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Efferent Feedback Slows Cochlear Aging
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The inner ear receives two types of efferent feedback from the brainstem: one pathway provides gain control on outer hair cells’ contri-
bution to cochlear amplification, and the other modulates the excitability of the cochlear nerve. Although efferent feedback can protect
hair cells from acoustic injury and thereby minimize noise-induced permanent threshold shifts, most prior studies focused on high-
intensity exposures (�100 dB SPL). Here, we show that efferents are essential for long-term maintenance of cochlear function in mice
aged 1 year post-de-efferentation without purposeful acoustic overexposure. Cochlear de-efferentation was achieved by surgical lesion of
efferent pathways in the brainstem and was assessed by quantitative analysis of immunostained efferent terminals in outer and inner hair
cell areas. The resultant loss of efferent feedback accelerated the age-related amplitude reduction in cochlear neural responses, as seen in
auditory brainstem responses, and increased the loss of synapses between hair cells and the terminals of cochlear nerve fibers, as seen in
confocal analysis of the organ of Corti immunostained for presynaptic and postsynaptic markers. This type of neuropathy, also seen after
moderate noise exposure, has been termed “hidden hearing loss”, because it does not affect thresholds, but can be seen in the suprath-
reshold amplitudes of cochlear neural responses, and likely causes problems with hearing in a noisy environment, a classic symptom of
age-related hearing loss in humans. Since efferent reflex strength varies among individuals and can be measured noninvasively, a weak
reflex may be an important risk factor, and prognostic indicator, for age-related hearing impairment.
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Introduction
The inner ear has an enormous dynamic range: sounds at pain
threshold (140 dB SPL) are 10 million times greater in amplitude
than at the threshold of hearing (0 dB SPL). Exposures �100 dB
SPL, although not painful, can damage cochlear sensory cells in as
little as 1 h (Robertson et al., 1980; Bohne and Rabbitt, 1983). The
resultant hearing loss can be permanent (Liberman and Dodds,
1984), since hair cells do not regenerate in mammals (Rubel et al.,
2013).

Olivocochlear neurons, the effectors of the inner ear’s
sound-evoked efferent reflex, comprise a negative-feedback
gain-control system (Wiederhold and Kiang, 1970) that can re-
duce noise-induced cochlear damage (Rajan, 1988). At moderate
and high sound levels, sound-evoked efferent feedback to outer
hair cells reduces their normal amplification of sound-induced
cochlear motion (Murugasu and Russell, 1996). Despite evidence
showing that de-efferentation renders the cochlea more vulnera-
ble to acoustic injury (Kujawa and Liberman, 1997), the evolu-
tionary significance of efferent-mediated protection has been
questioned. Since natural environments do not typically contain
traumatic sound levels (Christopher Kirk and Smith, 2003), the

selective pressure to evolve hair cell protection appears to have
been lacking until recently.

Recent work has revealed that moderate exposures (80 –100
dB), causing only transient threshold elevation, can cause degen-
eration of cochlear sensory neurons, without loss of hair cells
(Kujawa and Liberman, 2009; Maison et al., 2013). This primary
neuronal degeneration appears, within hours post-exposure, as a
loss of synaptic terminals on inner hair cells (Robertson, 1983),
likely from glutamate excitotoxicity (Pujol and Puel, 1999).
Death of the neuronal somata, the spiral ganglion cells, is much
slower, continuing for months to years post-exposure (Liberman
and Kiang, 1978). Thresholds can recover, because the neuropa-
thy is selective for the subset of cochlear nerve fibers with high
thresholds (Furman et al., 2013). These high-threshold fibers are
important for hearing in noise, since their lack of sensitivity pre-
vents them from being driven to saturation by ongoing back-
ground sounds (Costalupes et al., 1984).

This type of “hidden hearing loss” (Schaette and McAlpine,
2011) is likely important in presbycusis, i.e., the hearing impair-
ment of old age (Dubno et al., 1984). Aging people experience
increasing difficulties hearing in noise, and the aging cochlea can
show significant neural degeneration well before loss of hair cells
(Makary et al., 2011). If age-related cochlear neuropathy is
caused by cumulative exposure to everyday “nontraumatic”
sound, then feedback from the cochlea’s cholinergic efferent neu-
rons might minimize it, and therefore slow the progression of
age-related hearing loss.

The present experiment was designed to assess olivocochlear
contributions to cochlear nerve protection in the aging ear. Re-
sults show that surgical de-efferentation accelerates the loss of
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cochlear nerve synapses in mice aged without acoustic overexpo-
sure. The protective effects are apparently mediated both by me-
dial olivocochlear (MOC) neurons, projecting to outer hair cells,
and lateral olivocochlear (LOC) neurons, which innervate the
dendrites of cochlear-nerve fibers near their synapses with inner
hair cells, and which have been implicated in the control of glu-
tamate excitotoxicity (Pujol and Puel, 1999).

Materials and Methods
Animals, groups, statistics and environmental noise. Male mice (CBA/CaJ
strain) entered the experimental protocol at 6 weeks of age and were
assigned to one of three groups: (1) Control animals, which underwent
no surgical procedure (n � 20 ears; histology was performed only on a
subset of 6 ears); (2) Midline Cut animals (n � 48 ears from 24 animals),
in which the crossed olivocochlear (OC) bundle was surgically tran-
sected; and (3) LSO Injection animals (n � 20 ears from 20 animals), in
which a neurotoxin (melittin) was stereotaxically injected to target the
lateral superior olive (LSO) on the right side (Maison et al., 2013). After
surgery, lesioned and control mice were returned to the animal care
facility. For each animal in each group, cochlear function was assessed
bilaterally via auditory brainstem responses (ABRs) and distortion prod-
uct otoacoustic emissions (DPOAEs) at 8, 11, 16, 22, 32, and 45 weeks of
age. Immediately after the final cochlear function test, cochleas were
fixed by intracardiac perfusion and removed for histological processing
and subsequent confocal analysis of hair cell and synaptic degeneration.
In one additional Control group (n � 6 ears), ears were extracted for
histological processing at 8 weeks of age. Statistical significance of the
intergroup differences was assessed by t test. All procedures were ap-
proved by the Institutional Animal Care and Use Committee of the Mas-
sachusetts Eye and Ear Infirmary.

Ambient sound pressure levels in the animal care facility were re-
corded by placing a tiny electret microphone (Knowles FG-23329-PO7)
in an empty mouse cage within the same rack, in the same room, where
the mice were housed for the duration of the experiment, during which
time the position of the rack within the room was not changed by more
than a few feet. Acoustic signals were measured continuously for 48 h on
four separate occasions: twice during the week and twice over the week-
end. Data from one weekday and one weekend day are shown in Figure 1.
When animal-care personnel were not in the room, sound pressure lev-
els, analyzed in half-octave bands and at 100 ms intervals, were �40 dB

SPL throughout the range of mouse hearing, i.e., from 4 to 64 kHz. Peak
noise levels occurred during cage cleaning and daily maintenance and
never exceeded 70 dB SPL. They tended to be higher on weekdays than on
the weekend.

Cochlear function tests. For measuring cochlear function via ABRs and
DPOAEs, animals were anesthetized with xylazine (20 mg/kg, i.p.) and
ketamine (100 mg/kg, i.p.) and placed in an acoustically electrically
shielded room maintained at 32°C. Acoustic stimuli were delivered
through a custom acoustic system consisting of two miniature dy-
namic earphones used as sound sources (CUI CDMG15008-03A) and
an electret condenser microphone (Knowles FG-23329-PO7) coupled
to a probe tube to measure sound pressure near the eardrum (for
details see http://www.masseyeandear.org/research/ent/eaton-peabody/
epl-engineering-resources/epl-acoustic-system/).

Digital stimulus generation and response processing were handled by
digital I-O boards from National Instruments driven by custom Lab-
VIEW software. For ABRs, stimuli were 5 ms tone pips (0.5 ms cos 2

rise-fall) delivered in alternating polarity at 35/s. Electrical responses
were sampled via Grass needle electrodes at the vertex and pinna with a
ground reference near the tail and amplified 10,000� with a 0.3–3 kHz
passband. Responses to as many as 1024 stimuli were averaged at each
sound pressure level, as level was varied in 5 dB steps from below thresh-
old up to 80 dB SPL. For DPOAEs, stimuli were two primary tones f1 and
f2 (f2/f1 � 1.2), with f1 level always 10 dB above f2 level. Primaries were
swept in 5 dB steps from 20 to 80 dB SPL (for f2). The DPOAE at 2f1-f2 was
extracted from the ear canal sound pressure after both waveform and
spectral averaging. Noise floor was defined as the average of 6 spectral
points below, and 6 above, the 2f1-f2 point. Threshold was computed by
interpolation as the primary level (f2) required to produce a DPOAE of 0
dB SPL.

Olivocochlear function tests. After anesthetization with urethane (1.20
g/kg, i.p.) and xylazine (20 mg/kg, i.p.), the mouse was connected to a
respirator via a tracheal cannula. A posterior craniotomy and partial
cerebellar aspiration exposed the floor of the IV th ventricle. To stimulate
the olivocochlear bundle, shocks (monophasic pulses, 150 �s duration,
200/s) were applied through fine silver wires (0.4 mm spacing) placed
along the midline, spanning the olivocochlear decussation. Shock thresh-
old for facial twitches was determined, and muscle paralysis was induced
with �-D-tubocurarine (1.25 mg/kg, i.p.). Shock levels were then raised
to 6 dB above twitch threshold. During the olivocochlear suppression
assay, f2 level was set to produce a DPOAE 10 –15 dB above the noise
floor, which ranged from �15 to �8 dB depending on DPOAE fre-
quency. To measure olivocochlear effects, repeated measures of baseline
DPOAE amplitude were first obtained (n � 54), followed by a series of 70
contiguous periods in which DPOAE amplitudes were measured with
simultaneous shocks to the olivocochlear bundle and additional periods
during which DPOAE measures continued after the termination of the
shock train. During paralysis, heart rate was monitored, and urethane
boosters were administered every hour at 25% of the initial dose (Maison
et al. 2007).

Brainstem lesions and histological verification. For brainstem surgery,
mice were anesthetized with xylazine (20 mg/kg, i.p.) and ketamine (100
mg/kg, i.p.). Midline cuts were made with a microknife on the floor of the
IV th ventricle after a posterior craniotomy and cerebellar elevation. For
lesions of the LSO, the mouse was held in a stereotaxic apparatus with the
scalp retracted. A micropipette filled with 10 mM melittin was lowered
into the brain, through an opening over the right lambdoidal suture, at a
position 0.49 cm caudal and 0.12 cm lateral to bregma. At a depth of 0.69
cm, 0.2 �l of melittin was injected by a 1 �l Hamilton syringe. Brainstems
were fixed in 4% paraformaldehyde, cryoprotected (30% sucrose), and
cut on a freezing microtome at 40 �m in the transverse plane. Sections
were treated histochemically to reveal acetylcholinesterase activity (Osen
and Roth, 1969).

Cochlear processing, immunostaining, and histological analysis. Mice
were perfused intracardially with 4% paraformaldehyde in phosphate
buffer. Cochleas were decalcified, dissected into half-turns, and perme-
abilized by freeze/thawing. The half-turns were blocked in 5% normal
horse serum (NHS) with 1% Triton X-100 (TX) in PBS for 1 h, followed
by incubation for �19 h at 37°C in primary antibodies diluted in 1%

Figure 1. Sound levels in the Animal Care Facility. Ambient sound pressure levels over one
24 h period on a weekday or a weekend, as indicated in the panel. Levels were measured in
half-octave bands, as shown in the key. Each sample was 100 ms in duration.
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NHS with 1% TX. Antibodies included (1) mouse (IgG1) anti-CtBP2
from BD Biosciences at 1:200 and (2) rabbit anti-VAT (vesicular acetyl-
choline transporter) from Sigma at 1:1000 to allow quantification of
presynaptic ribbons in inner hair cells and cochlear efferent terminals,
respectively. To quantify postsynaptic elements in the inner hair cell area,
we used mouse (IgG2a) anti-GluA2, from Millipore, at 1:2000. Primary
incubations were followed by two sequential 60 min incubations at 37°C
in species- and isotype-appropriate secondary antibodies with 1% TX.

Three types of information were extracted from both inner and outer
hair cell areas in each cochlea: (1) counts of afferent synapses, (2) quan-
tification of the degree of de-efferentation, and (3) counts of inner and
outer hair cells. All three types of analyses were based on high-power
confocal z-stacks obtained at half-octave intervals along the cochlear
spiral from 5.6 to 64 kHz. To accurately identify regions of interest,
cochlear lengths were obtained for each case by tracing the cochlear spiral
in low-power images of the dissected epithelial whole mounts using a
custom ImageJ plugin (http://www.masseyeandear.org/research/ent/
eaton-peabody/epl-histology-resources/) that translates cochlear posi-
tion into frequency according to the published map for the mouse

(Taberner and Liberman, 2005). Confocal z-stacks were obtained with a
glycerol-immersion objective (63�, numerical aperture � 1.3) at 3.17�
digital zoom on a Leica TCS SP5. Image spacing in the z plane was set to
0.25 �m, and the z-span was carefully adjusted for each stack to include
all synaptic elements in all of the 9 –12 hair cells from each row included
in each stack, typically requiring 75–100 images per stack. Two adjacent
stacks were always obtained in each cochlear region sampled.

Presynaptic ribbons and postsynaptic glutamate receptor patches were
counted from each confocal z-stack using the connected components
tool in Amira software (Visage Imaging), which finds and displays each
voxel space in an image stack containing exclusively pixel values greater
than a user-set criterion. By comparing the “connected components”
display to the maximum projection, the user can adjust the criterion to
capture all the elements of interest; because the analysis is done in 3D, the
result accurately separates elements superimposed in z. To quantitatively
assess the pairing of presynaptic and postsynaptic elements, we use cus-
tom software that extracts the voxel space within 1 �m around each
ribbon (or receptor patch) and produces a thumbnail array of these
miniature projections, that can be scanned to count synapses (i.e., rib-

Figure 2. Immunostaining of the cochlear efferent and afferent innervation in normal and de-efferented cases. A, Brainstem schematic shows the central origins of LOC and MOC efferents.
Efferent pathways were lesioned via midline cut of MOC fibers at the floor of the IV th ventricle or by neurotoxin injection into the LSO where LOC fibers originate. B, Organ of Corti schematic shows
the peripheral targets of cochlear efferents. MOC terminals synapse with outer hair cells (OHCs); LOC terminals synapse with auditory nerve fibers (ANFs) near their afferent synapses with the inner
hair cell (IHC). Each IHC–ANF synapse is identifiable by its presynaptic ribbon (red) and postsynaptic glutamate receptors (green). The small population of cochlear nerve fibers (�5%) that contact
OHCs are not shown. C–F, The success of de-efferentation was assessed by immunostaining cochlear efferent terminals with antibodies for VAT (blue); IHC-ANF synapses were stained for a protein
in the presynaptic ribbon (CtBP2; red) and an AMPA postsynaptic glutamate receptor (GluA2; green). Each image is a maximum projection of a focal series through the synaptic region of the OHCs
(C, D) or IHCs (E, F ), from the viewing angle schematized in B. Each control OHC (C) is innervated by a cluster of 1– 4 MOC terminals (e.g., blue arrows); in the de-efferented ear (D), many OHCs have
no MOC endings, but presynaptic ribbons remain near the ANF terminals (e.g., at arrows). In the IHC area (E, F ), individual sensory cells are difficult to distinguish, so their nuclei are indicated by
dashed circles. In the control ear (E), cochlear nerve synapses are seen as paired red-green puncta in the subnuclear zone, just above the LOC terminals in the inner spiral bundle. In the de-efferented
ear (F ), synaptic counts are reduced, and the LOC innervation is almost completely eliminated. In each IHC panel, one synapse (at the arrow) is shown at higher magnification in the inset. Scale bar
in F applies to all large images. Scale bar in one inset applies to both. All images are from the middle of the cochlear spiral (16 kHz). D is from a midline-cut case; F is from an LSO lesion case.
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bons with closely apposed receptor patches)
versus orphan ribbons or orphan receptor
patches (Liberman et al., 2011). Hair cells in
each stack were counted by increasing the im-
age output-gain (gamma adjust): inner hair
cell nuclei stain faintly with the CtBP2 anti-
body, and the outer hair cell somata are visible
via their faint background label in several con-
focal channels, as well as by the presence of
synaptic ribbons, even when the efferent termi-
nals are missing.

The degree of de-efferentation was assessed in
both inner and outer hair cell areas from maxi-
mum projections of the VAT-immunostaining
in the z-stacks. In the outer hair cell area, the total
number of VAT-positive terminals was counted
in each stack and divided by the number of hair
cells (�10 outer hair cells in each of the three
rows). In the inner hair cell area, counting effer-
ent terminals is difficult because they are smaller,
more numerous, and overlap with each other in
the xy projections. Thus, the LOC innervation
was quantified by measuring the projected 2D
area of the terminals using the auto-thresholding
algorithm from ImageJ on the VAT channel from
the maximum projections.

Results
Assessing cochlear de-efferentation via
cholinergic immunostaining
To assess the contribution of olivoco-
chlear efferents to cochlear nerve survival
in the aging ear, we lesioned the efferent
pathways in young (6 week) mice, either
by injecting a neurotoxin into the brains-
tem where the LOC fibers originate, or by
cutting the MOC fibers where they cross
the brainstem midline at the floor of the
IV th ventricle (Fig. 2A). Based on pub-
lished reports of the innervation patterns
in mouse (Brown, 1993; Maison et al.,
2003), a midline cut should remove ap-
proximately two-thirds of the MOC pro-
jections to both ears. If the cut is off
midline, it will begin to impinge on some
of the axons of ipsilaterally projecting
MOC and LOC cells. A complete LSO le-
sion should remove virtually all the LOC
projections to the ipsilateral ear without
affecting the MOC system. However, if the neurotoxin spreads
medially, the lesion will also involve ipsilateral MOC projections.

The success of de-efferentation was assessed, 39 weeks later, by
histological evaluation of sectioned brainstems and cochlear ep-
ithelial whole mounts, using cholinergic markers to visualize ef-
ferent cells of origin and their peripheral projections, respectively
(Maison et al., 2003). Brainstem sections were evaluated qualita-
tively to identify cases where the lesion missed the target.
Cochlear tissue was immunostained to assess the extent of de-
efferentation more quantitatively, and as a function of cochlear
location.

In control ears, immunostaining for VAT (blue) shows MOC
and LOC terminals in the outer and inner hair cell areas (Fig.
2C,E, respectively). As seen in the confocal image stack in Figure
2C, each outer hair cell, in each of the three rows, is normally
contacted by a cluster of VAT-positive MOC terminals at its ba-

solateral pole (Fig. 2B). In the inner hair cell area, VAT-positive
LOC terminals are smaller and more diffusely organized within
the inner spiral bundle, which runs near the basolateral poles of
the inner hair cells, where they make synaptic contact primarily
with the dendrites of cochlear nerve terminals near their synapses
with the inner hair cell (Fig. 2B).

Our brainstem lesions (Fig. 2A) sometimes produced virtually
complete de-efferentation, as seen in the inner hair cell area
shown in Figure 2F, where essentially no LOC terminals remain.
However, in most cases, the de-efferentation was subtotal, as il-
lustrated for the outer hair cell area in Figure 2D, where 17 of the
33 outer hair cells have MOC terminal clusters, and where the
number of terminals per cluster is reduced among the cells that
remain innervated. The de-efferented hair cells remain intact, as
suggested by the presence of synaptic ribbons (Fig. 2D, arrows)
and as can be verified by examination of these epithelial whole
mounts with DIC optics (data not shown).

Figure 3. Histological and physiological assessment of the degree of de-efferentation. A, Mean survival of MOC vs LOC
terminals at 45 weeks of age. For each ear, confocal image stacks (e.g., Fig. 1C–F ) were obtained from 8 cochlear locations
(see B). MOC and LOC innervation was quantified in each stack as described in Materials and Methods and then averaged
into three regions: apex (5.6 – 8.0 kHz), middle (11.3–32 kHz), and base (45– 64 kHz). Regional values in each case are
expressed as “survival” by normalizing to regional mean values for young (8 week) Controls (n � 6). Cochlear regions with
�75% survival of both LOC and MOC terminals (dashed lines) were classified as OC Lesion (n � 44 surgical cases). Each
region from each case generates one point in A and was considered independently for this and all subsequent analyses. B,
The degree of de-efferentation in OC Lesion regions was relatively uniform throughout the cochlear spiral. Group mean data
(�SEM) are normalized as described in A. Differences between the OC Lesion group and age-matched controls were highly
significant at all frequencies ( p �� 0.001). C, To measure MOC effects in vivo, DPOAEs were measured before, during, and
after a 70 s train of shocks to the OC bundle (gray box). Response amplitudes are normalized to preshock values, and the size
of MOC suppression is defined as shown for one sample run. Mean MOC effects (�SEM) are shown as a function of stimulus
frequency ( f2) for OC Lesion regions (defined in A) compared with control (n � 14). Intergroup differences were significant
at the p �� 0.01 level for test frequencies at 11.3, 16, 22.6 and 45.2 kHz. D, The size of the MOC effect in individual cases,
shown here for f2 � 22.6 kHz, correlates (r � 0.76) with survival of MOC innervation in the appropriate cochlear region of
the same ear. For D, data are shown from controls and all surgical cases where DPOAEs were robust enough to record
shock-evoked MOC effects (n � 41).
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To quantify the degree of de-efferentation, we measured
VAT-positive terminals in the inner and outer hair cell areas in
image stacks from 8 cochlear regions from each case. Since the
extent of de-efferentation, in a given case, sometimes varied along
the cochlear spiral, we binned the 8 measures from each case into
3 cochlear regions: apical (5.6 – 8.0 kHz), middle (11.3–32 kHz),
and basal (45.2– 64 kHz). Plotting the results for each region from
each case (Fig. 3A) shows the variable degrees of MOC and LOC
degeneration. We defined OC Lesion as those cochlear regions
with at least 25% loss of both LOC and MOC terminals, with
respect to the mean values from young control ears. This crite-
rion clearly separates the OC Lesion group from all control ears
(Fig. 3A). Among the OC Lesion cases, the mean LOC and MOC
losses (Fig. 3B) were slightly more complete in the apical half of
the cochlea (�35% survival) than in the basal half (�50% sur-
vival). The MOC survival was bilaterally symmetrical in the
midline-cut cases, with interaural differences always �6% (data
not shown). The effects of aging alone (in control ears) on the
density of cochlear efferent innervation were minimal at 45 weeks
of age (Fig. 3B).

Assessing cochlear de-efferentation via MOC-
mediated suppression
When the MOC fibers are activated, either by sound or artificially
by electrical stimulation, cochlear responses are suppressed (Gui-

nan, 1996). This MOC-mediated suppres-
sion arises because activation of the
nicotinic acetylcholine receptors on outer
hair cells elicits a signaling cascade that
ultimately reduces the outer hair cells’
contributions to cochlear mechanical am-
plification. Because sound-evoked MOC
activity is greatly reduced in anesthetized
mice (Chambers et al., 2012), we activated
the MOC system by shocking their axons
at the floor of the IV th ventricle (Fig. 2A).
Since the LOC axons are unmyelinated,
the LOC system is not activated by these
shock trains (Gifford and Guinan, 1987).

To assay for MOC-mediated cochlear
suppression, we measure the amplitude of
cochlear responses to low-level acoustic
stimulation before, during, and after a 70 s
train of 200/s shocks delivered to the
MOC fibers (Fig. 3C). The cochlear re-
sponse we choose to measure is the ampli-
tude of the DPOAE, because it is driven by
the outer hair cell amplifier and because it
can be measured easily in the ear-canal
sound pressure. The immediate DPOAE
suppression at the onset of the shock train
(Fig. 3C, inset) provides a robust measure
of the MOC effect.

In normal ears, the magnitude of MOC
suppression varies with cochlear region,
with the maximum effect seen at frequen-
cies near 16 –22 kHz (Fig. 3C), where the
density of MOC innervation is greatest in
mice (Maison et al., 2003). In OC Lesion
regions, where the mean survival of MOC
terminals ranged from �30 to 60% (Fig.
3B), the mean MOC effect was also signif-
icantly reduced (Fig. 3C). For each of the

stimulus frequencies tested, there was a clear correlation between
the extent of MOC terminal loss in the appropriate cochlear lo-
cation and the reduction in size of the MOC effect: data for the
22.6 kHz region are shown in Figure 3D (r � 0.76). The data
suggest that our histological measure of cochlear de-efferentation
provides a reasonable metric of the loss of cochlear gain control.

Assessing age-related cochlear dysfunction
All animals were housed throughout the 39-week duration of
the experiment in an animal care facility, where the ambient
sound pressure was 40 dB SPL, except for brief periods during
cage cleaning when peak levels reached 70 dB SPL (Fig. 1). For
reference, 40 dB SPL is approximately the level in a quiet
library, and 70 dB SPL is well below that measured in a busy
restaurant.

To monitor age-related effects on cochlear function, and to
differentiate presynaptic from postsynaptic dysfunction in the
auditory periphery, we measured DPOAEs and ABRs as animals
aged to 45 weeks, which corresponds to �30% of their average
(2.75 years) lifespan (Sergeyenko et al., 2013). DPOAEs are
sounds created within the normal cochlea that can be measured
from the ear canal with a sensitive microphone. Normal DPOAEs
require normal outer hair cell function (Liberman et al., 2004),
but are unaffected by degeneration of cochlear nerve fibers,
which synapse, almost exclusively, with the inner hair cells (Fig.

Figure 4. Age-related threshold shift was more pronounced in de-efferented regions, especially as measured via ABRs. A, B,
Mean threshold shift (�SEM) vs age for Control vs OC Lesion groups, as seen via DPOAEs (A) or ABRs (B). Data from each group are
averaged across all test frequencies. C, D, Mean cochlear threshold shift (�SEM) vs frequency for Control vs OC Lesion groups as
seen via DPOAEs (C) or ABRs (D). For DPOAEs, differences between the OC Lesion group at 45 weeks and age-matched controls were
significant at the p �� 0.01 level for 11.3, 16, 22.6, and 32 kHz; differences at 45.2 kHz were significant at the p � 0.05 level. For
ABRs, differences were significant at the p � 0.01 level for 5.6, 8, 22.6, and 32 kHz, and at the p � 0.05 level for 11.3, 16, and 45.2
kHz. All data are normalized to the mean values for each group at 8 weeks. OC Lesion group is defined as shown in Figure 3A. Group
sizes are as described in Figure 3.
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2B). Wave 1 of the ABR reflects the syn-
chronous sound-evoked activity in the co-
chlear nerve. Thus, ABR amplitude
reductions in the presence of normal
DPOAEs are a sign of cochlear neuropa-
thy (Mills, 2003).

We measured cochlear function at six
log-spaced time intervals from 8 weeks to
45 weeks of age. The age-related threshold
elevation in the Control ears was minimal,
whether measured by DPOAEs or ABRs:
�5 dB when averaged across all test fre-
quencies (Fig. 4A,B) and �10 dB even at
high frequencies, where age-related hear-
ing loss tends to be worse (Fig. 4C,D). In
contrast, in the OC Lesion group, thresh-
old shift at 45 weeks had grown to almost
30 dB, when measured by ABRs (Fig. 4B).
The significantly smaller age-related shift
in DPOAE thresholds, only �10 dB at 45
weeks (Fig. 4A), suggests that only a frac-
tion of this age-related change is attribut-
able to outer hair cell dysfunction.

Prior work on cochlear neuropathy af-
ter acoustic overexposure has shown that
ABR thresholds are less sensitive metrics
of primary neural degeneration than the
suprathreshold amplitudes of ABR Wave
1, the summed contributions of the co-
chlear nerve (Melcher et al., 1996). This is
largely because the neural loss is, at least
initially, selective for those cochlear nerve
fibers with high thresholds (Furman et al.,
2013), which make minimal contribu-
tions to the threshold determination but
contribute to the growth of response am-
plitude with increasing sound pressure
level. In the present study, the OC Lesion
group showed a dramatic decrease in the
Wave 1 suprathreshold response ampli-
tudes at all frequency regions (Fig. 5D). The ABR amplitude dec-
rements were much larger than the reduction in DPOAE
response amplitudes (Fig. 5C). This is especially clear at low fre-
quencies, where the DPOAE changes were minimal (Fig. 5C).
However, even at 22.6 kHz, the 10 dB DPOAE reduction in the
OC Lesion group at 45 weeks (Fig. 5C) translates into an 8 dB
reduction in stimulus level (based on mean amplitude-vs-level
data from age-matched controls; data not shown), whereas the
70% reduction in mean ABR Wave 1 amplitude (Fig. 5D)
translates into a 31 dB stimulus attenuation (based on mean
ABR amplitude-vs-level data in age-matched controls; data
not shown). These data are consistent with a loss of responsive
cochlear nerve terminals in the de-efferented ears.

Assessing age-related cochlear neuropathy
To quantify cochlear-nerve synapses, we used immunomarkers
for presynaptic and postsynaptic proteins. At each synapse (Fig.
2B), a presynaptic ribbon, an electron-dense body within the
inner hair cell, is surrounded by synaptic vesicles and opposes a
single postsynaptic density on the terminal bouton of a cochlear-
nerve fiber (Liberman, 1980; Khimich et al., 2005), which ex-
presses AMPA-type glutamate receptors (Matsubara et al., 1996).
When the organ of Corti is immunostained with antibodies to

CtBP2 (a component of the synaptic ribbon; Schmitz et al., 2000)
and GluA2 (a glutamate receptor subunit), each cochlear-nerve
synapse is seen as a pair of immunopositive puncta (Fig. 2E,
inset). In a young normal ear, each inner hair cell has 10 –20
synapses arrayed around its basolateral membrane (Fig. 2E), de-
pending on cochlear location (Kujawa and Liberman, 2009).

In a middle-aged (45 week) Control ear, the number of syn-
apses was modestly reduced (Fig. 6B), i.e., by 2–20% depending
on cochlear location. This degree of age-related cochlear neurop-
athy is consistent with a recent report (Sergeyenko et al., 2013). In
middle-aged ears without efferent feedback, the neuropathy in-
creased dramatically, as seen by the confocal image in Figure 2F.
Synaptic counts revealed that the synaptic loss varied from 30 to
60% loss depending on location (Fig. 6B). There was no loss of
inner or outer hair cells in the middle-aged (45 weeks) Control
ears, and hair cell losses in the OC Lesion group were minimal
and seen only among outer hair cells and only at the most basal
locus (Fig. 6A).

To determine whether the synaptic degeneration was more
closely linked to loss of the MOC or the LOC innervation, we
separately considered the correlations in each frequency region.
One such comparison, i.e., the correlation between LOC survival
and cochlear-nerve synapse survival in the 22.6 kHz region, is

Figure 5. Age-related decrements in cochlear response amplitudes were more pronounced in de-efferented regions, especially
as measured via ABRs. Suprathreshold response amplitudes vs age (A, B) or frequency (C, D) for each group as seen via DPOAEs (A,
C) or ABRs (B, D). For each measure, responses at 60 – 80 dB SPL were averaged and normalized with respect to the mean values
for 8 week Controls. For A and B, responses were averaged across all frequencies. C, DPOAE differences between the OC Lesion
group at 45 weeks and age-matched controls were significant at the p � 0.01 level for 16, 22.6, and 32 kHz, and at the p � 0.05
level for 11.3 kHz. D, Differences between the OC Lesion group at 45 weeks and age-matched controls were significant at the p ��
0.01 level for all frequencies except 11.3, which was significant at the p � 0.05 level. For ABRs, only the amplitude of Wave 1 was
considered. OC Lesion group is defined as described in Figure 3A. Group sizes are as described in Figure 3. All data are group means
(�SEM).
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illustrated in Figure 6C: the correlation coefficient for these data
was 0.73. The correlation coefficients arising from analogous
plots at all 8 cochlear regions evaluated are compared for MOC
and LOC survival in Figure 6D; in the apical half of the cochlea,
MOC projections appear slightly better correlated with synaptic
survival, whereas in the basal half of the cochlea, the LOC contri-
butions clearly dominate.

Discussion
OC feedback: the search for a functional role
Activity in the MOC pathway, elicited by sound or by shocking
the OC bundle, suppresses cochlear responses by turning down
the gain of the outer-hair-cell “amplifier,” which decreases
sound-induced cochlear motion (Guinan, 2006). Effects of LOC
neurons are more poorly understood, because their axons are
unmyelinated. We do not know whether they respond to sound;
however, indirect evidence suggests they can modulate cochlear-
nerve excitability (Groff and Liberman, 2003). The functional
role of these OC systems remains controversial.

Animal studies suggest they may (1) mediate selective attention
by suppressing auditory responses when performing a visual task
(Delano et al., 2007), (2) improve discrimination of complex stimuli

in a noisy background (Dewson, 1968) by
suppressing response to continuous noise
and decreasing cochlear-nerve adaptation
(Kawase et al., 1993), (3) mediate the re-
learning of a sound-localization task after
monaural ear-plugging (Irving et al., 2011)
by altering the binaural balance of excitabil-
ity in the two cochlear nerves (Darrow et al.,
2006), or (4) suppress responses to self-
generated signals, e.g., in fish during swim-
ming (Highstein, 1992).

Human studies suggest that loss of OC
feedback (Chays et al., 2002) has minimal
effects on intensity discrimination, fre-
quency selectivity, loudness adaptation,
or frequency discrimination, but de-
creases performance on tasks requiring
selective attention in the frequency do-
main (Scharf et al., 1997). Human studies
also suggest that intersubject variability in
OC reflex strength, which can be assessed
by measuring suppression of ipsilateral
DPOAEs by contralateral noise (Collet et
al., 1990), correlates with performance on
discrimination of signals in noise (Mi-
cheyl and Collet, 1996).

Many ideas about OC function have
been pursued, because most effects of de-
efferentation are small. Although cochlear
de-efferentation can dramatically increase
noise-induced permanent threshold shifts
(Kujawa and Liberman, 1997), the sound
pressures required to produce such shifts
are high, e.g., 105–110 dB SPL for 2 h (Ra-
jan and Johnstone, 1989; Robertson and
Anderson, 1994; Reiter and Liberman,
1995; Kujawa and Liberman, 1997; Mai-
son et al., 2002). Thus, OC-mediated pro-
tection may be an epiphenomenon
(Christopher Kirk and Smith, 2003): i.e.,
important in industrialized society where
intense noise is rampant, but unlikely to

represent the selective pressure explaining the evolution of this
feedback system.

OC feedback and age-related hearing loss
The discovery that moderate levels of noise (e.g., 100 dB SPL for
2 h), which produce only temporary threshold elevation and no
hair cell damage, can permanently destroy cochlear afferent syn-
apses (Kujawa and Liberman, 2009) suggested that a reexamina-
tion of OC-mediated protection was warranted, focusing on
cochlear neuropathy and attenuation of suprathreshold re-
sponses rather than on hair cell damage and associated threshold
elevations. Having demonstrated that de-efferentation exacer-
bated cochlear neuropathy from exposures even at moderate
sound pressures (84 dB SPL for 1 week; Maison et al., 2013), in
the present study we avoided acoustic overexposure altogether to
ask whether efferent-mediated protection is necessary simply to
maintain normal synaptic function in the aging ear.

Cochlear synaptic loss in aging mice with normal efferent
function progresses monotonically from weaning (4 weeks) to
death (�2.75 years), followed, after a few months, by a propor-
tional loss of the neuronal cell bodies (Sergeyenko et al., 2013).

Figure 6. Age-related loss of afferent synapses was increased in de-efferented ears, and both LOC and MOC systems appear to
contribute to survival. A, Mean outer hair cell (OHC) loss (�SEMs) at 45 weeks in control and de-efferented groups. B, Mean counts
of afferent synapses in the inner hair cell (IHC) area (� SEMs), normalized to the values in young (8 week) control ears to estimate
percentage survival. OC Lesion group in A and B is defined as shown in Figure 2A. The differences in synaptic survival between the
OC Lesion group and age-matched controls was highly significant ( p �� 0.01) at all frequency regions. C, The correlation, in the 22
kHz region at 45 weeks, between LOC survival (from Fig. 2A) and cochlear-nerve synapse survival. Each point is from a different ear;
the best-fit straight line is shown (r � 0.73). Data are included from controls and all ears targeted by OC surgery (n � 42); i.e., both
ears after midline cuts and the ipsilateral ear after LSO lesions (Fig. 3A). D, Correlation coefficients, as a function of cochlear
frequency, between cochlear-nerve synaptic loss and either MOC or LOC survival. The dashed circle shows the value derived from
the data in C.
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Here, we show (Fig. 6B) that loss of efferent feedback has trans-
formed a middle-aged ear (�15% synaptic loss at 45 weeks) to a
senescent ear: synaptic loss in de-efferented ears (�40% across all
locations) corresponds to values in the oldest survivors (144
weeks) from the prior study (Sergeyenko et al., 2013).

To whatever extent the environment is noisier than in the
present study (Fig. 1), or the de-efferentation more complete
than in the present study (�50% survival; Fig. 3B), or the post-
de-efferentation longer than that in the present study (39 weeks),
the age-related neural degeneration will presumably be even
more pronounced. Without efferent feedback, damage to outer
hair cells also increases, which elevates hearing thresholds (Fig.
4), and loss of cochlear nerve synapses (Fig. 6) likely causes prob-
lems hearing in a noisy environment. These impairments are the
two classic signs of age-related hearing loss in humans. Since
MOC reflex strength varies among animals (Maison and Liber-
man, 2000) and humans (Backus and Guinan, 2007), and can be
assessed noninvasively (Collet et al., 1990), a test of efferent reflex
strength might identify those most at risk for acquiring signifi-
cant age-related hearing impairment.

MOC versus LOC contributions and mechanisms
The synapse between inner hair cells and cochlear nerve fibers is
exceptionally active. Even in the absence of sound, 60% of fibers
discharge spontaneously at 20 –120 spikes/s (Liberman, 1978). At
30 – 40 dB above threshold, almost all cochlear neurons will dis-
charge at 200 spikes/s for as long as the stimulus is present (Liber-
man, 1978). When the ear is stimulated by high-level noise (e.g.,
100 dB above threshold for tens of minutes), cochlear neuropathy
is seen immediately postexposure as an acute swelling of the co-
chlear nerve terminals near their synapses with inner hair cells
(Robertson, 1983). This swelling can be blocked by glutamate
antagonists (Pujol and Puel, 1999) and mimicked by glutamate
agonists in the absence of sound (Pujol et al., 1993), suggesting a
type of glutamate excitotoxicity at this highly active synapse.

Although efferent lesions in the present study involved both
LOC and MOC subsystems, our analysis (Fig. 6) suggested that
MOC effects are most important to efferent-mediated protection
in the apical half of the cochlea, whereas LOC contributions
dominate in the basal half. Given the different central origins and
peripheral targets of the two efferent subsystems (Fig. 2A,B), the
mechanisms underlying their protective effects are likely differ-
ent. The LOC system has been implicated in the control of exci-
totoxicity via its direct dopaminergic effects on the postsynaptic
cochlear-nerve terminal (Ruel et al., 2001); however, the mecha-
nisms underlying this putative protective effect have not been
investigated.

The MOC system could minimize damage by feedback gain-
control: as sound pressure increases, increasing MOC activation
decreases sound-evoked vibrations of the sensory epithelium
(Murugasu and Russell, 1996) and thereby decreases discharge
rate in cochlear nerve fibers (Stankovic and Guinan, 1999). In-
terestingly, the largest effects of MOC feedback are on high-
threshold fibers, which are also most vulnerable to acoustic
overexposure (Furman et al., 2013), Furthermore, for those high-
threshold fibers, the biggest MOC-mediated rate suppression is
for moderate-level sounds (Guinan and Stankovic, 1996) com-
parable to the peak levels in our animal care facility (Fig. 1) and
very common in everyday life. If age-related synaptopathy is pro-
portional to the average sound-evoked discharge rate in the co-
chlear nerve, sound-evoked feedback via an intact MOC reflex
should reduce neural degeneration over the course of a lifetime.
Since the MOC reflex is driven by sound-evoked activity in the

cochlear nerve, there may be a vicious cycle in the aging ear, in
which diminished efferent function causes cochlear-nerve loss,
which further decreases sound-evoked efferent activation, which
exacerbates the neuronal loss.

References
Backus BC, Guinan JJ Jr (2007) Measurement of the distribution of medial

olivocochlear acoustic reflex strengths across normal-hearing individuals
via otoacoustic emissions. J Assoc Res Otolaryngol 8:484 – 496. CrossRef
Medline

Bohne BA, Rabbitt KD (1983) Holes in the reticular lamina after noise ex-
posure: implication for continuing damage in the organ of Corti. Hear
Res 11:41–53. CrossRef Medline

Brown MC (1993) Fiber pathways and branching patterns of biocytin-
labeled olivocochlear neurons in the mouse brainstem. J Comp Neurol
337:600 – 613. CrossRef Medline

Chambers AR, Hancock KE, Maison SF, Liberman MC, Polley DB (2012)
Sound-evoked olivocochlear activation in unanesthetized mice. J Assoc
Res Otolaryngol 13:209 –217. CrossRef Medline

Chays A, Magnan J, Maison S (2002) Absence d’efférences olivocochléaires
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