average
of 25) (Roux et al. 2011). Are SK channels nec-
essary for the assembly of the postsynaptic com-
plex? In SK-null mice efferent synapses on hair
cells either fail to form or do so temporarily then
retract (Kong et al. 2008; Murthy et al. 2009). SK
channels may secure the synaptic complex
through their interaction with the actin-binding
protein o-actinin as suggested by coimmuno-
precipitation (Lu et al. 2009; Scholl et al. 2014).

Efferent synapses disappear from IHCs just
prior to the onset of hearing (about P12 in
rodents) (Katz et al. 2004) at the same time
that afferent synaptic contacts attain their adult
functionality (Johnson et al. 2005, 2009). These
changes may be reciprocal not only in time
course, but perhaps also in causality. Null-
mice lacking either the hair cell’'s 09-AChR
subunit, or with disabled efferent transmitter
release, fail to undergo the normal maturation
of afferent ribbon function that involves cluster-
ing of calcium channels for more efficient cou-
pling to vesicular fusion (Johnson et al. 2013).
Conversely, mice lacking the Cavl.3 voltage-
gated calcium channels that normally cluster at
the afferent ribbons maintain efferent synaptic
contacts on IHCs at least 2 weeks longer than
normal (Brandt et al. 2003).

Aging

Reciprocal changes of innervation are seen at the
end of IHC life, as well as at the beginning. IHCs
of aged, deaf mice lose many of their afferent
synaptic contacts (Stamataki et al. 2006; Fernan-
dez et al. 2015; Kujawa and Liberman 2015) but
regain inhibitory efferent synapses (Lauer et al.
2012) that function like those present before
hearing onset (Zachary and Fuchs 2015). The
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implication of these phenomena is that IHC
synaptogenesis involves a degree of interaction
between efferent and afferent synapses. Calcium
influx at these opposing synapses may provide
the underlying cross talk. Strong depolarization
of the IHC can prolong the activation of SK
current by ACh (Zachary et al. 2018), whereas
sustained application of ACh can cause trans-
mitter release from nearby ribbon synapses
(Moglie et al. 2018). During IHC maturation,
spontaneous calcium action potentials (Kros
et al. 1998; Tritsch et al. 2007; Tritsch and Ber-
gles 2010; Johnson et al. 2011) will greatly influ-
ence cytoplasmic calcium homeostasis and so
the degree to which synaptic cross talk might
occur. Whether aged IHCs revert to the imma-
ture pattern of excitability is not known. Finally,
there is limited information about how efferent
synapses on OHCs might vary throughout the
lifetime, or as a consequence of trauma.

EFFECTS ON AUDITORY NERVE RESPONSES
AND OTOACOUSTIC EMISSIONS

Responses in Quiet

Galambos (1956) first showed that electrical
stimulation of olivocochlear axons in the floor
of the IVth ventricle reduced the amplitude of
the compound action potential (CAP) produced
by an acoustic click. Suppression increased with
shock number and frequency and was eliminated
when olivocochlear axons were severed. The
magnitude of efferent effects increases with
increasing shock rate up to about 200 shocks/
sec (Guinan and Gifford 1988a; Rajan and John-
stone 1988). Single-unit afferent recordings show
that the rate-level function (acoustic sensitivity)
is shifted to higher sound levels during efferent
activation (Guinan and Gifford 1988a; Winslow
and Sachs 1987), resetting the dynamic range.
Efferent effects could be blocked by strychnine,
now known to be a potent antagonist of the
hair cell AChR. In further support, efferent
effects are absent in mice lacking the a9 subunit
of the hair cell’'s AChR (Fig. 5) (Vetter et al.
1999).

When examined as a function of acoustic
frequency, efferent suppression was greatest at

Normal

- Efferents stimulated

Threshold dB SPL

0.3 1.0 3.0 10
kHz

Figure 5. Efferent stimulation causes a frequency
specific loss of sensitivity in type I cochlear afferents.
Frequency sweep stimulation was used to determine
acoustic threshold in a single afferent of the cat co-
chlea. When paired with electrical stimulation of
medial olivocochlear (MOC) efferent neuron effer-
ents (gray curve) the cochlear afferent was “detuned.”
SPL, Sound pressure level. (From Guinan and Gif-
ford 1998a; adapted, with permission, from Elsevier
© 1988.)

the best frequency and had lesser effects on the
flanks of the tuning curve (Guinan and Gifford
1988b), thus decreasing the frequency selectivity
of cochlear tuning. The afferent’s acoustic re-
sponse reflects the essential role of OHCs in
cochlear sensitivity and tuning. Efferent hyper-
polarization and shunting suppresses electro-
motility driven by acoustic receptor potentials
in OHCs. When OHCs are inhibited, basilar
membrane motion is reduced and detuned (Rus-
sell and Murugasu 1997). Consequently, the
cochlear vibration that drives IHC receptor po-
tentials is reduced and transmitter release driv-
ing afferent activity is reduced.

Lateral Olivocochlear Efferents

LOC efferents have proven more difficult to an-
alyze. These small unmyelinated axons cannot
be stimulated electrically without also activating
larger diameter, lower threshold MOCs. Al-
though uniformly positive for cholinergic mark-
ers, LOC efferents also label for GABAergic,
dopaminergic, and peptidergic transmission.
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Two general strategies have been employed to
determine LOC function, cochlear perfusion
with candidate neurotransmitter agonists and
antagonists, and selective lesions of central so-
mata or axon tracts. Antibodies for the enzyme
ChAT label all LOCs (Altschuler et al. 1985).
Although microiontophoresis at the base of
IHCs was reported to excite type I afferent ac-
tivity (Felix and Ehrenberger 1992), little else
has emerged on the effects of ACh. The most
progress has been made for dopamine whose
receptors are expressed in the cochlea (Maison
et al. 2012). LOC efferents express tyrosine hy-
droxylase, an enzyme leading to production of
dopamine (Eybalin et al. 1993; Darrow et al.
2006). Cochlear perfusion with dopamine sup-
pressed spontaneous and driven activity of type
I cochlear afferents (Ruel et al. 2001) via G-pro-
tein-coupled phosphorylation that reduced volt-
age-gated sodium current (Valdes-Baizabal
et al. 2015). Central LOC axons have been le-
sioned surgically and by injection of neurotox-
ins with mixed effects on afferent activity. In
addition to these small molecule neurotransmit-
ters, a number of peptide transmitters also are
implicated in LOC function. Given this still
emerging story, the reader is referred to recent
reviews (Ruel et al. 2007; Reijntjes and Pyott
2016).
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Responses in Noise

In background noise, auditory nerve fibers show
reduced firing rates as a result of adaptation to
the noise. Electrical stimulation of the olivoco-
chlear bundle reduces auditory nerve fiber firing
rate to low-level tones, enabling an increase
in the firing rates to higher-level tones. Efferent
“unmasking” enhances the neural representa-
tion of acoustic transients in the presence of
low-level noise (Wiederhold and Kiang 1970;
Winslow and Sachs 1987, 1988; Guinan and
Gifford 1988a; Kawase and Liberman 1993).
Under these conditions, there is little change
in threshold, but there is improved discrimina-
tion of small changes in tone intensity (Fig. 6).

The effects on auditory nerve activity in
noise may be elicited directly by sound-driven
activation of the olivocochlear neurons, presum-
ably by cochlear nucleus principal neurons, or
by activation of higher-order central auditory
structures that project to the olivocochlear neu-
rons. Single-unit recordings from MOC neu-
rons in vivo showed that these could be almost
as sensitive and sharply tuned to acoustic stimuli
as type I cochlear afferents in the same prepara-
tions (Robertson and Gummer 1985; Liberman
and Brown 1986). Thus, there is a negative
feedback loop from cochlear afferents to olivo-
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Figure 6. Medial olivocochlear (MOC) efferents are driven by sound. (A) Tuning curves of type I cochlear
afferents from single-unit recording in guinea pig. (B) Single-unit recording from MOCs in the brainstem
show similar sensitivity and tuning to that of type I afferents. That is, MOCs are driven by input from type I
afferents via second-order cells in the cochlear nucleus. SPL, Sound pressure level. (From Robertson and
Gummer 1985; adapted, with permission, from Elsevier © 1985.)
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cochlear efferents that can regulate sensitivity in
response to the acoustic environment (Fig. 7).
This electrical stimulation method is inva-
sive and requires high-frequency electrical stim-
ulation of the efferents for maximal effects.
An alternative is to stimulate MOCs with con-
tralateral sound. Numerous experiments have
explored the effects of presenting sound to the
contralateral ear on otoacoustic emission (OAE)
amplitudes, and such stimulation can yield
both suppressive and facilitative effects (Guinan
2014). Though there is no direct evidence that
LOC neurons respond to sound, stimulation
of the inferior colliculus alters auditory nerve
activity. These effects have been ascribed to con-
nections with LOC neurons (Groff and Liber-
man 2003). The olivocochlear neurons receive
direct inputs from the auditory cortex, as well as
indirect inputs from cortex via the inferior col-
liculus (Schofield 2011). Stimulation of auditory
cortex neurons can increase or decrease cochlear
activity (Dragicevic et al. 2015; Terreros and
Delano 2015). Thus, olivocochlear stimulation
through both reflexive (auditory nerve to co-
chlear nucleus to superior olivary regions) and
higher-order processes (corticofugal pathways)

5 Shocks on

-15 T T T T \
-50 0 50 100 150 200
Hz

Figure 7. Efferent suppression of distortion product
otoacoustic emissions (DPOAEs). DPOAEs mea-
sured in wild-type (black) and 10 knockout (gray)
mice. DPOAE amplitude drops during electrical
shocks to the medial olivocochlear (MOC) efferent
neurons. Hair cells are not subject to cholinergic in-
hibition in the 010 knockout mouse, and efferent
shocks have no effect on DPOAEs. SPL, Sound pres-
sure level. (Figure based on data in Vetter et al. 2007.)

contributes to the constellation of physiological
and perceptual effects.

PERCEPTUAL EFFECTS
Hearing in Noise

Research into the perceptual effects of olivoco-
chlear activation is confined to MOC effects. The
influence of LOC function on perception is un-
known. The enhanced neural representation of
transient signals in noise with olivocochlear
activation has long been thought to translate
into improved detection and discrimination in
noise; however, behavioral experiments have
produced mixed results. Sectioning of the olivo-
cochlear bundle can impair detection of sounds
in noise, discrimination of intensity and fre-
quency changes in noise, and discrimination of
vertical sound location in noise under some
stimulus conditions (May and McQuone 1995;
Hienz et al. 1998; May et al. 2004), but the effects
are variable and sometimes small. Furthermore,
perceptual performance can recover with post-
lesion practice (May et al. 2004). Speech-in-
noise performance by human listeners can be
positively, negatively, or not correlated with
olivocochlear suppression of OAEs elicited by
presenting noise to the contralateral ear (Giraud
et al. 1995; Micheyl and Collet 1996; Micheyl
et al. 1997; Kumar and Vanaja 2004; de Boer
and Thornton 2008; Wagner et al. 2008).
The sometimes small and inconsistent effects
reported in these studies cast doubt on the role
of olivocochlear activation in hearing in noise.
Central processing of afferent signals also plays
arole in hearing in noise, and these mechanisms
may blur attempts to identify associations be-
tween olivocochlear activation strength and
hearing in noise performance.

Selective Attention

More consistent behavioral effects mediated
by the olivocochlear system occur for tests of
selective attention. In some studies, attention
to a visual task decreases peripheral auditory
sensitivity measured using CAPs (Oatman and
Anderson 1977; Delano et al. 2007). This effect
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fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

is presumed to be because of olivocochlear acti-
vation because cochlear microphonics (CMs)
are increased and OAEs are suppressed when
performing the task and become larger when
the visual stimuli are ignored (Puel et al. 1988;
Delano et al. 2007; Wittekindt et al. 2009).
Selectively attending to one ear or particular
sound frequencies also changes OAEs, presum-
ably via olivocochlear mechanisms (Collet et al.
1994; Maison et al. 2001; Srinivasan et al. 2012).
However, those attentional/olivocochlear effects
on auditory sensitivity are quite variable across
individuals, sometimes show different or no ef-
fects, and tend to be fairly small (Froehlich et al.
1990; Harkrider and Bowers 2009; Srinivasan
et al. 2012). This may be because olivocochlear
activation strength and changes in cochlear
sensitivity are modulated by independent corti-
cofugal mechanisms (Dragicevic et al. 2015;
Terreros and Delano 2015).

Behavioral Deficits in Mutant Mouse Strains

Mutant mouse strains provide opportunities
to examine the role of more specific olivoco-
chlear manipulations. €9-nAChR knockout mice
with chronically deficient MOC suppression of
OHCs show normal detection of tones and in-
tensity discrimination in noise and normal pre-
pulse inhibition in noise (May et al. 2004; Allen
and Luebke 2017). Additional experiments in
09-nAChR knockout mice show abnormal pre-
pulse inhibition of the acoustic startle response
in quiet, abnormal horizontal sound localiza-
tion, abnormal temporal processing, abnormal
processing of frequency changes in quiet back-
grounds, and impaired selective attention (Lauer
and May 2011; Terreros et al. 2016; Allen and
Luebke 2017; Clause et al. 2017). Other strains
with mutations affecting the MOC and LOC
neurons (CGRP knockouts, 09 gain-of-function
point mutation) show abnormal prepulse inhi-
bition of the acoustic startle response (Allen and
Luebke 2017). Auditory processing deficits in
these mice may be attributable to abnormal de-
velopment of afferent circuits (Clause et al.
2017), but experiments to determine the effects
of conditional expression of mutations have not
yet been performed to test this hypothesis.

Efferent Inhibition of the Cochlea

PROTECTION FROM DAMAGE

Protection from Noise

Both the MOC and LOC systems protect the
auditory system against damage from noise ex-
posure. Lesions of the olivocochlear bundle
generally result in impaired auditory nerve
responses after acute loud noise exposure, al-
though the effects depend on the frequency,
intensity, and duration of the noise exposures,
monaural or binaural stimulation, and species
(Fuente 2015). Conversely, electrical stimula-
tion of the olivocochlear bundle reduces noise-
induced threshold shifts (Rajan and Johnstone
1988; Rajan 2001). The majority of these effects
are attributed to the MOC system, since midline
sectioning of the olivocochlear bundle affects
primarily the crossed MOC fibers. Studies using
mice with a gain-of-function point mutation of
the 09 receptor subunit, which enhances hyper-
polarization of OHCs, confirm that cholinergic
modulation of OHC activity by MOC efferents
contributes to noise protection (Taranda et al.
2009). Lesions specifically targeting the LOC
neurons also appear to increase susceptibility
to noise-induced hearing loss (Darrow et al.
2007). Impairments of the olivocochlear system
also may increase susceptibility to chronic expo-
sure to noisy environments (Lauer and May
2011; Maison et al. 2013). However, studies
performed in humans have not found a consis-
tent relationship between the strength of olivo-
cochlear activation as estimated by contralateral
suppression of OAEs and protection from noise
(Fuente 2015).

Protection from Age-Related Hearing Loss

Several studies correlating contralateral suppres-
sion of OAEs with hearing thresholds have
found an association between reduced olivoco-
chlear activation and increased age-related hear-
ing loss (Parthasarathy 2001; Kim et al. 2002;
Jacobson et al. 2003; Varghese et al. 2005),
although other studies have not found evidence
of weakened olivocochlear feedback in older
adults (Quaranta et al. 2001; Abdala et al.
2014). Weakening olivocochlear feedback with
age may actually be attributed to the effects
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of hearing loss, since reduced afferent drive to
olivocochlear neurons or damaged OHCs likely
contributes to reduced suppression of OAEs
(Castor et al. 1994; Tadros et al. 2005; Keppler
et al. 2010; Konomi et al. 2014). Surgical lesions
of the olivocochlear bundle that result in loss of
peripheral olivocochlear synapses cause acceler-
ated cochlear degeneration and hearing loss
in middle age (Liberman et al. 2014). However,
09-nAChR knockout mice with chronically de-
ficient MOC feedback do not show accelerated
age-related hearing loss on a similar time course
(Lauer 2017). These studies suggest that loss of
olivocochlear synapses may lead to a loss of tro-
phic factors thereby accelerating hearing loss,
but that accelerated age-related hearing loss is
not a necessary consequence of weakened olivo-
cochlear feedback.

PLASTICITY (HEARING LOSS
AND EXPERIENCE-DEPENDENT)

Pathology

There is evidence that synaptic reorganization
of cochlear efferents occurs in certain patholog-
ical conditions. MOC terminals disappear from
OHCs in C57BL/6 mice with age-related hear-
ingloss (Fuetal. 2010). This strain also shows an
increase in inhibitory olivocochlear synapses
directly contacting the IHCs that is correlated
with ribbon synapse loss and hearing loss (Lauer
et al. 2012; Zachary and Fuchs 2015). It is un-
certain whether these synapses arise from me-
dial or lateral efferents, although they function
much in the way of the efferents that contact
IHCs early in development (Zachary and Fuchs
2015).

There is some evidence that sparse loss of
MOC synapses may occur in cases of noise-in-
duced hearing loss. In noise-exposed guinea
pigs with no substantial loss of OHCs, reduced
synaptophysin immunolabeling is observed in
the midfrequency region 1 month after expo-
sure, and this loss can be mitigated with sound
conditioning (Niu et al. 2007). The effects of
noise exposure on olivocochlear efferents may
vary depending on the particular characteristics
of the noise exposure, time after exposure, and

species, but these effects have not been investi-
gated extensively.

Perceptual Learning

Olivocochlear feedback appears to play a role in
and change with perceptual learning. In ferrets,
lesioning the olivocochlear bundle induces def-
icits in learning to use new acoustic cues for
localizing sounds in the horizontal plane during
unilateral conductive hearing loss (Irving et al.
2011). In humans, weaker MOC suppression of
distortion product OAEs (DPOAEs) prior to
training on a speech-in-noise discrimination
task correlates positively with greater perfor-
mance improvement (de Boer and Thornton
2008). Likewise, increased MOC strength is ob-
served after training in listeners that showed the
most perceptual improvement (de Boer and
Thornton 2008). Studies have also shown in-
creased olivocochlear suppression strength in
listeners with musical training compared to lis-
teners without musical training, providing fur-
ther support for experience-dependent plasticity
(Perrot and Collet 2014).

SUMMARY AND CONCLUSIONS

Studies of efferent innervation have provided
fundamental insights into the highly specialized
operation of the mammalian cochlea. MOC
efferents suppress cochlear sensitivity and tun-
ing by their selective innervation of OHCs,
leaving the IHCs to transmit acoustic informa-
tion without altering their synaptic transfer
function. LOC efferents modulate the activity
of type I cochlear afferents to an as-yet unknown
purpose.

Synaptic inhibition of hair cells presents
several surprises, employing a pharmacologi-
cally unusual and genetically distinct nAChR
through which calcium entry activates associat-
ed calcium-dependent potassium channels. The
potassium channels generate the predominant
conductance increase, hyperpolarizing and
shunting the OHC’s membrane potential. Con-
sequently, OHC electromotility is suppressed
and cochlear vibrations are smaller and less
sharply tuned. MOC efferents are well driven
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by sound, constituting a gain control loop that
can adjust the sensitivity and tuning of the co-
chlea to the acoustic surround. This negative
feedback also can protect the cochlea against
acoustic trauma.

Olivocochlear efferents play a still-to-be-
explored role in the maturation of cochlear in-
nervation. Inhibitory synapses on IHCs prior to
the onset of hearing help to pattern spontaneous
activity of afferent neurons that shapes the con-
nectivity of brainstem nuclei. The role of efferent
feedback on hearing itself has proven more dif-
ficult to discern. Measurements of signal dis-
crimination or localization show mixed or no
effects in different studies. This could reflect in
part the possibility that efferent feedback to the
cochlea is plastic, becoming stronger through
use. Additionally, centrifugal modulation oc-
curs throughout the auditory pathway so that
behavioral measures are subject to a multiplicity
of feedback mechanisms. Consequently, it has
been difficult to associate deficits of olivoco-
chlear neurons with pathogenesis, although
there is some evidence of abnormal olivoco-
chlear activity in listeners with tinnitus, reduced
sound tolerance (hyperacusis), and central au-
ditory processing disorders (Knudson et al.
2014). Abnormal efferent processing has been
considered in a host of neurological disorders
that include dysfunctional sound processing:
autism, schizophrenia, migraine, selective mut-
ism, specific language impairment, and dyslexia
(Khalfa et al. 2001; Veuillet et al. 2001).
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