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Overview

Structural 
organization

Physiology

Hypothesized 
roles in hearing

Olivocochlear (OC) brain-to-ear 
feedback pathway

Fuchs and Lauer 2018

Cholinergic and dopaminergic 
feedback loops between brainstem 
& cochlea.

Crossed and uncrossed myelinated 
MOCs. Uncrossed, unmyelinated 
LOCs. 

Brown and Levine, 2008 

Terminal branching patterns in the cochlea

Liberman and Brown 1986

Brown 2011

MOCs
LOCs

MOCs

Prestin is involved MOC synapse 
formation!
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FIGURE 3 | Representative immunofluorescent images of the organ of Corti from prestin WT (A) and KO (B) mice. (C) An enlarged OHC from an apical turn of
prestin-KO cochlea (P21, male). Radial cochlear sections from WT (P138, male) and prestin-KO (P37, male) mice were stained with anti-KCNQ4 (green).
Phalloidin-Alexa 546 (red), and Hoechst 33342 (blue) for actin and nuclei, respectively, were also used. White arrow indicates KCNQ4 signal on the LM of OHC in
prestin-KO mouse. IHC, inner hair cells; DCs, Dieters’ cells. Scale bars, 10 µm.

similar to that reported in humans (Supplementary Figure S1). In
prestin-KOmice, however, the synaptophysin signals were widely
distributed along the LMofOHCs in addition to the supranuclear
and subnuclear places (Figure 4A and Supplementary Figure S1,
n = 5, P20–41). To investigate whether prestin’s motile function
contributes to the disorganizedMOC synapses, we also examined
the MOC synapses in OHCs from 499-presitn-KI mice. As
shown in Figure 4B (n = 4, P18–32), synaptophysin signals

were prominently associated with subnuclear synapses, similar
to the expression patterns observed in OHCs from WT mice
shown in Figure 4A. Compared to WT and 499-KI, the MOC
supranuclear terminals in prestin-KO mice were larger, and
more numerous (Figure 4A and Supplementary Figure S1). By
using an antibody against vesicular acetylcholine transporter
(VAChT), which is specific to cholinergic e�erent terminals,
we also confirmed that enlarged supranuclear and subnuclear

FIGURE 4 | Abnormal localization of MOC synapses in OHCs from prestin-KO mice. Representative images are shown for each panel. (A) 3D reconstructions of
z-stack images of cochlear whole mounts from the middle turn of 129/B6 WT (P55, female) and prestin-KO (P26, male) mice, showing three rows of OHCs oriented
such that the cuticular plate is facing upward and the first OHC row is toward the front. In WT, MOC terminals are found at the bottom of the OHCs, while in the
prestin-KO, MOC terminals are disorganized and extend upward to the cuticular plate. Green: anti-synaptophysin for synaptic vesicles. Red: phalloidin-Alexa 546 for
actin. Blue: Hoechst 33342 for nuclei. (B) 3D reconstructions of z-stack images of cochlear whole mounts from the middle turn of 499-prestin-KI (P21, female)
mouse, showing three rows of OHCs. MOC terminals (stained with anti-synaptophysin) were found at the bottom of the OHCs. (C) 3D reconstruction of z-stack
images of a cochlear whole mount from the apical turn of a prestin-KO (P22, male), stained with anti-VAChT (green), phalloidin-Alexa 546 (actin) and Hoechst 33342
(nuclei; OHC nuclei were marked with white dotted circles). MOC terminals above OHC nucleus (white arrows) are often present in addition to the subnuclear
terminals at the bottom (yellow arrow). Scale bar, 10 µm. (D) TEM image of prestin-KO OHC with two MOC terminals at the side (E) and the bottom (F) of the cell.
Boxed regions correspond to the images in (E,F), respectively. 1200⇥, scale bar, 1 µm. (E,F) Enlarged images of supranuclear synapse along the LM of OHCs
(E) and subnuclear synapse (F). Both terminals in (E,F) contain numerous small synaptic vesicles. 10,000⇥, scale bars, 100 nm.
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FIGURE 7 | Medial olivocochlear terminals are altered in mice lacking prestin. (A) Cochlear whole mounts from the middle turn of prestin-WT and KO mice were
stained with anti-synaptophysin. Representative single-slice images of subnuclear synapses from a z-stack series are shown (WT, P27, male; KO, P22, female). In
prestin-WT mice, subnuclear MOC terminals were often found in clusters of 2–4 (arrows indicate clusters of 2 and 3), while in prestin-KOs the terminals were more
often in singlets or doublets (arrows indicate clusters of 1 and 3). Scale bars, 10 µm. (B) Distribution of the MOC terminal clusters between WT and KO was
significantly different (p = 0.0007, Welch’s unequal variances t-test). (C) Alpha 9 nAChR expression in prestin-KO mice. RT-PCR using total RNA isolated from
prestin-WT (P21, female) and KO (P23, male) cochleae. Cyclophilin was used as an internal control. Prestin-KO showed comparable levels of Chrna9 mRNA
compared to WT.

FIGURE 8 | Schematic representation of our results. In the absence of prestin
(green), the OHCs fail to develop specialized lateral membrane (LM) domains.
As a result, targeting of membrane proteins such as PMCA2 (apical, pink) and
KCNQ4 (basal, purple) becomes less restricted. Although the MOC terminals
are found at the basal end of OHCs in WT mice, they are mislocalized in
prestin-KO mice and become widely distributed along the LM.

of prestin protein. We compared the mRNA expression profiles
of prestin-WT and KO OHCs using ScRNA-seq (n = 3), and
found no significant changes for Chrna9 (a9), Chrna10 (a10),
and Kcnma1 (BK channels) (Data not shown). Consistently, a9
messages were still detected at comparable levels in prestin-KO
cochleae as shown in Figure 7C (WT, n = 2; KO, n = 3).
Thus, it is likely that the defects found in MOC terminals in
prestin-KO mice are independent of the expression status of
MOC pathway components. Collectively, our results suggest that
the presence of prestin protein is important for establishing
membrane compartments, which in turn direct the formation of
normal OHC-MOC synapses.

DISCUSSION

In this study, we investigated the role of prestin in establishing
proper membrane domains in OHCs. Our experimental evidence
in mice indicates that the distribution of apical membrane

protein PMCA2 and of basal protein KCNQ4 is not restricted
to designated membrane domains in prestin-KO OHCs as it is
in WT controls (Figure 8). Since PMCA2 can be detected in the
LM of immature hair cells (P2) and when newly synthesized from
exogenous DNA (Hill et al., 2006), PMCA2 localization at the LM
of prestin-KO OHCs may reflect the immature status of OHCs
in the absence of prestin. Similarly, KCNQ4 is initially found in
the basolateral membrane during neonatal development before
coalescing at the bottom of the cell (Boettger et al., 2002; Winter
et al., 2006). Hence, the wide distribution of KCNQ4 along the
basolateral membrane in prestin-KOs (Figure 3) suggests that
OHCs never reach theirmature status. It is, therefore, conceivable
that the postnatal maturation of OHCs depends on prestin
expression to attain specialized LM structures.

Outer hair cells are highly specialized cells with a unique
trilaminar structure consisting of the subsurface cisternae (SSC),
the cortical lattice (CL), and the PM filled with prestin proteins.
When OHCs lack prestin, the CL becomes disorganized (He
et al., 2010). Since prestin indirectly interacts with one of the
cytoskeletal components, bV spectrin (Legendre et al., 2008),
which localizes to the lateral wall (Cortese et al., 2017), prestin
may be essential for CL organization. In addition, prestin
proteins appear to have less mobility in the plasma membrane
compared to other membrane proteins. As demonstrated in
fluorescence recovery after photobleaching (FRAP) experiments,
prestin-GFP expressed in HEK293 cells has a lower e�ective
di�usion coe�cient and slower recovery time than other
proteins (Organ and Raphael, 2007). Prestin also interacts with
cholesterol (Takahashi et al., 2016), which likely contributes to
the immobility of the LM domain. In fact, mobility of membrane
proteins was observed only when cyclodextrin, a cholesterol
chelator, and salicylate, a prestin inhibitor which also vesiculates
SSC, were co-applied (Yamashita et al., 2015). These observations
indicate that prestin plays an essential role in establishing the
specialized LM.

Our experimental results also show mislocalization of MOC
terminals in the absence of prestin (Figure 4). MOC e�erents
begin to contact OHCs around the time when prestin expression
in the LM nears its maximum (Figure 1). Although the initial
formation of synapses between hair cells and auditory nerve fibers
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of prestin protein. We compared the mRNA expression profiles
of prestin-WT and KO OHCs using ScRNA-seq (n = 3), and
found no significant changes for Chrna9 (a9), Chrna10 (a10),
and Kcnma1 (BK channels) (Data not shown). Consistently, a9
messages were still detected at comparable levels in prestin-KO
cochleae as shown in Figure 7C (WT, n = 2; KO, n = 3).
Thus, it is likely that the defects found in MOC terminals in
prestin-KO mice are independent of the expression status of
MOC pathway components. Collectively, our results suggest that
the presence of prestin protein is important for establishing
membrane compartments, which in turn direct the formation of
normal OHC-MOC synapses.

DISCUSSION

In this study, we investigated the role of prestin in establishing
proper membrane domains in OHCs. Our experimental evidence
in mice indicates that the distribution of apical membrane

protein PMCA2 and of basal protein KCNQ4 is not restricted
to designated membrane domains in prestin-KO OHCs as it is
in WT controls (Figure 8). Since PMCA2 can be detected in the
LM of immature hair cells (P2) and when newly synthesized from
exogenous DNA (Hill et al., 2006), PMCA2 localization at the LM
of prestin-KO OHCs may reflect the immature status of OHCs
in the absence of prestin. Similarly, KCNQ4 is initially found in
the basolateral membrane during neonatal development before
coalescing at the bottom of the cell (Boettger et al., 2002; Winter
et al., 2006). Hence, the wide distribution of KCNQ4 along the
basolateral membrane in prestin-KOs (Figure 3) suggests that
OHCs never reach theirmature status. It is, therefore, conceivable
that the postnatal maturation of OHCs depends on prestin
expression to attain specialized LM structures.

Outer hair cells are highly specialized cells with a unique
trilaminar structure consisting of the subsurface cisternae (SSC),
the cortical lattice (CL), and the PM filled with prestin proteins.
When OHCs lack prestin, the CL becomes disorganized (He
et al., 2010). Since prestin indirectly interacts with one of the
cytoskeletal components, bV spectrin (Legendre et al., 2008),
which localizes to the lateral wall (Cortese et al., 2017), prestin
may be essential for CL organization. In addition, prestin
proteins appear to have less mobility in the plasma membrane
compared to other membrane proteins. As demonstrated in
fluorescence recovery after photobleaching (FRAP) experiments,
prestin-GFP expressed in HEK293 cells has a lower e�ective
di�usion coe�cient and slower recovery time than other
proteins (Organ and Raphael, 2007). Prestin also interacts with
cholesterol (Takahashi et al., 2016), which likely contributes to
the immobility of the LM domain. In fact, mobility of membrane
proteins was observed only when cyclodextrin, a cholesterol
chelator, and salicylate, a prestin inhibitor which also vesiculates
SSC, were co-applied (Yamashita et al., 2015). These observations
indicate that prestin plays an essential role in establishing the
specialized LM.

Our experimental results also show mislocalization of MOC
terminals in the absence of prestin (Figure 4). MOC e�erents
begin to contact OHCs around the time when prestin expression
in the LM nears its maximum (Figure 1). Although the initial
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MOC terminals are 
displaced and fewer but 
larger in KOs; related to 
less restrictive membrane 
protein targeting?

OC axon collaterals in cochlear nucleus

From MOCs definitely, LOCs maybe

Mostly in PVCN, pAVCN shell; 
occasional axons enter core

Probably excitatory. Synaptic 
mechanism is not clear.
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MOC neurons show frequency-tuned 
responses to sound, much like ANFs

Liberman and Brown 1986

Classic effects of crossed olivocochlear bundle 
stimulation (MOC) on auditory nerve responses 

From Guinan (2006) Ear and Hearing review; early work by 
Winslow & Sachs

Classic medial MOC effects are mediated by the 
alpha9 nicotinic receptor subunit

Normally, activation of MOCs with 
electrical shocks or contralateral 
noise inhibits OHC activity, 
measured here with distortion 
product otoacoustic emissions. 

What does this do to the auditory 
nerve response?

Vetter et al., 1999

Wersinger & Fuchs, 2011

Lauer and May, 2011

Classic medial MOC effects are mediated by the 
alpha9 nicotinic receptor subunit

Mice missing the alpha9 subunit 
lack classic suppression
effects on OHCs and AN.

Why is the AN effect 
observed if a9Rs are on the 
OHCs?

Vetter et al., 1999

Wersinger & Fuchs, 2011

Lauer and May, 2011

Effects of OC bundle stimulation on 
cochlear nucleus neurons

Mulders et al. (2009)

What does efferent 
activation mean for 
functional hearing?
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Hypothesized roles in 
hearing

• Anti-masking/hearing in noise
• Protection from noise
• Selective attention
• Sound localization & binaural balancing
• Protection from age-related hearing loss
• Development of central pathways

But…experimental evidence is conflicting 
across studies!

Olivocochlear efferents: The 
appendix of the ear?

(1992). In The evolutionary biology of hearing (pp. 185-210). 
Springer, New York, NY.

Difficulty demonstrating consistent 
functional effects makes efferent 

investigations mysterious, intriguing, 
and frustrating!

Simmons 2002, J Neurobiol

Presence across vertebrate classes 
indicates they must be important for some 

fundamental biological purpose!

Hearing in Noise

Speech sound discrimination deficits in 
noise after OC bundle lesions

Hienz et al. 1998

Cats trained to discriminate frequency 
changes in second formant (f2) of 
vowels in background noise.

Detected small changes prior to 
surgery.

Required larger frequency differences 
to make the discrimination in noise 
after lesion; behavior in quiet is 
unchanged.
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OCB lesions affect sound localization in noise

Cats trained to discriminate change 
in location of sounds in median 
vertical plane.

Performance is disrupted in noise, 
but not quiet in lesioned animals.

Suggests MOC activation normally 
unmasks spectral (pinna) cues.

Not shown: thresholds return to 
normal with continued testing!

May, B. J. et al. Arch Otolaryngol Head Neck Surg 2004;130:660-664.

Protection from 
noise exposure

MOC protects against noise-induced 
threshold shift via alpha9 receptor subunit

Mice with a gain of function point 
mutation of the alpha9 receptor 
subunit show enhanced 
protection from noise.

Other data from guinea pigs show 
correlations between MOC reflex 
strength and protection from 
noise-induced hearing loss.

Lesioning the olivocochlear
bundle results in decreased 
protection (cats).Taranda et al. 2009

Kirk & Smith, 2003, JARO

Problem: high noise levels were uncommon 
for most species over the course of evolution

Selective 
Attention

OC lesions in humans produce selective 
attention deficits

Detection of expected and 
unexpected tones in noise.

Preferential detection of 
expected frequency is taken 
as evidence of selective 
attention.

No difference on expected 
vs. unexpected in vestibular 
neurectomy patients (lesions 
OC bundle).

Scharf 1994, 1997 
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Efferent specializations to protect against 
noise/age-related hearing deficits, tuning in to 

biologically important sounds (or not)?

Olivocochlear efferents in the big 
brown bat. Lauer /Moss Labs

And the opposite of bats: mole rats 
(Pyott, Park, Lysakowski, Lauer)

How can the MOC system 
play a role in attention to 
biologically important 
signals if it’s just an ear-
brainstem feedback loop?

How can the MOC system play a 
role in attention?

Serotonergic and noradrenergic inputs to 
OC neurons (behavioral/arousal state 
modulation).

IC and auditory cortex inputs to MOC 
neurons (direct top-down control)

Synapses formed spine-associated 
terminals might mediate central plasticity 
(learning). 

Brown et al. 2013

OC plasticity with 
noise and age

Exposure to increased background noise 
induces upregulation of LOCs

Change in the distribution of synaptic 
vesicle protein 2 (SV2) labeling in the LOC 
terminals after exposure to 1 wk ~85dB 
broadband noise.

No substantial change in the MOCs. 

Dillan Villavisanis

Control Noise
MOC

LOC

Nanoscale reorganization of efferent synapses 
with accelerated age-related hearing loss!

Lauer et al., 2012

Young

Accelerated age-related 
HL

Afferent
Efferent

Increased efferent innervation of inner hair cells 
in C57BL6 mice with early-onset age-related 
hearing loss.

Lauer et al. 2012, Neurobiol. Aging
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Increased efferent innervation of IHCs with 
accelerated age-related hearing loss

MOC?

LOC

Lauer et al. 2012, Neurobiol. Aging

Associated with ~50% ribbon synapse loss. 
These synapses inhibit IHC activity as 
immature MOCs do (Zachary and Fuchs 
2016). Protective or maladaptive?

Cannot observe 
with immuno!

2 mo

12 mo

What might this 
plasticity mean for 
selective attention, 
hearing in noise, 
and protection from 
noise/age?

I skipped something really 
important: What do the 
LOC neurons do?

Go to slido.com #C230 to submit answers


