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Summary

Intense noise damages the cochlear organ of Corti, particularly the outer hair cells (OHCs)[1],
however this epithelium is not innervated by nociceptors of somatosensory ganglia, which detect
damage elsewhere in the body. The only sensory neurons innervating the organ of Corti originate
from the spiral ganglion, roughly 95% of which innervate exclusively inner hair cells (IHCs)[2-4].
Upon sound stimulation, IHCs release glutamate to activate AMPA-type receptors on these
myelinated type-1 neurons, which carry the neuronal signals to the cochlear nucleus. The
remaining spiral ganglion cells (type-1Is) are unmyelinated and contact OHCs[2-4]. Their function
is unknown. Using immunoreactivity to cFos, we documented neuronal activation in the brainstem
of Vglut3~/~ mice, in which the canonical auditory pathway (activation of type-I afferents by
glutamate released from inner hair cells) is silenced[5, 6]. In these deaf mice, we found responses
to noxious noise, that damages hair cells, but not to innocuous noise, in neurons of the cochlear
nucleus, but not in the vestibular or trigeminal nuclei. This response originates in the cochlea and
not in other areas also stimulated by intense noise (middle ear and vestibule) as it was absent in
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CD1 mice with selective cochlear degeneration but normal vestibular and somatosensory function.
These data imply the existence of an alternative neuronal pathway from cochlea to brainstem that
is activated by tissue-damaging noise and does not require glutamate release from IHCs. This
detection of noise-induced tissue damage, possibly by type-Il cochlear afferents, represents a
novel form of sensation we term auditory nociception.

Results and Discussion

A mouse model lacking the canonical sensory pathway from cochlea to brain

Although cochlear hair cells are specialized for detecting sound-induced vibration, intense
and persistent noise will damage and ultimately destroy them [1]. Throughout most of the
body, nociceptors of the dorsal root and trigeminal ganglia detect tissue damage (or the
physical stimuli causing it) of this sort. However, somatosensory neurons do not innervate
the organ of Corti, raising the question of whether its damage goes undetected, or whether
the cochlea has an alternative, nociceptor-like mechanism. To address these questions, we
sought an animal model in which the known form of communication from cochlea to brain,
i.e. the activation of myelinated type-1 sensory neurons by glutamate released from inner
hair cells, has been silenced.

IHCs express only one isoform of the vesicular glutamate transporter (VGLUT3) that loads
glutamate into presynaptic vesicles [5, 6]. IHCs lacking VGLUT3 do not release glutamate
and thus fail to activate type-I afferents, which comprise 95% of the cochlea sensory fibers.
As expected, electrophysiology in Vglut3=/~ mice shows no sign of cochlear nerve
responses to sound, even though hair cells retain normal mechanoelectric transduction [5, 6].
In addition Vglut3~'~ mice do not show startle responses to noise at levels up 125 dB.
Hence, in Vglut3~'~ mice the canonical auditory pathway is completely silenced [6].

We confirmed that VGLUT3 expression was abolished in Vglut3~/~ mice (Fig S1A-H).
Consistent with previous reports [5-7], we did not detect VGLUT3 in OHCs (Fig S1A-H).
We also confirmed the loss of spiral ganglion neurons in Vglut3=/~ mice, thought to arise
from lack of synaptic stimulation [6]. Interestingly, this neuronal loss was selective for type-
| cells (Fig S11-K). The survival of type-IIs in Vglut3~/~ mice is consistent with the lack of
VGLUT3 immunoreactivity in OHCs and with the lack of expression of AMPA-type
glutamate receptors in adult type-I1 afferent terminals [8]. These observations suggest that
transmission at the OHC/type-I1 synapse is very different from that at the IHC/type-I
synapse. Thus, in Vglut3~/~ mice, the IHC/type-I pathway from cochlea to brain is silenced.
Any response of these mice to sound would imply an alternative mechanism of auditory
sensing, perhaps involving the type-Il innervation of OHCs.

Noise avoidance requires VGLUT3

We first tested whether Vglut3=/~ mice display any nocifensive behavior in response to
intense noise. We developed an assay in which freely move between two interconnected
compartments: one exposed to noise and another with attenuated sound levels. Measuring
the time spent in the noisy vs attenuated environments (Fig 1) revealed noise-avoidance
behavior in mice expressing VGLUT3 (wildtype and Vglut3*/~ heterozygotes), whereas
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Vglut3~/~ mice showed no preference. These results further demonstrate that Vglut3—/~
mice do not respond behaviorally to sound and suggest that noise avoidance requires the
canonical auditory pathway involving glutamatergic activation of type-I neurons.

Noxious noise activates neurons in cochlear nuclei through a VGLUT3-independent

pathway

The brief (2 min) and intermittent (every 4 min) exposures up to 120 dB used in the noise-
avoidance assay are probably not sufficiently traumatic to cause hair cell damage [9]. In the
somatosensory system, Ad nociceptors trigger nocifensive avoidance, but it is the slower C-
fiber nociceptors that cause the slow and lasting pain resulting from tissue damage. In order
to determine whether the cochlea has a system for detecting tissue-damaging noise, we
exposed animals for 1 hr to octave-band noise (8-16 kHz) at 120 dB SPL or 80 dB SPL and
confirmed that the 80 dB exposure was innocuous (did not kill hair cells), whereas the 120
dB exposure was extremely noxious, destroying all most OHCs and some IHCs (Fig 2A-F).
We then assessed the effects of the exposure on neuronal activity in the brainstem using
immunoreactivity to the immediate-early gene c-fos, an indicator of neuronal activity [10].
Although in our experience spiral ganglion neurons themselves do not upregulate c-Fos in
response to sound, many of their postsynaptic targets in the cochlear nucleus (CN) do so
[11] (Fig S2). In wild type mice, exposure to 80 dB triggered abundant neuronal activity in
CN, as did exposure to 120 dB, albeit at a lower level (Fig 2G-1,M). Lower neuronal activity
following high-level exposure has been previously described [11] and presumably arises
from the reduction in cochlear nerve response during the exposure, due to the accumulating
damage to the sensory cells. In Vglut3~/~ mice, exposure to the innocuous 80 dB noise did
not trigger neuronal activity (Fig 2J,K,M). However, the noxious 120 dB noise did trigger
neuronal activity in the CN of Vglut3~~ mice (Fig 2L,M), suggesting a novel form of
nociception that detects tissue-damaging auditory stimuli and communicates that
information to the brain via a signaling mechanism that does not require glutamatergic
activation of type-Is (the canonical auditory pathway).

In wild type mice, the number of CN neurons activated by 120 dB was roughly double that
in Vglut3—/~ mice (52.6 vs 28.1; p=0.0017; Fig 2G). This implies that, in wild types, 120 dB
activates CN neurons through both VGLUT3-dependent and VGLUT3-independent
pathways. Examining the activation patterns in the three major subdivisions of CN, dorsal
(DCN), ventral (VCN) and granule cell regions (Gr) (Fig 3), shows that this difference
occurs in DCN (76.4 vs 37.3 cellssmm?; p=0.0007; Fig 3G) and VCN (28.8 vs 14.5
cells/mm?; p=0.039; Fig 3H), but not in Gr (40.3 vs 40.2 cellssmm?; p=0.99; Fig 3I). Thus
noxious noise activates neurons in Gr exclusively via a VGLUT3-independent pathway.
Correspondingly, whereas both type-1 and -11 afferents project to DCN and VCN [12, 13],
type-1 central projections do not reach Gr, and only type-IIs directly innervate this
subdivision [12-14]. Hence, while the VGLUT3-independent noxious noise activation of
DCN and VCN is consistent with either type-I or type-11 innervation, the activation of Gr is
more in keeping with type-11I innervation. Interestingly, type-Ils immunoreact with
antibodies directed against markers of somatosensory nociceptors [15](Fig S3), and may be
molecularly equipped to detect tissue-damaging, noxious stimuli.
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Tissue-damaging noise is detected by the cochlea

The CN activation we observed after noxious noise could be mediated via somatosensory or
saccular, rather than cochlear, afferents. The tympanic membrane is extremely sensitive to
touch. It is innervated by nociceptors of the trigeminal ganglion [16], which could also be
stimulated by intense noise, and some trigeminal neurons project indirectly to the CN [17].
Similarly, saccular afferents can respond to intense low-frequency sound [18], and some
saccular afferents also project to the CN [19, 20]. We investigated the possible contribution
of somatosensory and vestibular pathways in two ways.

First, if noxious noise were activating vestibular or somatosensory afferents, it should also
activate their primary targets in brainstem. However, while exposure of both wild type and
Vglut3~/~ mice to noxious noise (120 dB for 1 hr) triggered cFos expression in CN neurons,
such exposure did not activate neurons of trigeminal (Sp5 and Pr5) or vestibular (VeNu)
nuclei, where most of the vestibular and trigeminal afferents terminate (Fig S4).

Second, if noxious noise were activating vestibular or somatosensory pathways, mice
lacking a functional cochlea, but retaining normal somatosensory and vestibular responses,
should continue to show CN activation after 120 dB noise. CD1 mice show a progressive
sensorineural hearing loss useful for addressing this question. Though normal-hearing at 3
months, by 8 months CD1 mice display massive loss of cochlear hair cells and sound-
evoked electrical responses (Fig 4B,D,F) with partial loss of spiral ganglion neurons (Fig
4h). However, they do not lose saccular hair cells or vestibular function (Fig 4C,E,G); and
pain thresholds (mechanical and thermal) do not change between 3 and 12 months of age
[21]. In young CD1 mice, with normal cochlear function, tissue-damaging noise activated
CN neurons (Fig 4A). However, in aged CD1 mice, with normal somatosensory and
vestibular function but degenerated cochleae, tissue-damaging noise failed to activate CN
neurons (Fig 4A). Hence, the VGLUT3-independent pathway that detects tissue-damaging
auditory stimuli requires cochlear integrity. Together the evidence suggests that activation of
CN neurons by noxious noise is not mediated by somatosensory or vestibular afferents.

The VGLUT3-independent response to noxious noise appears to be mediated by cochlear
afferents, i.e. either type-Is innervating IHCs or type-lls innervating OHCs. All activity in
type-Is evoked by IHC depolarization is abolished by the AMPA receptor blocker NBQX or
by elimination of the vesicular glutamate transporter VGLUT3 [6]. Hence, all known
activity in the type-I pathway is glutamatergic in origin. Type-II fibers are poorly
understood, however, several lines of evidence suggest that synaptic transmission is
fundamentally different. Although recording from neonatal type-1Is show responses to OHC
depolarization that are blocked by NBQX [22], mature type-II fibers show no response to
non-noxious sound [23-25], they do not display AMPA-type glutamate receptors (GIuR2/3)
[8] or the glutamatergic postsynaptic marker PSD95 [26] in their terminals, and they do not
show the dramatic swelling of postsynaptic terminals seen in type-Is after either cochlear
glutamate perfusion or acoustic overstimulation [27, 28].

After 120 dB noise, cochlear afferents may not be responding to neurotransmitter release,
but to other signals released during cellular damage. Given that OHCs are much more
vulnerable than IHCs (Fig 2A-F)[9], type-lls, whose processes branch out and extend under
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the OHCs, are best positioned to detect this damage [3]. Furthermore, type-Ils can be
activated by extracellular ATP [22], a pain-producing chemical that is released by damaged
cells [29], including OHCs [30]. Mechanical rupture and ablation of individual OHCs causes
a robust activation (depolarization and burst of action potentials) of type-Ils [31].

This activation of type-1Is by tissue damage is not inconsistent with their reported synaptic
activation from early postnatal OHCs [22, 32]. Each form of neuronal activation (by
neurotransmitter release or by tissue damage) may occur in different circumstances. Most
importantly, type-I1, but not type-I, central axons directly innervate the granule cell regions,
the only CN subdivision in which activation by noxious noise was unaffected by elimination
of the VGLUT3-dependent (i.e., type-I) pathway (Fig. 3I). The reduction in DCN and VCN
activation with elimination of the VGLUT3-dependent pathway (Fig. 3G,H) is also
consistent with the anatomical data, since both type-1 and -1l neurons project to these regions
[14, 33, 34]. However, although several lines of evidence suggest type-11s as mediators of
the VGLUT3-independent detection of tissue-damaging noise, type-Is could be involved if
they were also activated in the absence of VGLUT3 by 120 dB noise, perhaps by the less
pronounced damage of IHCs or even by diffusible signals from the more distant, damaged
OHGCs.

Irrespective of the neurons involved (type-I1 or -1) or the signaling mechanism used
(released chemicals from damaged hair cells such as ATP, protons and potassium; or
synaptic stimulation from hair cells via an unknown form neurotransmission) our results
reveal a novel form of communication between cochlea and brain that detects tissue-
damaging noise in the absence of VGLUT3 and hence differs from the canonical auditory
pathway. This represents a novel sensory modality, which we term auditory nociception.
Nociception is the detection by the nervous system, such as neurons of somatosensory
ganglia, of stimuli that are harmful, actually or potentially tissue-damaging [35].
Nociception often triggers the sensation of pain, although pain may occur without
nociception (e.g., neuropathic pain). Nociception may also elicit autonomic responses such
as pallor, diaphoresis, tachycardia, hypertension, lightheadedness, nausea and fainting [36].
Finally, nociceptors also respond to noxious stimulation by releasing neuropeptides in the
damaged periphery (the axon-reflex), leading to neurogenic inflammation [37]. It remains to
be discovered what physiological reaction or perception is triggered by the auditory
nociception we have observed. Obvious possibilities are the unpleasantness of intense noise,
or a protective efferent response to it. It is interesting that a majority (86%) of patients
affected with hyperacusis report a sensation of earache (76%) or headache (10%) in
response to noise (http://hyperacusisresearch.org/). The auditory nociceptive system could
transmit and/or trigger this auditory pain in analogy to the role somatosensory nociceptors
play in neuropathic pain, hyperalgesia and allodynia. However, as mentioned above,
auditory nociception need not cause pain and may instead elicit an axon reflex, an
autonomic reaction or an efferent response. In this regard, it is interesting that the sensory
terminals of cochlear type-1Is branch to contact numerous cells and contain synaptic-like
vesicles [8], the same features that permit axon-reflex/neurogenic inflammation in
somatosensory nociceptors [37].
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We show here that auditory nociception on its own does not trigger avoidance behavior,
which requires VGLUT3 and hence glutamate release from hair cells. This is not unexpected
given what we know about somatosensory nociception. First, among somatosensory
neurons, myelinated A8 nociceptors mediate the “fast pain” that elicits the nocifensive
avoidance, whereas the more numerous, unmyelinated C-fiber nociceptors mediate the slow
and lasting pain often resulting from tissue damage. The form of auditory nociception
described here is more akin to C-fiber nociception. In this regard, it is worth noting that
cochlear type-11 afferents and somatosensory C-fiber nociceptors share anatomical features
(pseudounipolar with small diameter and unmyelinated [3, 4, 12], and with vesicles in their
highly branched peripheral terminals [8, 38]), physiological properties (slow conducting and
with ~10x higher electrical thresholds [39]) and protein expression (e.g. peripherin [15] and
perhaps also ASIC2a and TRPV1,; Fig S3).

Second, it is also important to note that pain only triggers avoidance if it can be attributed to
an external source, such as a burning or puncturing object. Pains caused by internal sources,
such as a headache or a middle ear ache, do not trigger avoidance. In this regard, even if the
auditory nociceptive system here described mediated the sensation of auditory pain and
contributed to noise avoidance in wild type animals, in the absence of VGLUT3 and hence
of normal hearing this pain may not be attributable to noise and be perceived more like an
earache or headache (curiously, the common sensations reported by patients with
hyperacusis). Future studies aimed at eliminating the VGLUT3-independent auditory
sensing here described (perhaps through ablation or inactivation of type-I1s) could resolve
the issue of whether this form of auditory nociception contributes to nocifensive behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. VGLUT3 is required for noise avoidance behavior
(A-D) Behavioral noise avoidance assays measuring the preference of an animal for a noisy

vs. quiet environment. We place animals in a chamber with two interconnected
compartments, and every 4 min present octave-band noise (8-16 kHz) lasting 2 min to one
compartment and measure the time spent in the noisy (100, 105, 115, or 120 dB SPL) vs.
quiet (attenuated by ~25 dB) environments. To prevent spatial bias, we alternate the source
of noise between the two compartments. Each pair of columns represents the average time
spent in the noisy compartment (black columns) and the quiet compartment (grey columns).
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We also measure the % time spent in each chamber during the intercalating 2 min silent
periods, which demonstrates no compartment preference in the absence of noise (columns
under “No Noise” labels). Mice expressing VGLUT3 (wild types and/or Vglut3*/~ mice),
but not mice lacking VGLUT3 (Vglut3~7), display avoidance to noise at 100 dB SPL (A),
105 dB SPL (B), 115 dB SPL (C), and 120 dB SPL (D) (***p<I10.0001,**p<10.001;
Student’s t-test, n=4 for each genotype and sound exposure level). All error bars represent
the standard deviation.
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Figure 2. Tissue-damaging noise activates neurons in the cochlear nucleus (CN) viaa VGLUT3-
independent pathway
(A-D) Noise-induced hair cell loss is documented with myosin Vlla labeling. Here, we show

the middle of the cochlear spiral (22.6 kHz), from 2 wild type mice 2 wks after 1 hr
exposure to octave-band noise (8-16 kHz) at (A,C) 80 dB SPL or (B,D) 120 dB SPL. (E,F)
The 120 dB exposure destroys OHCs throughout much of the cochlea (E) and destroys a
significant number of IHCs in the region of the noise band (F). By contrast, hair cell loss is
minimal after 80 dB: the loss at the extreme base is likely the age-related degeneration
characteristic of C57BL/6 [40]. (G-M) Immunohistochemistry with an antibody to c-Fos on
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coronal sections of the cochlear nucleus (CN) following (G,J) no noise, (H,K) 80 dB SPL or
(1,L) 120 dB SPL exposures to same noise band shown in A-F. In wild type mice, 80 or 120
dB SPL triggers c-Fos expression in neurons throughout the CN. InVglut3~~ mice,
stimulation with innocuous (80 dB SPL) noise triggers no c-Fos immunoreactivity (density
of c-Fos+ neurons is indistinguishable from that in unexposed controls), while the noxious
(120 dB SPL) noise triggers cFos expression. (M) Average densities of c-Fos expressing
cells reveal significant increases in CN activity (compared to baseline) in wild types
following 80 dB SPL and, to a lesser extent 120 dB SPL. However, in Vglut3~'~ mice only
the noxious (120 dB SPL) noise triggered CN activity. Error bars represent the standard
deviation. The sample size (# of CN / # of animals) is indicated for each group in
parentheses. Pair wise comparisons were calculated with Type 111 F-test [F (2,22) = 72.56]
where P values are <10.0001 (****), and <10.01 (**). Scale bars are 50 um.
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Figure 3. Tissue-damaging noise activates neurons in CN granule cell region primarily through a
VGLUT3-independent pathway
(A,B) DAPI fluorescence of coronal sections of Vglut3—'~ CN (A) and Vglut3*/*CN (B)

exposed to 120 dB SPL reveals its three subdivisions: dorsal cochlear nucleus (DCN),
ventral cochlear nucleus (VCN), and granule cell region (Gr). (C, D) c-Fos
immunoreactivity within the same coronal section reveals positive cells throughout the three
CN subdivisions. Areas of panel (C) magnified in (E,F) demonstrate positive neurons within
the DCN and Gr areas of Vglut3~/~ CN. (G-1) Densities of c-Fos-expressing neurons in each
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CN subdivision: DCN (G), VCN (H), and Gr (I). Wild type mice display significant
increases of neuronal activity in all three subdivisions (G-I) following exposure to 80 dB
SPL and 120 dB SPL. Vglut3~'~ mice display significant increases of neuronal activity
following exposure to 120 dB SPL in the DCN (G) and Gr (1), while increases in VCN
approached significance (p=0.06; H). However, in the granule cell region, which is not
innervated by type-1 afferents, neuronal activity induced by noxious (120 dB SPL) noise is
VGLUT3 independent (indistinguishable between wild type and Vglut3—'~ mice). Error bars
represent the standard deviation. The sample size in G-I is the same as in Fig 2M. Pair wise
comparisons were calculated for each CN area with Type Il F-test [DCN (F) (2, 22) =
76.95]; [VCN (F) (2, 22) = 40.01]; [Gr (F) (2, 22) = 44.85]. P values are <10.0001 (****),
<10.001 (***), and <10.01 (**). Scale bars are 50 pm.
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Figure 4. CN activation following tissue-damaging noise requires an intact cochlea
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(A) Tissue-damaging noise activates CN neurons in young (2 months) but not middle-age (8
months) CD1 mice, which have (B) severe cochlear dysfunction due to (D,F) a massive loss
of hair cells but (c) normal vestibular function and (E,G) appearance as well as normal
somatosensory pain thresholds [21]. Pair wise comparisons were calculated with Type Il F-
test [F (1,11) = 90.72] where P values are <10.0001 (****); the sample size (# of CN/ # of
animals) is indicated for each group in parentheses. (B) Average ABR thresholds of young
(n = 6) and middle-age (n = 14) CD1 mice. The dotted line represents the maximum sound
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tested at each frequency, so values shown above it represent non-responding ears. (C)
Nystagmus, assessed as the number of saccades during 10 seconds after rotation at 250
r.p.m., reveals no difference (p = 0.68; Student’s t-test) in vestibulo-ocular reflex between
young and middle-age CD1 mice. (D-G) Immunohistochemistry for Myosin VIIA and
nuclear counterstain with DAPI to (D, E) young and (F, G) middle-age CD1 inner ear
reveals loss of (F) cochlear but not (G) saccular hair cells in aged CD1 mice. Scale bars are
50 pm. (H) Neuronal counts show that middle-age CD1 mice have a reduced number of both
type-l (-59%) and type-1l (—=78%) cochlear afferents. Counts were made on sections from 2
young and 6 old CD1 mice.
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