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Cholinergic transmission is essential for survival and reproduction, as it is involved in
several physiological responses. In the auditory system, both ascending and descending
auditory pathways are modulated by cholinergic transmission, affecting the perception
of sounds. The auditory efferent system is a neuronal network comprised of several
feedback loops, including corticofugal and brainstem pathways to the cochlear receptor.
The auditory efferent system’s -final and mandatory synapses that connect the brain
with the cochlear receptor- involve medial olivocochlear neurons and outer hair cells.
A unique cholinergic transmission mediates these synapses through α9/α10 nicotinic
receptors. To study this receptor, it was generated a strain of mice carrying a null
mutation of the Chrna9 gene (α9-KO mice), lacking cholinergic transmission between
medial olivocochlear neurons and outer hair cells, providing a unique opportunity to
study the role of medial olivocochlear cholinergic transmission in auditory and cognitive
functions. In this article, we review behavioral and physiological studies carried out to
research auditory efferent function in the context of audition, cognition, and hearing
impairments. Auditory studies have shown that hearing thresholds in the α9-KO mice are
normal, while more complex auditory functions, such as frequency selectivity and sound
localization, are altered. The corticofugal pathways have been studied in α9-KO mice
using behavioral tasks, evidencing a reduced capacity to suppress auditory distractors
during visual selective attention. Finally, we discuss the evolutionary role of the auditory
efferent system detecting vocalizations in noise and its role in auditory disorders, such
as the prevention of age-related hearing loss.
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INTRODUCTION

Acetylcholine is an important neurotransmitter for both the
maintenance of internal homeostasis and the interaction of
individuals with the external environment (Picciotto et al.,
2012). Several physiological functions depend on cholinergic
transmission, including immunological, endocrine, and neural
responses (Picciotto et al., 2012; Cox et al., 2020). In the nervous
system, cholinergic transmission is ubiquitous, including, for
example, peripheral synapses that regulate autonomic and motor
responses, and central connections that modulate sensory and
cognitive functions (Huang et al., 2000; Miles et al., 2007;
Zagoraiou et al., 2009; Jordan et al., 2014; Sourioux et al., 2018;
Parikh and Bangasser, 2020). Due to the immense diversity
of neural circuits that depend on cholinergic transmission, the
specificity of cholinergic receptors at the synaptic level is essential
for the selectivity of their functions.

Cholinergic transmission is mediated via muscarinic and
nicotinic receptors, which involve metabotropic and ionotropic
signaling, respectively (Ishii and Kurachi, 2006; Hurst et al.,
2013). Regarding the auditory system, there are efferent pathways
connecting the brain with the cochlear receptors, and in the final
synapses of these descending circuits, the auditory efferent system
(AES) possesses a unique type of cholinergic transmission that
has evolved in vertebrates. These connections are mediated by
α9/α10 nicotinic acetylcholine receptors (nAChRs), located in
the synapses between medial olivocochlear neurons (MOC) and
outer hair cells (OHC) of the cochlea (Elgoyhen et al., 1994, 2009;
Delano and Elgoyhen, 2016).

In Vetter et al. (1999) generated a strain of mice carrying a
null mutation of the Chrna9 gene, giving rise to α9-KO mice,
which lack cholinergic transmission between MOC and OHCs.
These genetically modified mice provided a unique opportunity
to study the role of MOC cholinergic transmission in auditory
and cognitive functions.

This article reviews behavioral and physiological studies
examining the role of cholinergic MOC synapses in auditory
and cognitive functions, emphasizing those performed in α9-
KO mice. We also discuss the possible evolutionary role
of the auditory efferent system in mammals, probably as a
feedback loop to enhance the detection of acoustic signals in
noise. Finally, we present evidence that involves the MOC
cholinergic transmission in auditory disorders, such as age-
related hearing loss.

AUDITORY EFFERENT SYSTEM

The auditory efferent system is a neural network that originates
in the auditory cortex and projects to multiple subcortical nuclei
of the central auditory pathways. These corticofugal pathways
generate several feedback loops, including: the (i) collicular-
thalamic-cortico-collicular- loop; (ii) cortico-(collicular)-MOC
circuit; and (iii) cortico-(collicular)-cochlear nucleus loop
(Terreros and Delano, 2015). The most peripheral section of
the AES pathways projects from the superior olivary complex
in the brainstem to the inner ear and auditory nerve, via MOC

and lateral olivocochlear neurons, respectively (AES pathways are
summarized in Figure 1A).

The MOC system appears to be present in all mammals (Smith
et al., 2005). Comparative studies suggest that inner ear efferents
emerged during evolution from facial branchial motor neurons,
which project to the inner ear instead of facial muscles (Fritzsch
and Elliott, 2017). Like motor neurons, MOC neurons release
acetylcholine as their main neurotransmitter activating nicotinic
receptors in the OHCs. Pharmacological studies on MOC-
OHC synapses have shown that auditory efferent effects at the
cochlear receptor are mainly mediated by the α9/α10 nicotinic
cholinergic receptors (nAChRs) located in the basolateral domain
of OHCs (Kujawa et al., 1992, 1994; Rothlin et al., 1999; Vetter
et al., 1999; Elgoyhen et al., 2001). The activation of α9/α10
nAChRs by acetylcholine produces an increase of intracellular
Ca2+ concentration, permitting the opening of K+ channels
(SK2) at the basolateral domain, followed by an outward current
that hyperpolarizes the OHCs (Figure 1B). The physiological
effect of this OHC hyperpolarization is the reduction of basilar
membrane motion and an overall cochlear sensitivity decrease
(Elgoyhen and Katz, 2012). It is important to emphasize that,
given its position at the final synapses of the auditory efferent
network, studying the role of the α9/α10 nAChRs is paramount
to understanding the AES function.

THE α9/α10 NICOTINIC
ACETYLCHOLINE RECEPTORS

The evolutionary history of the nAChRs can be traced back as
far as a billion years (Fritzsch and Elliott, 2017), being ancestral
even to multicellular animals. During the early evolution of
animals, these receptors underwent rapid diversification into
several subunits (Li et al., 2016). Specifically, Chrna9 subunits
appear to be exclusively associated with vertebrates and its
research history formally begins in 1994 (Elgoyhen et al., 1994).
This receptor was identified showing a preferential localization
in the cochlear hair cells of the vertebrate inner ear (Elgoyhen
et al., 1994). In addition, it has also been found in dorsal root
ganglia and in other non-neural tissues, i.e., mice lymphocytes
and keratinocyte, rat alveolar macrophages, and murine bone
marrow cells (Lips et al., 2002; Peng et al., 2004; Chernyavsky
et al., 2007; Colomer et al., 2010; Lee et al., 2010; Mikulski et al.,
2010; Chikova and Grando, 2011; Koval et al., 2011; Hollenhorst
et al., 2012; Zablotni et al., 2015; Jiang et al., 2016; St-Pierre et al.,
2016), illustrating possible physiological functions in nociception
and beyond the nervous system.

Although the cholinergic nature of MOC was known since
the late 1950s (Churchill and Schuknecht, 1959), the structure
of this cholinergic receptor remained unknown for almost four
decades. This receptor is a pentameric cation channel composed
of two α9 and three α10 subunits with a nicotinic-muscarinic
pharmacological profile (Elgoyhen et al., 1994, 2001; Plazas et al.,
2005). The α10 subunit of the OHC nicotinic receptor was cloned
in Elgoyhen et al. (2001), while Vetter et al. (2007) demonstrated
that both subunits (α9 and α10) are required for a functional
channel. These authors concluded that the presence of the α10
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FIGURE 1 | Schematic representation of auditory efferent system pathway and MOC-OHC synapse. (A) Diagram of the auditory efferent system. Efferent pathways
are depicted in red arrows. The auditory cortex, medial geniculate body, inferior colliculus, cochlear nucleus, superior olivary complex and cochlea are depicted with
the same color in the left and right panel. (B) Diagram of the MOC-OHC synapse. Acetylcholine (ACh) is released from the MOC terminal (1) and binds the
postsynaptic α9/α10 receptor, which produces a Ca2+ influx (2). Then, the calcium-induced calcium release by ryanodine receptor (RyR) in the synaptic cistern (3)
activates SK2 channels with the subsequent K+ efflux (4), producing a hyperpolarization of the OHC.

subunit of nAChR is essential for MOC functioning (Elgoyhen
et al., 1994, 2001; Vetter et al., 1999; Weisstaub et al., 2002).

α9-KO MICE

In Vetter et al. (1999) generated a strain of mice carrying
a null mutation of the Chrna9 gene, giving rise to α9-
KO mice. This mouse was developed by replacing exon 4,
which contains the coding sequence of the ligand-binding site
and its surrounding sequences of the intron of the Chrna9
gene, with a neomycin resistance gene. This translates into a
nonfunctional α9 subunit, allowing investigations of the α9-
nAChR in vivo.

Despite no evident abnormalities in the gross cochlear
morphology of α9-KO mice, as compared to wild type (WT),
including the cochlear duct, hair cells, supporting cells, and
spiral ganglion neurons (Vetter et al., 1999), several abnormalities
have been described in the morphology and number of synaptic
terminals between MOC neurons and OHCs. Specifically, larger
and fewer MOC synaptic terminals have been described in α9-
KO mice (Vetter et al., 1999). For instance, in the middle
cochlear turn of WT mice, most of the OHCs are contacted
by two efferent terminals while in the α9-KO mice, most
OHCs are contacted by a single efferent terminal. This evidence
indicates that synaptic development of MOC neurons is altered

in the α9-KO mice, raising a caveat for the interpretation
of these results.

AUDITORY FUNCTION IN THE α9-KO
MICE

As evaluated by behavioral detection of tones in quiet and
background noise conditions, hearing thresholds are normal in
the α9-KO mice (Prosen et al., 2000; May et al., 2002). Similarly,
electrophysiological assessments using wave V thresholds of
auditory brainstem responses (ABR) have confirmed the presence
of normal hearing thresholds in the α9-KO mice compared to
WT mice (Terreros et al., 2016). As expected, MOC function
is abolished in the α9-KO mice when evaluated by electrical
stimulation of MOC fibers at the floor of the fourth ventricle
(Vetter et al., 1999), and diminished when assessed with
contralateral sound stimulation and measuring auditory-nerve
responses through wave I from ABR (Terreros et al., 2016).

Other auditory alterations have been found using the prepulse
inhibition of the Acoustic startle response, as it is decreased
in the α9-KO mice and increased in mutant mice that have
an enhanced MOC function (L9’T-KI) (Taranda et al., 2009;
Allen and Luebke, 2017; Lauer et al., 2021). Furthermore, the
α9-KO mice exhibit deficits in sound localization tasks, as
evaluated in conditioned lick suppression tasks to assess the

Frontiers in Neuroscience | www.frontiersin.org 3 April 2022 | Volume 16 | Article 866161

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-866161 April 26, 2022 Time: 10:3 # 4

Alvarez-Munoz et al. α9nAChR-KO: Corticofugal and Brainstem Functions

minimum audible angle (Clause et al., 2017). Evidence shows
that frequency selectivity is also impaired in mice models lacking
MOC transmission, as suggested by electrophysiological and
behavioral studies (Clause et al., 2014, 2017). In sum, the lack of
MOC cholinergic transmission does not alter hearing thresholds,
affecting, however, more complex auditory functions, such as
pre-pulse inhibition, frequency selectivity and sound localization.
Changes in auditory function in α9-KO are summarized in
Table 1.

AUDITORY EFFERENT CORTICOFUGAL
PATHWAYS

One of the proposed functions of the AES is the suppression
of irrelevant auditory distractors during visual attention. This
hypothesis emerges from studies performed in behaving cats
and chinchillas during visual selective attention tasks, in which
the animals showed a reduction of auditory nerve responses to
distracting sounds (Oatman et al., 1971; Delano et al., 2007).
This idea was tested in α9-KO mice that were trained in a
two-choice visual discrimination task with auditory distractors
(Terreros et al., 2016). In this task -similar to that used previously
in chinchillas-, α9- KO mice made fewer correct responses and
more omissions than WT mice when using 65 dB clicks and
tones as distractors. On the other hand, when presenting broad-
band noise at 90 dB as distractors, there were no differences
between α9-KO and WT mice. Furthermore, the strength of
the MOC reflex was positively correlated with the number of
correct responses and negatively correlated with omitted trials
in mice and chinchillas (Terreros et al., 2016; Bowen et al.,
2020). As a conclusion, we propose that MOC activation aids in
ignoring distracting sounds at moderate sound pressure levels,
while middle ear muscle activation might help in suppressing
auditory distractors at high sound pressure levels.

Recent works in humans and chinchillas have raised the
hypothesis that visual working memory could also recruit MOC
neurons. In this line, Marcenaro et al. (2021) indicated that
the strength of MOC activation by contralateral sounds is
enhanced during a visual working memory task in humans.
In a recent work, Vicencio-Jimenez et al. (2021) studied late
responses, executed 2.5 seconds after stimulus offset, in a visual
discrimination task in chinchillas, in which they had to hold
the visual stimulus in the working memory buffer to respond
correctly. Late responses were correlated with the strength of
the MOC reflex (contralateral sound) only when studied with
auditory distractors, but not when visual discrimination was
performed in silence (Vicencio-Jimenez et al., 2021). Together,
these studies suggest that the activation of MOC neurons
is a common characteristic of visual attention and visual
working memory to suppress irrelevant sound during these
cognitive tasks.

BRAINSTEM OLIVOCOCHLEAR
FUNCTION AND AUDITORY
PATHOLOGIES

The MOC reflex involves brainstem circuits, and its activation
reduces the cochlear gain, in a physiological effect that can be
useful protecting against acoustic trauma and aging. In this line,
the strength of the MOC reflex has been correlated with the
susceptibility to noise-induced hearing loss (NIHL) (Maison and
Liberman, 2000). This finding suggested that strengthening the
MOC feedback could prevent hearing loss after noise exposure.
Taranda et al. (2009) used the L9’T-KI mice with enhanced MOC
function to confirm the idea that brainstem MOC feedback can
reduce the damage induced by acoustic trauma.

Age-related hearing loss or presbycusis is a highly prevalent
condition in elderly people, especially in individuals chronically

TABLE 1 | Overview of auditory studies in α9-KO.

Auditory function α 9-KO References

MOC synaptic terminals per OHCs Lower number of efferent contacts and greater volumen Vetter et al., 1999

Tone and intensity discrimination Normal in quiet and background noise Prosen et al., 2000;
May et al., 2002

Prepulse inhibition threshold Decreased in quiet, but normal in background noise Allen and Luebke,
2017

Sound localization in conditioned lick suppression task Deficits in minimum audible angles Clause et al., 2017

Contralateral noise suppression of ABR waves I Decreased magnitude Terreros et al., 2016

Corticofugal pathway

Two-choice visual discrimination task with auditory distractors Fewer correct responses and more omissions during the presentation
of 65 dB clicks and tones

Terreros et al., 2016

Strength of the olivocochlear reflex correlates with the correct
responses and omissions

Terreros et al., 2016

Brainstem olivocochlear

Protection to acoustic trauma

ABR threshold after noise exposure Permanent elevation Boero et al., 2018

IHC ribbon synapses after noise exposure Decrease in number of synaptic puncta in basal cochlear area Boero et al., 2018

Auditory functions of α9-KO compared with wild type mice.
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exposed to acoustic noise. The disorder is characterized by
reduced hearing sensitivity and speech understanding in noisy
environments, altered central auditory processing, and a higher
risk for developing cognitive impairment and dementia (Panza
et al., 2015). On this basis, the strength of the efferent reflex has
been linked to the prevention of the development of hearing loss,
cochlear synaptopathy and age-related hair cell loss (Boero et al.,
2018, 2020).

Therefore, enhancing MOC feedback arises as a promising
approach to prevent age-related hearing loss. In this context,
the α9/α10 nAChR offers varied opportunities to be a
therapeutic target in the future. Two molecules known
for being able to enhance the activity of this receptor
are ascorbic acid and ryanodine (Zorrilla De San Martín
et al., 2007; Boffi et al., 2013), opening the possibility of
investigating their effects to prevent presbycusis. Although
clinical evidence is limited, there is at least one report
in humans showing a correlation between ascorbic acid
intake and improved hearing in the older population (Kang
et al., 2014). High-quality clinical trials are necessary to
further investigate these molecules as treatments for age-
related hearing loss.

The prevention or treatment of NIHL could also be
intervened by pharmacological modulation of α9/α10 nAChR.
Like by presbycusis, drugs that augment the effect of the
MOC system on the OHCs could be used to prevent
NIHL in workers performing in noisy conditions. Exposure
to loud noise has short and long-term consequences since
there may be a transient attenuation of hearing acuity or a
permanent threshold shift (Le et al., 2017). However, there are
occasions when exposure to loud noises generates an increase
in hearing thresholds in frequencies that are not measured
through conventional audiometry (Conventional audiometry
measures up to 8 kHz, therefore frequencies between 8 and
20 kHz are not routinely studied). It has been proposed
that the increase of the hearing thresholds in frequencies
above 8 kHz could reflect hidden hearing loss (HHL) in
humans, known as cochlear synaptopathy in animal models
(Kujawa and Liberman, 2009).

EVOLUTIONARY ROLE OF AUDITORY
EFFERENTS

Despite the evidence supporting an important role for MOC
cholinergic transmission in protecting against acoustic trauma
and cochlear synaptopathy, it is unlikely that this was a
critical factor in the evolutionary history of the AES. It is
far more probable that its evolution is linked to its function
with hearing in noise. The reason is that high-intensity noise
that induces acoustic trauma is not common in natural
conditions, making it more likely that this function arose as
an exaptation or evolutionary spandrel (Gould, 1997; Smith
and Keil, 2015). If we consider this evolutionary context,

some interesting questions about this receptor arise. How
has it changed in different mammals? What impact has the
evolutionary history of different mammalian families had on
the OHC nAChRs? For example, given the role of the MOC
system in the regulation of cochlear gain, it is likely that
it plays a part in the suppression of the individual’s own
vocalizations, protecting the cochlea from overstimulation (Lauer
et al., 2021). This would make it plausible to observe adaptations
in the α9/α10 nAChR associated with animals that have
high-intensity types of vocalizations, such as bats, cetaceans,
and some primates.

In this context, future research in the α9-KO mice could
evaluate the differences in vocalization patterns between them
and WT mice. Furthermore, in the case of animals with high-
intensity vocalizations, such as bats that vocalize above 100 dB
(Moss and Schnitzler, 1995), protection against acoustic trauma
might be a function directly selected in the MOC system.
Therefore, it also seems feasible to find adaptations in the
receptor associated with a high sound intensity environment.

CONCLUSION

In conclusion, experimental models such as the Chrna9 KO
mouse have allowed the development of multiple lines of auditory
research, facilitating substantial advances in the knowledge
about AES functioning, providing therapeutic possibilities for
the treatment of auditory pathologies. Notwithstanding all the
advances that the Chrna9 KO mouse has permitted in the
study of auditory physiology, we believe that the development
of a time-dependent conditional knock-out is key to the future
understanding of AES role in audition and cognition. This type
of tool would allow a better control of the possible compensatory
effects on embryonic development or neurotransmitter plasticity
due to the lack of cholinergic transmission (e.g., GABA), and to
rule out the impact of non-neural tissues that are also affected in
α 9-KO mice.
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(2014). The precise temporal pattern of prehearing spontaneous activity is
necessary for tonotopic map refinement. Neuron 82, 822–835. doi: 10.1016/j.
neuron.2014.04.001

Clause, A., Lauer, A. M., and Kandler, K. (2017). Mice lacking the alpha9 subunit
of the nicotinic acetylcholine receptor exhibit deficits in frequency difference
limens and sound localization. Front. Cell. Neurosci. 11:167. doi: 10.3389/fncel.
2017.00167

Colomer, C., Olivos-Oré, L. A., Vincent, A., McIntosh, J. M., Artalejo, A. R.,
and Guérineau, N. C. (2010). Functional characterization of α9-containing
cholinergic nicotinic receptors in the rat adrenal medulla: implication in
stress-induced functional plasticity. J. Neurosci. 30, 6732–6742. doi: 10.1523/
JNEUROSCI.4997-09.2010

Cox, M. A., Bassi, C., Saunders, M. E., Nechanitzky, R., Morgado-Palacin, I., Zheng,
C., et al. (2020). Beyond neurotransmission: acetylcholine in immunity and
inflammation. J. Intern. Med. 287, 120–133. doi: 10.1111/joim.13006

Delano, P. H., and Elgoyhen, A. B. (2016). Editorial: auditory efferent system: new
insights from cortex to cochlea. Front. Syst. Neurosci. 10:50. doi: 10.3389/fnsys.
2016.00050

Delano, P. H., Elgueda, D., Hamame, C. M., and Robles, L. (2007). Selective
attention to visual stimuli reduces cochlear sensitivity in chinchillas. J. Neurosci.
27, 4146–4153. doi: 10.1523/JNEUROSCI.3702-06.2007

Elgoyhen, A. B., Johnson, D. S., Boulter, J., Vetter, D. E., and Heinemann, S. (1994).
Alpha-9: an acetylcholine receptor with novel pharmacological properties
expressed in rat cochlear hair cells. Cell 79, 705–715. doi: 10.1016/0092-
8674(94)90555-x

Elgoyhen, A. B., and Katz, E. (2012). The efferent medial olivocochlear-hair cell
synapse. J. Physiol. 106, 47–56. doi: 10.1016/j.jphysparis.2011.06.001

Elgoyhen, A. B., Katz, E., and Fuchs, P. A. (2009). The nicotinic receptor of
cochlear hair cells: a possible pharmacotherapeutic target? Biochem. Pharmacol.
78, 712–719. doi: 10.1016/j.bcp.2009.05.023

Elgoyhen, A. B., Vetter, D. E., Katz, E., Rothlin, C. V., Heinemann, S. F., and
Boulter, J. (2001). alpha10: a determinant of nicotinic cholinergic receptor
function in mammalian vestibular and cochlear mechanosensory hair cells.
Proc. Natl. Acad. Sci. U.S.A. 98, 3501–3506. doi: 10.1073/pnas.051622798

Fritzsch, B., and Elliott, K. L. (2017). Evolution and development of the inner
ear efferent system: transforming a motor neuron population to connect to

the most unusual motor protein via ancient nicotinic receptors. Front. Cell.
Neurosci. 11:114. doi: 10.3389/fncel.2017.00114

Gould, S. J. (1997). The exaptive excellence of spandrels as a term and prototype.
Proc. Natl. Acad. Sci. U.S.A. 94, 10750–10755. doi: 10.1073/pnas.94.20.10750

Hollenhorst, M. I., Lips, K. S., Weitz, A., Krasteva, G., Kummer, W., and Fronius,
M. (2012). Evidence for functional atypical nicotinic receptors that activate K+–
dependent Cl− secretion in mouse tracheal epithelium. Am. J. Respir. Cell Mol.
Biol. 46, 106–114. doi: 10.1165/rcmb.2011-0171OC

Huang, A., Noga, B. R., Carr, P. A., Fedirchuk, B., and Jordan, L. M. (2000).
Spinal cholinergic neurons activated during locomotion: localization and
electrophysiological characterization. J. Neurophysiol. 83, 3537–3547. doi: 10.
1152/jn.2000.83.6.3537

Hurst, R., Rollema, H., and Bertrand, D. (2013). Nicotinic acetylcholine receptors:
from basic science to therapeutics. Pharmacol. Ther. 137, 22–54. doi: 10.1016/j.
pharmthera.2012.08.012

Ishii, M., and Kurachi, Y. (2006). Muscarinic acetylcholine receptors. Curr. Pharm.
Des. 12, 3573–3581. doi: 10.2174/138161206778522056

Jiang, W., St-Pierre, S., Roy, P., Morley, B. J., Hao, J., and Simard, A. R. (2016).
Infiltration of CCR2+Ly6Chigh proinflammatory monocytes and neutrophils
into the central nervous system is modulated by nicotinic acetylcholine
receptors in a model of multiple sclerosis. J. Immunol. 196, 2095–2108. doi:
10.4049/jimmunol.1501613

Jordan, L. M., McVagh, J. R., Noga, B. R., Cabaj, A. M., Majczyñski, H., Sławiñska,
U., et al. (2014). Cholinergic mechanisms in spinal locomotion—potential
target for rehabilitation approaches. Front. Neural Circ. 8:132. doi: 10.3389/
fncir.2014.00132

Kang, J. W., Choi, H. S., Kim, K., and Choi, J. Y. (2014). Dietary vitamin intake
correlates with hearing thresholds in the older population: the Korean National
Health and Nutrition Examination Survey. Am. J. Clin. Nutr. 99, 1407–1413.
doi: 10.3945/ajcn.113.072793

Koval, L., Lykhmus, O., Zhmak, M., Khruschov, A., Tsetlin, V., Magrini, E., et al.
(2011). Differential involvement of α4β2, α7 and α9α10 nicotinic acetylcholine
receptors in B lymphocyte activation in vitro. Int. J. Biochem. Cell Biol. 43,
516–524. doi: 10.1016/j.biocel.2010.12.003

Kujawa, S. G., Glattke, T. J., Fallon, M., and Bobbin, R. P. (1992). Intracochlear
application of acetylcholine alters sound-induced mechanical events within the
cochlear partition. Hear. Res. 61, 106–116. doi: 10.1016/0378-5955(92)90041-k

Kujawa, S. G., Glattke, T. J., Fallon, M., and Bobbin, R. P. (1994). A nicotinic-like
receptor mediates suppression of distortion product otoacoustic emissions by
contralateral sound. Hear. Res. 74, 122–134. doi: 10.1016/0378-5955(94)90181-
3

Kujawa, S. G., and Liberman, M. C. (2009). Adding insult to injury: cochlear
nerve degeneration after “temporary” noise-induced hearing loss. J. Neurosci.
29, 14077–14085. doi: 10.1523/JNEUROSCI.2845-09.2009

Lauer, A. M., Jimenez, S. V., and Delano, P. H. (2021). Olivocochlear efferent
effects on perception and behavior. Hear. Res. 108207. doi: 10.1016/j.heares.
2021.108207

Le, T. N., Straatman, L. V., Lea, J., and Westerberg, B. (2017). Current insights in
noise- induced hearing loss: a literature review of the underlying mechanism,
pathophysiology, asymmetry, and management options. J. Otolaryngol. Head
Neck Surg. 46:41. doi: 10.1186/s40463-017-0219-x

Lee, C.-H., Huang, C.-S., Chen, C.-S., Tu, S.-H., Wang, Y.-J., Chang, Y.-J., et al.
(2010). Overexpression and activation of the α9-nicotinic receptor during
tumorigenesis in human breast epithelial cells. JNCI J. Natl. Cancer Inst. 102,
1322–1335. doi: 10.1093/jnci/djq300

Li, M. D., Yang, Z., Guo, H., and Dash, B. (2016). “Evolutionary relationship of
nicotinic acetylcholine receptor subunits in both vertebrate and invertebrate
species,” in Nicotinic Acetylcholine Receptor Technologies Neuromethods, ed.
M. D. Li (New York, NY: Springer), 227–254. doi: 10.1007/978-1-4939-3768-
4_12

Lips, K. S., Pfeil, U., and Kummer, W. (2002). Coexpression of α9 and α10 nicotinic
acetylcholine receptors in rat dorsal root ganglion neurons. Neuroscience 115,
1–5. doi: 10.1016/S0306-4522(02)00274-9

Maison, S. F., and Liberman, M. C. (2000). Predicting vulnerability to acoustic
injury with a noninvasive assay of olivocochlear reflex strength. J. Neurosci. 20,
4701–4707. doi: 10.1523/JNEUROSCI.20-12-04701.2000

Marcenaro, B., Leiva, A., Dragicevic, C., López, V., and Delano, P. H. (2021).
The medial olivocochlear reflex strength is modulated during a visual

Frontiers in Neuroscience | www.frontiersin.org 6 April 2022 | Volume 16 | Article 866161

https://doi.org/10.3389/fncel.2017.00361
https://doi.org/10.1523/JNEUROSCI.0363-18.2018
https://doi.org/10.1523/JNEUROSCI.0363-18.2018
https://doi.org/10.1073/pnas.2000760117
https://doi.org/10.1073/pnas.2000760117
https://doi.org/10.1111/j.1476-5381.2012.02221.x
https://doi.org/10.1111/j.1476-5381.2012.02221.x
https://doi.org/10.1038/s41598-020-71399-8
https://doi.org/10.1016/j.yexcr.2007.07.011
https://doi.org/10.1371/journal.pone.0027978
https://doi.org/10.1016/j.neuron.2014.04.001
https://doi.org/10.1016/j.neuron.2014.04.001
https://doi.org/10.3389/fncel.2017.00167
https://doi.org/10.3389/fncel.2017.00167
https://doi.org/10.1523/JNEUROSCI.4997-09.2010
https://doi.org/10.1523/JNEUROSCI.4997-09.2010
https://doi.org/10.1111/joim.13006
https://doi.org/10.3389/fnsys.2016.00050
https://doi.org/10.3389/fnsys.2016.00050
https://doi.org/10.1523/JNEUROSCI.3702-06.2007
https://doi.org/10.1016/0092-8674(94)90555-x
https://doi.org/10.1016/0092-8674(94)90555-x
https://doi.org/10.1016/j.jphysparis.2011.06.001
https://doi.org/10.1016/j.bcp.2009.05.023
https://doi.org/10.1073/pnas.051622798
https://doi.org/10.3389/fncel.2017.00114
https://doi.org/10.1073/pnas.94.20.10750
https://doi.org/10.1165/rcmb.2011-0171OC
https://doi.org/10.1152/jn.2000.83.6.3537
https://doi.org/10.1152/jn.2000.83.6.3537
https://doi.org/10.1016/j.pharmthera.2012.08.012
https://doi.org/10.1016/j.pharmthera.2012.08.012
https://doi.org/10.2174/138161206778522056
https://doi.org/10.4049/jimmunol.1501613
https://doi.org/10.4049/jimmunol.1501613
https://doi.org/10.3389/fncir.2014.00132
https://doi.org/10.3389/fncir.2014.00132
https://doi.org/10.3945/ajcn.113.072793
https://doi.org/10.1016/j.biocel.2010.12.003
https://doi.org/10.1016/0378-5955(92)90041-k
https://doi.org/10.1016/0378-5955(94)90181-3
https://doi.org/10.1016/0378-5955(94)90181-3
https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1016/j.heares.2021.108207
https://doi.org/10.1016/j.heares.2021.108207
https://doi.org/10.1186/s40463-017-0219-x
https://doi.org/10.1093/jnci/djq300
https://doi.org/10.1007/978-1-4939-3768-4_12
https://doi.org/10.1007/978-1-4939-3768-4_12
https://doi.org/10.1016/S0306-4522(02)00274-9
https://doi.org/10.1523/JNEUROSCI.20-12-04701.2000
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-866161 April 26, 2022 Time: 10:3 # 7

Alvarez-Munoz et al. α9nAChR-KO: Corticofugal and Brainstem Functions

working memory task. J. Neurophysiol. 125, 2309–2321. doi: 10.1152/jn.00032.
2020

May, B. J., Prosen, C. A., Weiss, D., and Vetter, D. (2002). Behavioral investigation
of some possible effects of the central olivocochlear pathways in transgenic
mice. Hear. Res. 171, 142–157. doi: 10.1016/s0378-5955(02)00495-1

Mikulski, Z., Hartmann, P., Jositsch, G., Zasłona, Z., Lips, K. S., Pfeil, U., et al.
(2010). Nicotinic receptors on rat alveolar macrophages dampen ATP-induced
increase in cytosolic calcium concentration. Respir. Res. 11:133. doi: 10.1186/
1465-9921-11-133

Miles, G. B., Hartley, R., Todd, A. J., and Brownstone, R. M. (2007). Spinal
cholinergic interneurons regulate the excitability of motoneurons during
locomotion. Proc. Natl. Acad. Sci. U.S.A. 104, 2448–2453.

Moss, C. F., and Schnitzler, H.-U. (1995). “Behavioral studies of auditory
information processing,” in Hearing by Bats Springer Handbook of Auditory
Research, eds A. N. Popper and R. R. Fay (New York, NY: Springer), 87–145.
1-4612-2556-0_3 doi: 10.1007/978-

Oatman, L. C., Ground, A. P., and May, R. (1971). Role of visual attention on
auditory cats evoked potentials in unanesthetized. Exp. Neurol. 356, 341–356.

Panza, F., Solfrizzi, V., and Logroscino, G. (2015). Age-related hearing impairment-
a risk factor and frailty marker for dementia and AD. Nat. Rev. Neurol. 11,
166–175. doi: 10.1038/nrneurol.2015.12

Parikh, V., and Bangasser, D. A. (2020). “Cholinergic signaling dynamics and
cognitive control of attention,” in Behavioral Pharmacology of the Cholinergic
System Current Topics in Behavioral Neurosciences, eds M. Shoaib and T. L.
Wallace (Cham: Springer International Publishing), 71–87.

Peng, H., Ferris, R. L., Matthews, T., Hiel, H., Lopez-Albaitero, A., and Lustig, L. R.
(2004). Characterization of the human nicotinic acetylcholine receptor subunit
alpha (α) 9 (CHRNA9) and alpha (α) 10 (CHRNA10) in lymphocytes. Life Sci.
76, 263–280. doi: 10.1016/j.lfs.2004.05.031

Picciotto, M. R., Higley, M. J., and Mineur, Y. S. (2012). Acetylcholine as a
neuromodulator: cholinergic signaling shapes nervous system function and
behavior. Neuron 76, 116–129. doi: 10.1016/j.neuron.2012.08.036

Plazas, P. V., Katz, E., Gomez-Casati, M. E., Bouzat, C., and Elgoyhen, A. B. (2005).
Stoichiometry of the alpha9alpha10 nicotinic cholinergic receptor. J. Neurosci.
25, 10905–10912. doi: 10.1523/JNEUROSCI.3805-05.2005

Prosen, C. A., Bath, K. G., Vetter, D. E., and May, B. J. (2000). Behavioral
assessments of auditory sensitivity in transgenic mice. J. Neurosci. Methods 97,
59–67. doi: 10.1016/S0165-0270(00)00169-2

Rothlin, C. V., Katz, E., Verbitsky, M., and Elgoyhen, A. B. (1999). The alpha9
nicotinic acetylcholine receptor shares pharmacological properties with type
A gamma-aminobutyric acid, glycine, and type 3 serotonin receptors. Mol.
Pharmacol. 55, 248–254. doi: 10.1124/mol.55.2.248

Smith, D. W., and Keil, A. (2015). The biological role of the medial olivocochlear
efferents in hearing: separating evolved function from exaptation. Front. Syst.
Neurosci. 9:12. doi: 10.3389/fnsys.2015.00012

Smith, D. W., Kirk, E. C., and Buss, E. (2005). “The function(s) of the medial
olivocochlear efferent system in hearing,” in Auditory Signal Processing, eds
D. Pressnitzer, A. de Cheveigné, S. McAdams, and L. Collet (New York, NY:
Springer), 75–83. doi: 10.1007/0-387-27045-0_10

Sourioux, M., Bertrand, S. S., and Cazalets, J.-R. (2018). Cholinergic-mediated
coordination of rhythmic sympathetic and motor activities in the newborn rat
spinal cord. PLoS Biol. 16:e2005460. doi: 10.1371/journal.pbio.2005460

St-Pierre, S., Jiang, W., Roy, P., Champigny, C., LeBlanc, É, Morley, B. J., et al.
(2016). Nicotinic acetylcholine receptors modulate bone marrow-derived pro-
inflammatory monocyte production and survival. PLoS One 11:e0150230. doi:
10.1371/journal.pone.0150230

Taranda, J., Maison, S. F., Ballestero, J. A., Katz, E., Savino, J., Vetter, D. E., et al.
(2009). A point mutation in the hair cell nicotinic cholinergic receptor prolongs
cochlear inhibition and enhances noise protection. PLoS Biol. 7:e1000018. doi:
10.1371/journal.pbio.1000018

Terreros, G., and Delano, P. H. (2015). Corticofugal modulation of peripheral
auditory responses. Front. Syst. Neurosci. 9:134. doi: 10.3389/fnsys.2015.00134

Terreros, G., Jorratt, P., Aedo, C., Elgoyhen, A. B., and Delano, P. H. (2016).
Selective attention to visual stimuli using auditory distractors is altered in
alpha-9 nicotinic receptor subunit knock-out mice. J. Neurosci. 36, 7198–7209.
doi: 10.1523/JNEUROSCI.4031-15.2016

Vetter, D. E., Katz, E., Maison, S. F., Taranda, J., Turcan, S., Ballestero, J., et al.
(2007). The alpha10 nicotinic acetylcholine receptor subunit is required for
normal synaptic function and integrity of the olivocochlear system. Proc. Natl.
Acad. Sci. U.S.A. 104, 20594–20599. doi: 10.1073/pnas.0708545105

Vetter, D. E., Liberman, M. C., Mann, J., Barhanin, J., Boulter, J., Brown, M. C.,
et al. (1999). Role of α9 nicotinic ACh receptor subunits in the development
and function of cochlear efferent innervation. Neuron 23, 93–103. doi: 10.1016/
S0896-6273(00)80756-4

Vicencio-Jimenez, S., Bucci-Mansilla, G., Bowen, M., Terreros, G., Morales-
Zepeda, D., Robles, L., et al. (2021). The strength of the medial olivocochlear
reflex in chinchillas is associated with delayed response performance in a
visual discrimination task with vocalizations as distractors. Front. Neurosci.
15:759219. doi: 10.3389/fnins.2021.759219

Weisstaub, N., Vetter, D. E., Elgoyhen, A. B., and Katz, E. (2002). The
alpha9alpha10 nicotinic acetylcholine receptor is permeable to and is
modulated by divalent cations. Hear. Res. 167, 122–135. doi: 10.1016/s0378-
5955(02)00380-5

Zablotni, A., Dakischew, O., Trinkaus, K., Hartmann, S., Szalay, G., Heiss, C.,
et al. (2015). Regulation of acetylcholine receptors during differentiation of
bone mesenchymal stem cells harvested from human reaming debris. Int.
Immunopharmacol. 29, 119–126. doi: 10.1016/j.intimp.2015.07.021

Zagoraiou, L., Akay, T., Martin, J. F., Brownstone, R. M., Jessell, T. M., and Miles,
G. B. (2009). A cluster of cholinergic premotor interneurons modulates mouse
locomotor activity. Neuron 64, 645–662. doi: 10.1016/j.neuron.2009.10.017

Zorrilla De San Martín, J., Ballestero, J., Katz, E., Elgoyhen, A. B., and Fuchs, P. A.
(2007). Ryanodine is a positive modulator of acetylcholine receptor gating in
cochlear hair cells. JARO. J. Assoc. Res. Otolaryngol. 8, 474–483. doi: 10.1007/
s10162-007-0090-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Alvarez-Munoz, Vicencio-Jimenez, Jorratt, Delano and Terreros.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 7 April 2022 | Volume 16 | Article 866161

https://doi.org/10.1152/jn.00032.2020
https://doi.org/10.1152/jn.00032.2020
https://doi.org/10.1016/s0378-5955(02)00495-1
https://doi.org/10.1186/1465-9921-11-133
https://doi.org/10.1186/1465-9921-11-133
https://doi.org/10.1007/978-
https://doi.org/10.1038/nrneurol.2015.12
https://doi.org/10.1016/j.lfs.2004.05.031
https://doi.org/10.1016/j.neuron.2012.08.036
https://doi.org/10.1523/JNEUROSCI.3805-05.2005
https://doi.org/10.1016/S0165-0270(00)00169-2
https://doi.org/10.1124/mol.55.2.248
https://doi.org/10.3389/fnsys.2015.00012
https://doi.org/10.1007/0-387-27045-0_10
https://doi.org/10.1371/journal.pbio.2005460
https://doi.org/10.1371/journal.pone.0150230
https://doi.org/10.1371/journal.pone.0150230
https://doi.org/10.1371/journal.pbio.1000018
https://doi.org/10.1371/journal.pbio.1000018
https://doi.org/10.3389/fnsys.2015.00134
https://doi.org/10.1523/JNEUROSCI.4031-15.2016
https://doi.org/10.1073/pnas.0708545105
https://doi.org/10.1016/S0896-6273(00)80756-4
https://doi.org/10.1016/S0896-6273(00)80756-4
https://doi.org/10.3389/fnins.2021.759219
https://doi.org/10.1016/s0378-5955(02)00380-5
https://doi.org/10.1016/s0378-5955(02)00380-5
https://doi.org/10.1016/j.intimp.2015.07.021
https://doi.org/10.1016/j.neuron.2009.10.017
https://doi.org/10.1007/s10162-007-0090-y
https://doi.org/10.1007/s10162-007-0090-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Corticofugal and Brainstem Functions Associated With Medial Olivocochlear Cholinergic Transmission
	Introduction
	Auditory Efferent System
	The α9/α10 Nicotinic Acetylcholine Receptors
	α9-Ko Mice
	Auditory Function in the α9-Ko Mice
	Auditory Efferent Corticofugal Pathways
	Brainstem Olivocochlear Function and Auditory Pathologies
	Evolutionary Role of Auditory Efferents
	Conclusion
	Author Contributions
	Funding
	References


