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A B S T R A C T

The prevalence of hearing problems in the Western world has, due to aging of the population, doubled

over the past 30 years. Thereby, noise-induced hearing loss is an important factor that worsens over time

in addition to age-related hearing loss. Hearing loss is usually measured as an elevation of a person’s

hearing thresholds, expressed in decibel (dB). However, recent animal studies have unraveled a type of

permanent cochlear damage, without an elevation of hearing thresholds. This subtle damage is linked to

a permanent and progressive degeneration of auditory fibers that occurs in association with damage of

the inner hair cell synapse. Afferent neuronal degeneration has been suggested to be involved in

hyperacusis (over sensitivity to sound) and tinnitus (a phantom sound percept). Hyperacusis and

tinnitus are potentially devastating conditions that are still incurable. The main risk factors to develop

tinnitus or hyperacusis are hearing loss, social stress and age. Both tinnitus and hyperacusis have been

discussed in the context of a pathological increased response gain in subcortical brain regions as a

reaction to deprivation of sensory input. Novel studies confirm the involvement of peripheral

deafferentation for tinnitus and hyperacusis, but suggest that the disorder results from different brain

responses to different degrees of deafferentation: while tinnitus may arise as a failure of the brain to

adapt to deprived peripheral input, hyperacusis may result from an ‘over-adaptive’ increase in response

gain. Moreover, moderate and high stress levels at the time of acoustic trauma have been suggested to

play a pivotal role in the vulnerability of the cochlea to acoustic damage and therefore for the

development of tinnitus and hyperacusis.

� 2013 The Authors. Published by Elsevier Ltd. 
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1. Advances in the neurobiology of hearing disorders

1.1. Permanent elevation of hearing threshold after cochlear damage

Hearing impairment is a considerable disease burden. It has
been estimated that adult-onset hearing impairment is the third
leading cause of disability (WHO, 2008). Forty-two previous
reports published between 1973 and 2010 in 29 countries have
revealed increased hearing loss with age; developing countries
report higher rates of moderate and moderately-severe hearing
impairment due to higher rates of pre- and postnatal childhood
infections such as rubella, measles and meningitis, and from the
use of ototoxic drugs (Stevens et al., 2013). However, in
industrialized countries, noise-induced hearing loss (NIHL) is a
common cause of hearing impairments (Lu et al., 2005), with a
prevalence that is second to presbycusis (Stanbury et al., 2008).
Unfortunately, opportunities for sound overexposure abound and
the sounds that damage hearing are not necessarily painful or even
annoying. Thus, damage may occur in situations that are not easily
recognized as potentially harmful. NIHL can also be caused by a
one-time exposure to excessive sound pressure, such as explo-
sions, gunfire, a large drum forcefully hit, or fire crackers. However,
NIHL is more often caused by repeated exposures to medium- and
high-intensity sounds (Flamme et al., 2009; Phillips and Mace,
2008). Exposure to high sound levels does not lead to NIHL in
everyone. Apparently, the susceptibility to NIHL varies among
individuals (Henderson et al., 1993). The variable susceptibility
may have a genetic cause, as confirmed by several studies (Konings
et al., 2007; Sliwinska-Kowalska et al., 2008; Sliwinska-Kowalska
and Pawelczyk, 2013; Van Laer et al., 2006; Yang et al., 2006).

NIHL has been, in a previous view, typically defined by a
permanent loss of hearing thresholds. Normal thresholds rely on the
proper function of outer hair cells (OHCs) (Dallos and Harris, 1978).
Per inner ear, there are approximately 11,000 OHCs, which are, in the
human cochlea, typically arranged in 3 rows (Fig. 1, OHC). OHC
function is to nonlinearly amplify basilar membrane vibration in
response to soft sounds near the place of characteristic frequency
within the cochlea (Ashmore, 2008). OHCs are therefore crucial for
the high sensitivity of the hearing organ, its frequency selectivity,
and understanding speech in noise (Ashmore, 2008; Dallos, 2008).

After mild acoustic overexposure, hearing function can recover
within 2–3 weeks (Miller et al., 1963). This corresponds to a
temporary threshold shift due to reversible damage to the
mechanosensory hair bundles of hair cells (Fig. 1, stereocilia)
(Liberman and Dodds, 1984a,b; Schneider et al., 2002). After
intense or repeated acoustic overstimulation, however, hearing
function stabilizes at an elevated value, leading to permanent
threshold shift that mostly occurs due to destruction of OHCs
(Spoendlin, 1985).

In the daily clinical routine, permanent hearing loss is typically
detected through the increase of hearing thresholds as tested by
tone-audiometry. More detailed clinical diagnostic testing may
also include auditory brainstem response (ABR) testing or
recording distortion product otoacoustic emissions (DPOAEs).
ABR responses represent the summed activity of neurons in the
ascending auditory pathways (see Section 1.3). ABRs can either be
evoked by short click or noise sounds, or frequency-specific tone
bursts. The specific function of intact OHCs can be measured by
amplitudes of DPOAEs. DPOAEs are acoustic signals that arise from
distortions in the OHCs’ mechanoelectrical response to two
continuous tones. These distortion products, which are at
frequencies not present in the input stimulus, are generated by
the OHCs’ biological motors and can be detected with a
microphone in the ear canal. DPOAEs responses thus reflect the
electromotile properties of OHCs (Fitzgerald et al., 1993; Huang
et al., 2005). DPOAE responses can be intact while ABRs
dramatically decline, due to dysfunction of inner hair cell (IHC)
synapses in, for example, DFNB9 patients during auditory
neuropathy (Denoyelle and Petit, 2002; Smith et al., 1993). DFNB9
patients are suffering from non-syndromic autosomal recessive
deafness due to dysfunction of otoferlin, a multi-C2 domain
protein that acts as a calcium sensor in cochlear inner hair cells
(Roux et al., 2006). Also, when DPOAEs are maximally reduced,
ABRs nevertheless exist to a distinct degree, as OHC loss
presumably contributes a maximum of �40 dB to total threshold
loss.

We can conclude that loss of hearing thresholds after noise
exposure is mostly linked to OHC loss, which specifically can be
measured by DPOAEs. Through DPOAE and ABR measurements, in
combination, a differential damage of OHCs and IHCs can be
detected.

1.2. Permanent cochlear damage without elevation of hearing

threshold

Regarding more recent findings on NIHL, it is most important to
remember that OHC loss can be accompanied by IHC (Fig. 1, IHC)
damage (Liberman and Dodds, 1984a,b).

The IHCs are the primary sensory hair cells of the cochlea that
transmit sound information over an intensity range spanning 12
orders of magnitude (120 dB) and 3 orders of magnitude of
frequency (20 Hz to 20 kHz) (Robles and Ruggero, 2001). This
powerful capacity of IHC synapses is achieved through their
numerous specialized afferent contacts. Each IHC is innervated by
8 (human) or up to 20 (rodents) (Glowatzki and Fuchs, 2002)
unbranched spiral ganglion neurons, which represent about 90–
95% of all afferent fibers (AF) in the auditory nerve (AN) (Fig. 1, AN;
Figs. 1 and 2, AF type I). Each IHC contains electron-dense
presynaptic subcellular structures, so-called ribbons (Figs. 1 and 2,
red) that tether >100 synaptic vesicles (Glowatzki and Fuchs,
2002). This specialized presynaptic machinery thereby maintains a
large releasable pool of neurotransmitter, allowing afferent



Fig. 1. Schematic illustration of the adult organ of Corti. The mammalian cochlea in

the inner ear is a snail shell-shaped, bony duct that contains the organ of Corti, the

sensory organ of hearing. The organ of Corti contains two types of sensory cells, the

inner (IHC) and outer hair cells (OHC). Along the organ of Corti, there is one row of

IHCs and three rows of OHCs. The human cochlea has about 3500 IHCs and 12,000

OHCs. IHCs and OHCs are characterized by a cuticular plate with hair bundles at

their upper end, the stereocilia. The tectorial membrane is a semi-gelatinous

structure overlying the hair cells. The lower portion of a hair cell is innervated: the

nerve fibers of IHCs send information to the brain, whereas the nerves of OHCs

mainly receive information from the brain. IHCs are, therefore, the true sensory cells

of hearing. OHCs are characterized by their electromotile properties; they are

responsible for the amplification of the acoustic signal, which in turn activates IHCs.

The IHCs transmit electrical signals in a frequency-specific manner to higher

auditory brain areas. The auditory nerve is a bundle of approximately 30,000 nerve

fibers that carries hearing information between the cochlea and the brain. There are

two types of afferent nerve fibers (blue): type I (AF type I) and type II (AF-type II).

90–95% are type I fibers projecting to IHCs; the residual type II afferent fibers project

to OHCs only. In addition to the afferent innervation, there is also an efferent

innervation of the hair cells. Originally efferent fibers (green) project from the

region of the superior olive in the brainstem and transmit information from higher

auditory brain areas to the hair cells. Below the IHCs, efferent fibers from the LSO

(EF-LOC) mainly make axodendritic contact with afferent type I fibers, whereas

OHCs are directly contacted by efferent fibers from the MSO (EF-MOC), which have

modulating effect on sound amplification, AF, afferent fiber; AN, auditory nerve; EF,

efferent fiber; IHC, inner hair cell; iPhC, inner phalangeal cells; LOC, lateral olivary

complex; LSO; lateral superior olive; MOC, medial olivary complex; MSO, medial

superior olive; OHC, outer hair cell; TM, tectorial membrane. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version

of the article.)

Fig. 2. Predicted subcellular positions of high- and low-SR fibers at the inner hair

cell (IHC). IHC ribbon synapses have synaptic active zones that are characterized by

a presynaptic electron-dense subcellular structure known as synaptic ribbon (red),

to which synaptic vesicles are tethered. Ribbon synapses are glutamatergic,

wherein glutamate is released at high and sustained rates. Glutamate released by

the IHC synapses in response to the receptor potential drives the firing pattern of

the primary auditory neurons upon binding to the AMPA- or NMDA receptors of

their afferent boutons. Afferent auditory nerve fibers of IHCs are classified according

to their spontaneous action potential discharge rate (SR). High-threshold, low- and

medium-SR fibers are presumably preferentially located at the modiolar side of the

IHC, where larger ribbons are associated with smaller patches of NMDA-R and

AMPA-R. Low-threshold, high-SR fibers are presumably preferentially located at the

pillar side of the IHC, where smaller ribbons oppose larger AMPA-R patches. Also

characteristic of ribbon synapses, CaV1.3 channels are clustered near synaptic

ribbons, and thereby stabilize the contact with afferent neurons. Modified after

Liberman et al., 2011. AF, afferent fiber; AMPA-R, AMPA receptor; EF, efferent fiber;

IHC, inner hair cell; LOC, lateral olivary complex; NMDA-R, NMDA receptor; SR,

spontaneous (discharge) rate. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)
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auditory neurons to code the temporal characteristics of sound
with high reliability and temporal precision (Buran et al., 2010).
IHC ribbons also have been shown to cluster CaV1.3 calcium
channels (Fig. 2, CaV1.3) and stabilize contacts with afferent
neurons (Sheets et al., 2011), a finding that may be important in the
context of IHC ribbon loss after NIHL (see Section 2.3).

The afferent fibers that innervate IHCs are classified based on
their response threshold and spontaneous discharge rate (or
spontaneous rate, SR). Approximately 17,000 high-SR fibers (�60%
of the total number) have an SR above 18 action potentials (APs)
per second (Fig. 2, low-threshold, high-SR fibers). These neurons
are sensitive to low sound pressure levels, with thresholds
between 0 and 20 dB SPL. In contrast, approximately 4500 low-
SR and medium-SR fibers (�40%) with an SR between <0.5 and 18
AP/s have elevated thresholds, between 20 and 40 dB (Fig. 2, high-
threshold, low-, medium-SR fibers), (Heinz and Young, 2004;
Liberman, 1978; Merchan-Perez and Liberman, 1996; Müller and
Robertson, 1991; Sachs and Abbas, 1974; Schroeder et al., 2001;
Spoendlin and Schrott, 1989; Yates, 1991).

It is important to consider that not only IHC synapses but also
OHC synapses comprise functional afferent neuronal projections to
the brain, exhibiting Ca2+ currents (Knirsch et al., 2007) as well as
ribbon-like presynaptic structures (Weisz et al., 2012). Electron
microscopy has shown relatively few vesicles tethered to ribbons
in equivalent OHCs of the prehearing rat cochlea (Weisz et al.,
2012). Each afferent neuron connects to an estimated seven
presynaptic OHCs. It has been suggested that if these reach the
action potential threshold at all, the threshold is only reached if the
entire pool of presynaptic OHCs are maximally depolarized, such as
during the loudest sounds (Weisz et al., 2012).

IHC damage would doubtless dramatically compromise cochle-
ar transduction and lower the firing rates of auditory nerve fibers
(Fig. 2, blue) (Liberman and Kiang, 1984; Sewell, 1984). The �3500
IHCs (Figs. 1 and 2, IHC) in the cochlea rarely die from NIHL,
however. Instead, the innervated dendrites of the auditory nerve
fibers undergo neurodegeneration (Kujawa and Liberman, 2009;
Lin et al., 2011). This process has been revealed to be tightly



Fig. 3. Central auditory circuits and auditory brainstem responses. (A) Sound is

transmitted from the cochlea by the auditory nerve (AN, [1]) to the cochlear nucleus

(CN, [2]). In the brainstem, the AN bifurcates to the dorsal (DCN) and ventral (VCN)

part of the CN. The processed information is forwarded to the ipsilateral (blue, [3])

and contralateral (red, [4]) lateral superior olive (LSO) and medial superior olive

(MSO), and to the medial nucleus of the trapezoid body (MNTB), which are all part of

the superior olivary complex (SOC). The inferior colliculus (IC) in the midbrain gets

contralateral (red, [5]) input from the DCN as well as ipsilateral (blue, [6]) and

contralateral (red, [7]) input from the SOC. Fibers from the IC project to the

ipsilateral (blue, [8]) and contralateral (red, [9]) medial geniculate body (MGB),

which is located in the thalamus. From here, signals are then transmitted to the

auditory cortex (AC) (blue, [10]). Additionally, there are also auditory-limbic

interactions (drawn in green). The basolateral amygdala (BLA) receives direct

neural inputs from the auditory thalamus (MGB, green, [11]) and the (AC, [12]). The

BLA, in turn, contacts the hippocampus [13], which has direct contact with the AC

[14]. The BLA also projects to the IC [15], thereby generating an amygdalar-auditory

feedback loop. The BLA also activates (e.g. due to noise-induced stress) the

hypothalamic-pituitary-adrenal axis (HPA axis, [16]), thereby influencing the level

of blood cortisol (human) or corticosterone (rodents), as well as the cochlea (green

dashed lines). (B) The auditory signal along the auditory pathway can be measured

by ABRs providing information regarding auditory function and hearing sensitivity.

The normal ABR consists of five prominent waves that occur during the first 10 ms

after presentation of a transient sound. These ABR waves are labeled by Roman

numerals (I-V). The different peaks of the waves can be assigned to different parts of

the ascending auditory pathway. Wave I is generated exclusively by the auditory

nerve, whereas waves II, III, IV, and V have contributions from more than one

anatomical structure of the ascending auditory pathways. Wave II is mainly
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correlated with an altered number of transmitter release sites in
IHC nerve terminals (Fig. 2, blue) (Jaumann et al., 2012; Kujawa
and Liberman, 2009; Lin et al., 2011; Rüttiger et al., 2013; Zuccotti
et al., 2012). So far, a loss of active release sites at the level of the
OHCs has not been described.

Secondary to degeneration of the afferent dendrites of auditory
fibers, spiral ganglion cells undergo neurodegeneration as shown
after glutamate-induced excitotoxic trauma in vitro (Wang and
Green, 2011), after intense tone exposure (Godfrey et al., 2012),
reviewed in (Puel et al., 2002), or after long-term mild trauma (Lin
et al., 2011). Indeed, the long-standing dogma that cochlear nerve
degeneration is a consequence of IHC death after acoustic trauma
was only recently overturned, as degeneration can occur when
IHCs are present. It has been proposed that the glial supporting
cells that surround IHCs, the inner phalangeal cells (Fig. 1, iPhC),
are crucial for auditory nerve survival (Zilberstein et al., 2012).
Consistent with this, after acoustic trauma, these phalangeal cells
also are important to stabilize exocytosis and the number of
transmitter release sites in IHCs in the intact cochlea, as well as to
destabilize stable pre-and postsynaptic IHC/afferent contacts
(Zuccotti et al., 2012).

In conclusion, the role of the OHC ribbon synapses and their
afferent fibers is not yet understood. A complete set of functional,
intact IHC ribbon synapses and their proper contacts to auditory
fibers are crucial elements to achieve the full dynamic loudness
range, as well as high precision of temporal sound information.
Evidence from recent animal experiments shows that extensive
and even moderate noise-induced cochlear damage can cause
persistent and progressive deafferentation of auditory nerves, a
deafferentation process that is associated with a deterioration of
active transmitter release sites from the IHC synapse. We explain
in the next chapter the consequences of these subtle changes in the
cochlea for brain responses, and ways to detect these changes with
non-invasive methods in humans and animals.

1.3. Altered central brain responses to cochlear damage

In the central auditory system, activity spreads directly from
the auditory nerve (AN) (Fig. 3A, [1]) via the cochlear nucleus (CN)
(Fig. 3A, [2]) to higher brain regions. The first ABR wave (Fig. 3B,
ABR wave I) represents the summed activity of the auditory nerve,
whereas later ABR waves arise from synchronous neural activity in
the auditory brainstem (Melcher and Kiang, 1996). In the
brainstem, the auditory nerve bifurcates to the dorsal and ventral
part of the cochlear nucleus. Within the dorsal cochlear nucleus
(DCN) (Fig. 3A), sound-induced activity patterns spread via
projection neurons (Kaltenbach, 2007) and T-stellate neurons
(Brunso-Bechtold et al., 1981) to the contralateral side (Fig. 3A, [5],
red) toward the inferior colliculus (IC) (Fig. 3A) in the midbrain.
Notably, when hearing function is measured through ABRs, the
spreading, sound-induced activity through the ventral cochlear
nucleus (VCN) (Fig. 3A) to ascending nuclei is measured (Melcher
and Kiang, 1996). From VCN neurons, sound-induced activity
(Fig. 3B, ABR wave II) spreads either via ipsilateral (Fig. 3A, [6],
blue) or contralateral (Fig. 3A, [7], red) projections, crossing either
the medial nucleus of the trapezoid body (MNTB) (Fig. 3A) as part
of the superior olivary complex (SOC) (Fig. 3A) or the lateral
generated by the CN, wave III by the SOC, wave IV by the lateral lemniscus (LL), and

wave V by the lateral lemniscus and its termination in the IC. After an acoustic

trauma (post AT, red) all amplitudes of ABR waves are reduced compared with

untraumatized control animals (pre AT, gray). ABR, auditory brainstem response;

AC, auditory cortex; AN, auditory nerve; BLA, basolateral amygdala; CN, cochlear

nucleus; DCN, dorsal part of the CN; HPA axis, hypothalamic-pituitary-adrenal axis;

IC, inferior colliculus; LL, lateral lemniscus; LSO; lateral superior olive; MGB, medial

geniculate body; MNTB, medial nucleus of the trapezoid body; MSO, medial

superior olive; SOC, superior olivary complex; VCN, ventral part of the CN.
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lemniscus (LL) (Fig. 3A and B, ABR wave III) (Coleman and Clerici,
1987) toward the IC (Fig. 3B, ABR wave IV). Fibers from the IC
project to the ipsi- (Fig. 3A, [8], blue) and contralateral (Fig. 3A, [9],
red) medial geniculate body (MGB) in the thalamus. From the MGB,
signals are transmitted (Fig. 3A, [10], blue) to the auditory cortex
(AC) (reviewed for animals in Malmierca and Merchan, 2004) For
differences in ABR wave numbering in humans, see (Hashimoto
et al., 1981; Kaga and Tanaka, 1980).

Sound processing can also activate limbic structures (Fig. 3A,
drawn in green). The amygdala and the hippocampus, two major
regions of the limbic system, receive direct and indirect neural
input from the central auditory system. The basolateral amygdala
(BLA) receives direct neural inputs from the auditory thalamus
(Fig. 3A, MGB, [11], green) and the auditory cortex (Fig. 3A, AC,
[12]). The basolateral amygdala, in turn, contacts the hippocampus
(Fig. 3A, [13]), which has direct contact with the auditory cortex
(Fig. 3A, [14]). Noise-induced stress can activate the basolateral
amygdala through the hypothalamic-pituitary-adrenal axis (HPA
axis) (Fig. 3A, [16]). Thus, acoustic trauma can damage the cochlea
and affect the basolateral amygdala and the hippocampus. (Kraus
et al., 2010).

The central auditory system compensates for diminished input
by upregulating its responsiveness in central circuitries (Salvi et al.,
2000). Central compensation that follows reduced auditory nerve
activity may occur first at the level of the auditory brainstem, from
where altered activity patterns then spread to ascending auditory
nuclei (Manzoor et al., 2013; Mulders and Robertson, 2013). In
humans (Gu et al., 2012) and animals (Rüttiger et al., 2013; Singer
et al., 2013), auditory nerve and brainstem function in response to
sound, assessed by ABRs, have been used to analyze compensating
central activity following cochlear damage. This is based on the
observation that IHC ribbons (see Section 1.2) define the reliability
and precision of auditory nerves discharge rates (Buran et al.,
2010), and discharge rates and number of synchronously firing
auditory fibers together define the ABR wave size changes (Johnson
and Kiang, 1976). Thus, animals with a reduction in IHC ribbon
number after acoustic trauma also show a reduction of ABR wave I
(Buran et al., 2010) (Fig. 3B, post AT, red). Depending on the degree
of deafferentation, a change of sound-induced activity can
differentially spread within the ascending pathway (Buran et al.,
2010; Kammerer et al., 2012; Lin et al., 2011; Rüttiger et al., 2013;
Singer et al., 2013; Zuccotti et al., 2012).

Also, physiological findings in humans and neuroanatomical
data in animals have suggested that the ratio of wave I (auditory
nerve) to wave V (corresponding to wave IV in animals) reflects the
degree of compensating hyperactivity generated in the VCN,
which, via spherical bushy cells in particular (Gu et al., 2012;
Schaette and McAlpine, 2011), spreads toward the inferior
colliculus. As calculated in a computational model, this process
of enhanced central responsiveness after auditory trauma is
assumed to critically depend on the response characteristics of
maintained afferent fibers (Schaette and McAlpine, 2011). Detailed
wave analysis of ABRs in humans is not yet routinely used in
clinical audiometry. Thus, the elucidation of deafferentation of
cochlear hair cells is still lacking as a diagnostic tool for patients
with hearing disorders.

In conclusion, the fine-structure analysis of individual ABR
waves may reveal the first suitable approach to detect presumptive
differences in central brain responses linked to different degrees of
peripheral deafferentation. This has two crucial implications for
future clinical studies or research of hearing disorders in humans
and animals. First, improved ABR wave analysis may allow the
diagnosis of tinnitus, hyperacusis, and troubles communicating in
a noisy environment that may be linked to neurodegeneration.
Second, animal screening for hereditary or acquired hearing
disorders that currently uses only threshold as a tool to define
hearing loss may overlook individual neural disorders. Routine
assessment of ABR wave analysis could sub-classify the sensory/
neural deficits in more detail.

2. Tinnitus and hyperacusis

2.1. Epidemiology of tinnitus and hyperacusis

Tinnitus is a disorder of perception of phantom sound that is also
known as ringing in the ear or head. Tinnitus affects 10–20% of the
general population (Galazyuk et al., 2012; Shargorodsky et al.,
2010); reviewed in (Lockwood et al., 2002). According to the
American Tinnitus Association, an estimated 50 million people in the
United States have chronic tinnitus, persisting for longer than six
months (Shargorodsky et al., 2010). For 12 million individuals, it is
severe enough to interfere with daily activities. Tinnitus can occur
in children (Shetye and Kennedy, 2010) and prevalence increases
with age (Adams et al., 1999; Ahmad and Seidman, 2004).

Hearing loss and stress (emotional as well as psychosocial) are
important risk factors for tinnitus (Hébert et al., 2012; Jastreboff,
2007; Langguth et al., 2009; Leaver et al., 2011; Lockwood et al.,
2002; Meltser et al., 2009; Møller, 2003; Puel and Guitton, 2007;
Zenner et al., 2006), although tinnitus can occur independently
from broad increase of hearing thresholds (Geven et al., 2011;
Langers et al., 2012; Lockwood et al., 2002). Since the prevalence of
hearing loss increases with age, the prevalence of tinnitus also
increases with age, peaking between 60 and 69 years of age
(Shargorodsky et al., 2010). The prevalence of frequent tinnitus is
highest among older adults, more common in men than in women,
more likely in former smokers, and in adults with hypertension,
hearing impairment, loud noise exposure, or generalized anxiety
disorder (Shargorodsky et al., 2010). Loud noises, such as those
from heavy equipment, chain saws and firearms, are common
sources of noise-related hearing loss, as are portable music players
and earphones (Breinbauer et al., 2012; Gilles et al., 2012; Harrison,
2012), and increase the risk of tinnitus. Tinnitus caused by short-
term noise exposure, such as attending a loud concert, usually goes
away. In contrast, long-term exposure to loud sound can cause
permanent damage and thereby increase the risk of developing
tinnitus.

Hyperacusis is a disorder of loudness perception, in which sound
intensities that are considered comfortable by most people are
perceived unbearably loud (Baguley, 2003). Hyperacusis does not
imply a higher than normal threshold sensitivity to sound, nor
loudness recruitment (the rapid growth in perceived loudness with
increasing sound intensity that occurs with sensorineural hearing
loss) (Tyler and Conrad-Armes, 1983). Instead, in hyperacusis,
sounds are not simply a bit loud, but truly unbearable. Hyperacusis
can occur without a loss of hearing thresholds (Gu et al., 2010).
Statistics on hyperacusis are scarce, and although it is often
coincident with tinnitus, limited evidence has supported the co-
occurrence of the two conditions (Andersson et al., 2002; Gu et al.,
2010; Nelson and Chen, 2004). With an approximate prevalence of
about 10–15% of the population (Gilles et al., 2012), the prevalence
of hyperacusis is comparable to tinnitus (Shargorodsky et al.,
2010). For tinnitus and hyperacusis, hearing loss, however, is a
major risk factor. As the incidence of hearing loss will increase with
the aging of the population, also the incidence of tinnitus and
hyperacusis may increase.

In conclusion, hyperacusis and tinnitus both often occur in
conjunction with a loss of threshold hearing sensitivity (Dauman
and Bouscau-Faure, 2005), but neither hearing threshold loss nor
OHC loss is essential to develop either condition. This suggests that
their etiologies may be related. However, evidence suggests that
there are also important differences between the mechanisms
involved in tinnitus and hyperacusis (see later in this review).
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2.2. Research on tinnitus or hyperacusis in animals

Research for investigating neural and biological mechanisms of
tinnitus or hyperacusis in humans is limited for obvious ethical
reasons. Therefore, animal models are needed to study both these
conditions’ pathologies and therapies. In both humans and
animals, determining the presence of tinnitus and hyperacusis is
a challenge. Humans can, of course, indicate the presence of
tinnitus, but it is not possible to confirm this with an objective
measurement. Animals are unable to report the presence of
tinnitus, and hence behavioral models have been developed for
this purpose. Invariably, these models depend on an animal’s
learned or reflex-like behavior in the presence of tinnitus. Various
animal models have been developed to detect tinnitus which
include either a conditioned behavioral response to silence (Bauer
and Brozoski, 2001; Bauer et al., 1999; Guitton et al., 2003; Heffner
and Harrington, 2002; Heffner and Koay, 2005; Jastreboff and
Brennan, 1994; Jastreboff et al., 1988; Middleton et al., 2011;
Rüttiger et al., 2003; Yang et al., 2011) or the failure of a pre-pulse
gap to suppress a sound-pulse-evoked startle reflex (Berger et al.,
2013; Dehmel et al., 2012a; Engineer et al., 2011; Kraus et al., 2010;
Lobarinas et al., 2013; Middleton et al., 2011; Nowotny et al., 2011;
Turner et al., 2006; Turner and Parrish, 2008); reviewed in (Turner,
2007). Gaps in noise bands serves as pre-pulses to suppress a
sound pulse-evoked startle reflex, assuming that ongoing tinnitus
masks the gap and results in impaired gap detection. However, the
startle reflex is mediated by subcortical areas only. Therefore, it is
unclear whether the conditions that lead to an abnormal startle
response also correspond to abnormal activity in the auditory
cortex, which, in humans, presumably underlies tinnitus (Egger-
mont, 2013). However, a study directly comparing the outcome of
the startle reflex method and a conditioned response method has
shown similar results (Turner et al., 2006), despite the lack of
involvement of cortical circuits in the startle response.

Both approaches are assumed to generally reflect the putative
electrophysiological basis of tinnitus. Recent findings have
emphasized, however, that it is necessary to move beyond the
detection of startle responses, because this startle response may be
linked to hyperacusis, in addition to tinnitus (Berger et al., 2013;
Eggermont, 2013; Heffner and Heffner, 2012; Lobarinas et al.,
2013). For example, the pre-pulse inhibition-gap detection relies
on the percept of tinnitus to reduce the typical inhibition of an
animal’s startle response that is caused by a short sound gap
(Turner et al., 2006). With acoustic trauma, the spontaneous firing
rate within the ascending auditory pathway can be increased (this
effect correlates with hyperacusis, for example; see Section 3.2).
This increase could also lead to inhibition of the startle response,
thereby generating a false-positive result (Eggermont, 2013).
Response inhibition could occur by the activation of an inhibitory
cholinergic pathway from the pedunculopontine tegmental
nucleus or by the activation of the amygdala via the MGB in the
thalamus (Eggermont, 2013). False-positive results arising from
the methods to detect tinnitus may be one explanation for the
differences in the rates of animals that appear to have developed
tinnitus after noise trauma (ranging from 30% to 80%) (Dehmel
et al., 2012b; Engineer et al., 2011; Middleton et al., 2011; Rüttiger
et al., 2013; Singer et al., 2013).

Animal models that explicitly investigate hyperacusis are still
rare. As hyperacusis is defined as altered sensitivity to sound,
behavioral correlates of abnormally rapid growth of loudness and
impaired sound tolerance are currently used in humans (Penner,
1986a,b; Sun et al., 2011). For future hyperacusis animal models, a
method of choice would be measurement of altered amplitudes of
ABR waves with increasing sound stimulation after acoustic
trauma, in combination with behavioral studies. Alternatively,
a defined paradigm of acoustic trauma-induced altered
gap-detection for identifying hyperacusis may be used in animals
in future studies (Turner and Parrish, 2008).

In conclusion, research on tinnitus animal models is an active
field of investigation with an expanding number of models. Animal
behavioral models to detect tinnitus and hyperacusis are still
urgently needed, along with studies of the molecular basis and the
biological mechanisms involved. These models could be a tool for
initial preclinical studies in a search for therapeutic intervention
for both disorders.

2.3. Deafferentation of auditory nerve fibers in the context of tinnitus

and hyperacusis

Tinnitus is primarily linked to damage in the periphery of the
auditory system (Axelsson and Ringdahl, 1989; Demeester et al.,
2007; Sirimanna et al., 1996), but as mentioned above, loss of
sensitivity at threshold is not a necessary condition for tinnitus.
This has been confirmed in animal models (Bauer et al., 2007;
Geven et al., 2011; Knipper et al., 2012; Roberts et al., 2010;
Rüttiger et al., 2013; Singer et al., 2013) and human studies (Geven
et al., 2011; Kim et al., 2011; Langers et al., 2012; Lockwood et al.,
2002; Roberts et al., 2010; Saunders, 2007; Shiomi et al., 1997; Tan
et al., 2013; Weisz et al., 2006). The same is true for hyperacusis:
people with clinically normal auditory thresholds can have
hyperacusis (Gu et al., 2010; Zeng, 2013).

A link between deafferentation of IHCs and tinnitus has been
suggested by various studies in humans and animals (Bauer et al.,
2007; Rüttiger et al., 2013; Singer et al., 2013; Tan et al., 2013;
Weisz et al., 2006). In recent animal studies, a higher degree of
deafferentation and IHC ribbon loss in high-frequency regions of
the cochlea has been shown in animals with behaviorally-tested
tinnitus, while a lower IHC ribbon loss was found in equally
exposed animals without tinnitus (Rüttiger et al., 2013). So far,
ribbon loss of OHCs after noise exposure has not been investigated.
Noise-induced OHC ribbon loss and the neurodegeneration of
afferent type II fibers, contacting OHCs, have previously been
suggested as a cause of tinnitus (Jastreboff, 1995). Accordingly, we
hypothesize an increased noise vulnerability through loss of the
protective function of efferent fibers, whose function has been
suggested to depend on afferent type II fibers (Maison et al., 2013).

The more severe loss of ribbons in tinnitus animals (Rüttiger
et al., 2013; Singer et al., 2013) has also been linked to an abnormal
large ribbon size (Rüttiger et al., 2013) and a reduction of the
basolateral length of IHCs in two different noise exposure
paradigms (Fig. 4). Animals with tinnitus were either exposed to
sound of 1 h, 10 kHz, 120 dB SPL and were analyzed 6 days after
exposure (Fig. 4A and C) or were exposed for 1.5 h, 10 kHz, 120 dB
SPL, and analyzed 30 days after exposure (Fig. 4B and D). Both
groups exhibited reduced length of the basolateral pole of IHCs in
high-frequency cochlear turns (Rüttiger et al., 2013). A reduced
number of ribbons, reduction in basolateral length of IHCs, and
abnormally large ribbons resemble the IHC phenotype of mutant
mice with disturbed endocytosis and replenishment of vesicles
after myosin VI or otoferlin deletion (Heidrych et al., 2009; Johnson
et al., 2010). The metabolically demanding maintenance of proper
IHC surface area through appropriate exocytosis/endocytosis
cycles therefore may be considered in future studies as a risk
factor for ribbon loss and tinnitus.

For now, described in animals only, deafferentation can occur
after auditory trauma but also after various other influences that
contribute to causing tinnitus, such as ototoxic drugs (Wang et al.,
2002). It may be challenging in future studies to consider that
several types of tinnitus, differing in etiology and development
(Mazurek et al., 2008) are collectively caused by peripheral
deafferentation. Beside noise, hearing impairments as a result of
hypoxia, ischemia (Mazurek et al., 2006), carotic dissections, and



Fig. 4. Comparison of the basolateral pole length of inner hair cells (IHCs) from rats with or without tinnitus in indicated cochlear turns. Animals were exposed to sound of

either 1 h, 10 kHz, 120 dB SPL and analyzed 6 days after noise exposure (A, C) or 1.5 h, 10 kHz, 120 dB SPL and analyzed 30 days after noise exposure (B, D). Note the significant

reduction of the basolateral pole length in tinnitus animals in high-frequency cochlear turns (two-way ANOVA p < 0.001; post-test two-sided Student’s t-test, p < 0.02). IHCs

are immunostained with anti-otoferlin antibody, red. Nuclei are stained in blue with DAPI and delineated by dotted circles. Scale bars, 20 mm. The number in the bars

represents the IHCs analyzed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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vascular diseases (Shulman and Strashun, 2009) should be tested
in future studies for increasing the risk of neuronal deafferentation,
tinnitus, or hyperacusis. This may provide a plausible first
explanation of enhanced baseline tinnitus rates in patients with
chemotherapy with cisplatin and carboplatin (Dille et al., 2010).

We conclude that in animal studies, deafferentation is linked to
tinnitus, but may also occur without evidence of tinnitus. A larger
extent of deafferentation appears to be correlated with tinnitus.
A lesser extent of deafferentation may not lead to tinnitus,
but rather be linked to hyperacusis. More evidence for this
hypothesis that deafferentation primarily causes tinnitus and
hyperacusis in humans, has to be accumulated by detailed
audiometric assessments.

3. Differences in subcortical activity patterns between
hyperacusis and tinnitus

3.1. Does deafferentation of auditory fibers influence central

compensating responses?

Following acoustic trauma, the response rates at the peripheral
auditory nerve are reduced (Liberman and Kiang, 1978). The
central responses to auditory deprivation are still controversially
discussed. As stated above, the normal spontaneous discharge rate
of auditory fibers diverges in those with high firing rates (low-
threshold, high-SR fibers) and those with low firing rates (high-
threshold, low-SR fibers) (Fig. 2). In various studies, the low-SR,
high-threshold fibers (�40%) have been suggested to exhibit
particularly high vulnerability for noise damage (Furman et al.,
2013; Heinz et al., 2005; Heinz and Young, 2004; Ruel et al., 2008).

In a computational model, a favored loss of low-SR, high-
threshold fibers has been predicted to preferably correlate with a
pathological increase in central gain and tinnitus (Schaette and
McAlpine, 2011), as otherwise the generation of a sufficient
increase in discharge rate to compensate for deprived auditory
input may be hampered (Schaette and Kempter, 2009, 2012). The
earliest point at which such a compensation of reduced mean
neuronal activity at the level of the auditory nerve can occur is the
target cells of auditory nerves in the brainstem (Brigande and
Heller, 2009). Indeed, spontaneous hyperactivity occurs after
auditory trauma in the target neurons, which are the projection
neurons (fusiform and giant cells) in the DCN (Fig. 3A, DCN)
(Brigande and Heller, 2009), and the spherical bushy cells in the
VCN (Fig. 3A, VCN) (Cai et al., 2009; Mulders and Robertson, 2011;
Vogler et al., 2011). Even modest auditory deprivation can induce
an increase in hyperactivity in DCN projection neurons after
auditory trauma, making these cells most suitable for feed-forward
responses (Kaltenbach, 2007). These rapidly arising responses of
DCN neurons have also been suggested to occur only in the
fusiform cells that receive convergent somatosensory and auditory
input (Shore, 2011; Shore et al., 2008).

If the loss of low-SR, high-threshold fibers in the auditory nerve
causes tinnitus-related hyperactivity in the cochlear nucleus, what
would be the role of a loss of the high-SR, low-threshold fibers in
the generation of tinnitus? Recent animal studies have suggested
that a critical loss of high-SR, low-threshold fibers may correlate
with tinnitus, based on a high degree of IHC ribbon loss (Rüttiger
et al., 2013; Singer et al., 2013). A loss of high-SR fibers has also
been observed in other tinnitus studies in animals (Bauer et al.,
2007). As a consequence of the more severe damage of the IHC
synapse in animals with tinnitus, amplitudes of central ABR waves
did not restore and molecular markers for plasticity of synaptic
strength were not mobilized (see Section 4.2) (Rüttiger et al., 2013;
Singer et al., 2013).

Interesting in this context is that only recently, in a mouse
model, it has been observed that the central brain responds in two
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different ways to auditory deprivation and IHC ribbon loss,
depending on the presence or absence of brain-derived neuro-
trophic factor (BDNF) that stabilizes or destabilizes IHC/auditory
nerve contacts (Zuccotti et al., 2012).

In conclusion, future studies in humans and animals may
carefully consider the possibility that the central nervous system
can respond in two different ways to auditory deprivation,
depending on the degree of deafferentation. First, it can respond
with an increase in response gain (synaptic strength) maintaining
the stable neuronal circuit, and second, it can respond with a
failure to appropriately adapt the central response gain, which may
cause tinnitus or hyperacusis.

3.2. Is central compensating response gain linked to hyperacusis or

tinnitus?

Hyperacusis needs for generation an external sound that
produces an abnormally loud percept, even though the same
sound is deemed acceptable by a normal-hearing person.
Converging physiological evidence indicates that intensifying
central responsiveness to an existing sound causes loudness
recruitment in subjects with hyperacusis (Buus and Florentine,
2002). This occurs through a process that leads to elevated
midbrain activity, as shown by functional magnetic resonance
imaging (fMRI) studies in patients with a main complaint of
hyperacusis (Gu et al., 2010). Animal studies suggest that loudness
recruitment results from increases in discharge rates of projecting
target neurons in the brainstem after acoustic trauma (Cai et al.,
2009). The elevated spontaneous activity has been shown to
spread to neurons in the IC and AC (Eggermont, 2012a; Qiu et al.,
2000; Szczepaniak and Møller, 1996). It needs to be shown how
these observed hyperactivities contribute to altered central
responses observed after auditory trauma in the cat. For example,
VCN neurons exhibit elevated maximum discharge rates and
steeper rate-level functions for frequencies at and near best
frequency (Cai et al., 2009). It is also unclear if these hyperactivities
are associated with a better restoration of ABR waves and greater
mobilization of activity-dependent plasticity genes as Arc/Arg3.1
(see Section 4.2 for more information about Arc/Arg3.1) that are
essential for increasing synaptic strength as observed in rats
without tinnitus, although these animals are suffering from
persistent deafferentation (Rüttiger et al., 2013; Singer et al., 2013).

Elevated maximum discharge rates and steeper rate-level
functions observed after auditory trauma have been suggested to
originate from disinhibition (Cai et al., 2009). Therefore, both
increased rate-level function and increased ABR waves could be
part of a homeostatic adaptation process that leads to an increased
discharge rate after decreased inhibition (Jakawich et al., 2010;
Lindskog et al., 2010; Tyagarajan and Fritschy, 2010). This
homeostatic process aims to stabilize the input/output neuronal
activity within a functional combined circuit by scaling the
strength of excitatory and inhibitory synapses (Turrigiano, 1999).
A number of studies have described neurophysiological changes
that are attributed to tinnitus: an increase in spontaneous and
evoked spike rate after acoustic trauma has been linked to
decreased inhibition (Middleton et al., 2011), reduction in
inhibitory glycinergic synaptic transmission in the DCN (Wang
et al., 2009), and upregulation of AMPA receptors in the DCN
(Whiting et al., 2009). Also, a decline of GABAergic input has been
shown in the IC (Milbrandt et al., 2000; Mossop et al., 2000), which
has been suggested to be a part of a tinnitus-inducing activity
change in subcortical neurons.

Recently, a first indication was brought that elevated
subcortical central gain, previously linked to tinnitus (Lanting
et al., 2008; Melcher et al., 2009), may in fact be related to
hyperacusis, rather than tinnitus. Thus, fMRI studies that analyzed
midbrain activation in subjects with preferential hyperacusis or
preferential tinnitus observed sound-induced elevated activity
only in subjects with hyperacusis (Gu et al., 2010); reviewed in
(Eggermont, 2012a,b).

Also consistent with these results, psychophysical studies have
analyzed the loudness recruitment in humans with tinnitus and or
hyperacusis. Penner (1986a,b) found steeper than normal loudness
growth at the tinnitus frequency in 8 out of 10 subjects who had
concomitant hearing loss and tinnitus but normal growth at the
tinnitus frequency without hearing loss in the remaining 2
subjects. Ward and Baumann (2009) confirmed Penner’s finding
by showing steeper growth in tinnitus subjects with 50 dB hearing
loss, but normal growth in tinnitus subjects with 15 dB loss (Ward
and Baumann, 2009). In 16 tinnitus subjects without hearing loss,
Nischalk & Stoll found shallower than normal growth (Nieschalk
and Stoll, 1996). Together, these studies indicate that hyperacusis,
but probably not tinnitus, is linked to elevated sound-induced
subcortical evoked activity or steeper loudness growth in humans,
a feature that has been confirmed through a computational model
(Zeng, 2013).

In conclusion, novel findings suggest that an over-adaptive
compensating central gain that spreads from the brainstem toward
ascending pathways may be associated with hyperacusis, but not
with tinnitus.

3.3. When central compensating response gain fails: the link to

tinnitus or hyperacusis

There are currently two different views how central gain is
linked to tinnitus, outlined in different computational models. In
the first view, the tinnitus-related hyperactivity in the cortex is the
result of a pathological increase in spreading response gain
generated in the brainstem (reviewed in (Schaette and Kempter,
2012). Within this view, abnormal spontaneous activity in the
auditory cortex arises because spontaneous activity in the cochlear
nucleus is over-amplified along the auditory pathway. In the
second view, increased central gain causes hyperacusis but not
tinnitus. In this view, tinnitus is instead the result of elevated
central noise (Zeng, 2013). The source of elevated central noise is
elusive in the second model (Zeng, 2013). In previous animal
studies that for the first time directly compared equally
acoustically exposed animals with and without tinnitus (Rüttiger
et al., 2013), the tinnitus group exhibited features of a failure to
increase central synaptic strength (gain). Accordingly, a loss of
more than 50% of IHC ribbons in the tinnitus group was linked to
permanently reduced amplitude of central ABR waves and reduced
markers for synaptic strength (Fig. 5) (Rüttiger et al., 2013; Singer
et al., 2013). Overall, the studies have strongly indicated a failure to
centrally compensate for auditory fiber loss in tinnitus animals
(Rüttiger et al., 2013; Singer et al., 2013). A failure to increase
central response activity in tinnitus would explain why no elevated
sound-induced midbrain activity has been observed in patients
with tinnitus using fMRI studies (Gu et al., 2010) and why an
increase in tinnitus loudness has been associated with a decrease
in MGB activity (Van Gendt et al., 2012).

In conclusion, studies in animals and humans may directly or
indirectly support the notion that tinnitus is related to a failure of
the central auditory pathway to adapt to a critical loss of afferent
peripheral fibers. For hyperacusis and tinnitus we thus hypothe-
size compensating and non-compensating central changes, re-
spectively. It is important to note that the changes may occur
within the same individual in parallel regions of the auditory
system representing different frequencies. Within the octave
frequency resolution that is commonly used in clinical audiometric
testing, hyperacusis and tinnitus channels may co-exist. This
hypothesis needs further testing in future experiments.



Fig. 5. Comparison of the early, delayed, and late peak-to-peak ABR wave amplitudes in rats with and without tinnitus. Peak-to-peak amplitudes of late peaks of ABR waves

remain reduced following noise exposure in animals with tinnitus. Mean peak growth input/output (I/O) function (�S.D.) for early, delayed, and late ABR waves is shown before

exposure (black line and gray shaded area) and after 1 h or 1.5 h exposures. Three selected peak-to-peak amplitude growth functions (mV) with increasing stimulus levels (dB SPL)

are shown for rats without tinnitus (no-tinnitus, green) or with tinnitus (tinnitus, red). In the rats with tinnitus, the peak-to-peak amplitudes remain reduced up to late waves (right

panel). The peak latencies are given in each panel for negative (n) and positive (p) peaks. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)
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4. Differences in cortical activity patterns between hyperacusis
and tinnitus

4.1. To what extent is cortical map reorganization causally linked to

tinnitus or hyperacusis?

After strong acoustic trauma, the cortical tonotopic map is
altered, such that high frequencies are no longer represented (in
terms of characteristic frequencies of central neurons) and the
edge frequency of the hearing loss is over-represented. The over-
representation at the audiometric edge is linked to a larger number
of cortical units that are activated and spread out over a larger
surface area than other stimulus frequencies (Rajan, 1998;
Schwaber et al., 1993). Whether activity from the edge frequency
is the source for permanently elevated spontaneous activity
(‘‘hyperactivity’’) in the expanded cortical area to which they
project (Noreña and Eggermont, 2003; Noreña et al., 2003; Rajan
et al., 1993; Robertson and Irvine, 1989; Snyder et al., 2008; Snyder
and Sinex, 2002; Snyder et al., 2000; Weisz et al., 2006), is an open
question. Cortical reorganization is assumed to go hand-in-hand
with a deprivation of excitatory and inhibitory inputs from the
nuclei of the afferent auditory pathway, causing down-regulation
of inhibition and an increase of excitability in several subcortical
nuclei (Gerken, 1996; Salvi et al., 2000; Zacharek et al., 2002) and
the auditory cortex (Rajan, 1998; Syka, 2002).

Many comprehensive studies argue that cortical reorganiza-
tion correlates with tinnitus (Gerken, 1996; König et al., 2006;
Moore et al., 2010; Moore and Vinay, 2009; Rauschecker et al.,
2010; Yang et al., 2011). This view may be reassessed, however, for
tinnitus and perhaps also for hyperacusis for the following
reasons. First, neither tinnitus (Lockwood et al., 2002; Saunders,
2007; Shiomi et al., 1997) nor hyperacusis (Gu et al., 2010; Zeng,
2013) is necessarily linked to loss of hearing thresholds, which is
likely a prerequisite for cortical reorganization. Second, while
mild to moderate amounts of hearing loss in cats can produce a
loss of surround inhibition in the affected cortical regions,
importantly, this did not result in functional reorganization
(Rajan, 1998). Third, also in humans, using psychophysical
measurements, it has been shown that a ‘shallow hearing loss
slope’ is insufficient to trigger cortical reorganization or improve-
ment of frequency discrimination in the region of the tonotopic
map (Thai-Van et al., 2003, 2002). Fourth, on the other side,
subjects with a ‘steep hearing loss slope’ have shown an
improvement of frequency discrimination in the region of the
audiometric edge and enhanced fMRI steady state responses,
compatible with (if not an argument for) cortical reorganization
(Dietrich et al., 2001; Moore and Vinay, 2009). Fifth, in high
resolution fMRI studies that determined tonotopic maps in the
auditory cortex of tinnitus patients with clinically normal hearing
thresholds, no evidence for macroscopic tonotopic reorganization
has been found (Langers et al., 2012). Finally, tinnitus is assumed
to occur instantaneously within a short period following noise
(Atherley et al., 1968; Axelsson and Prasher, 2000; Demeester
et al., 2007; Loeb and Smith, 1967; McFeely et al., 1999; Mrena
et al., 2004; Nottet et al., 2006; Schreiber et al., 2010), and often
exhibits a transient character (Axelsson and Ringdahl, 1989;
Etchelecou et al., 2011; Hoffman and Reed, 2004; Ortmann et al.,
2011). This is inconsistent with the much longer time (weeks or
months) taken to generate cortical map plasticity, which requires
refilling of deafferented regions and functional reorganization of
primary auditory cortex (A1) (Eggermont, 2006; Rajan et al., 1993;
Robertson and Irvine, 1989; Schwaber et al., 1993).

These observations argue against cortical reorganization as a
primary cause for tinnitus. As hyperacusis can also occur
independently of hearing threshold loss (see above), this conclu-
sion may likely also hold for hyperacusis. We cannot exclude the
possibility however, that cortical map reorganization is a risk
factor for the development of both diseases. Thus, patients with
clinically significant hearing loss, which has led to map reorgani-
zation, may be at risk for the development of tinnitus. Regarding
IHC ribbon loss as a candidate correlate for tinnitus/hyperacusis in
animals (Rüttiger et al., 2013; Singer et al., 2013), the progression
of IHC ribbon loss over time (Kujawa and Liberman, 2009) may also
be considered as a risk for a sudden onset of tinnitus.

We may conclude that cortical reorganization is not a
prerequisite for the generation of tinnitus or hyperacusis, just
like a loss of threshold sensitivity is not a necessary condition for
either etiology. Functional cortical reorganization is possibly a
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concomitant phenomenon and a risk factor for tinnitus and
hyperacusis, rather than part of its origin.

4.2. Do cortical activities differ between hyperacusis and tinnitus?

In tinnitus subjects, cortical hyperactivity is expected to occur
within the region of the perceived tinnitus tone close to the
frequency range that covers the hearing loss (Diesch et al., 2004;
Eggermont and Roberts, 2004; Henry et al., 1999; Moffat et al.,
2009; Noreña et al., 2002, 2003; Roberts et al., 2006, 2008; Schaette
and Kempter, 2009; Sereda et al., 2011), matching the pattern of
threshold changes in behavioral audiograms (Kleinjung et al.,
2012; Noreña et al., 2002). This is also the case for hyperacusis
(Hellman, 1978; Moore et al., 1985; Zeng, 2013; Zeng and Turner,
1991). The altered central activity may occur within the auditory
filters near the heard tone frequencies, rather than from spreading
activity at or beyond the edge frequency. Also, in animal studies
following auditory trauma, hyperexcitation has been shown to
spread from the DCN (Manzoor et al., 2013) or VCN (Mulders and
Robertson, 2013) toward higher brain regions, such as the IC,
within the same frequency band that was used for damage. This
indicates a tight relationship between the ‘existence region’ of
hyperactivity and the tonotopic map (Manzoor et al., 2013;
Mulders and Robertson, 2013).

Regarding this view, in the following chapter, we will discuss in
more detail the different cortical activity patterns that occur after
auditory trauma, including (i) increases in spontaneous firing rate,
(ii) increase in synchronized firing rates, and (iii) increases in basal
excitatory postsynaptic potentials (bEPSP). We will especially try
here to correlate the patterns with either tinnitus or hyperacusis.

(i) Increased spontaneous firing rates have been described to
occur in the auditory cortex after acoustic trauma in various
animal studies. However, the immediate appearance of tinnitus
following noise (Atherley et al., 1968; Loeb and Smith, 1967;
McFeely et al., 1999; Mrena et al., 2004; Nottet et al., 2006;
Schreiber et al., 2010) is a first crucial argument that increased
spontaneous firing rates is not a direct correlate of tinnitus, as they
arise with a delay.

An increase in spontaneous firing rates in the primary auditory
cortex after acoustic trauma in cats could be observed only hours
after trauma, and in a much more expanded region than the
trauma-tone frequency (Eggermont and Roberts, 2004); reviewed
in (Eggermont, 2012a,b). Consistent with this result, an increase in
spontaneous firing rates after auditory trauma occurred in the IC
and VCN in rodents also only after a delay (Mulders and Robertson,
2011; Robertson et al., 2013). This work has led to the conclusion
that the model of cortical hyperactivity as a result of subcortical
hyperactivity cannot provide a neural basis for sudden onset
tinnitus (Robertson et al., 2013).

Could the observed increase in spontaneous firing rates in the
primary auditory cortex of, for example, cats, after acoustic trauma
therefore be a correlate of hyperacusis? If we regard hyperacusis as
a hypersensitivity to sound that is independent of hearing
threshold loss, the sound-induced elevated cortical activity in
low-frequency regions of tinnitus patients (Hébert et al., 2013;
Langers et al., 2012), as well as increased spontaneous firing rates
in low-frequency regions of the cochlea in rats (Noreña and
Eggermont, 2003; Seki and Eggermont, 2003), may be viewed as
correlates of hyperacusis. In humans and animals, the elevated
activity in low-frequency cortical regions occurs subsequent to
damage in the high-frequency range of the cochlea. In acoustically
traumatized gerbils, an increase of cortical spontaneous firing rates
has been directly correlated with increased glutamatergic sensi-
tivity and synaptic strength of cortical pyramidal neurons in layer
II and III (Kotak et al., 2005). Increased glutamatergic sensitivity
and synaptic strength has been shown in the visual cortex
following visual deprivation (Gao et al., 2010) and has been shown
to correlate with increased expression levels of the activity-
regulated gene Arc/Arg3.1 (Goel and Lee, 2007; Nichols et al.,
2007). Arc/Arg3.1 is a cytoskeletal protein that is mobilized after
LTP-like activity to scale AMPA receptors in postsynapses up and
down, a process essential for long-term potentiation (LTP)
consolidation. This process is also a prerequisite for long-term
increases in strength of a synapse in response to reduced firing rate
(Beique et al., 2011) or to visual deprivation (Gao et al., 2010);
reviewed in (Bramham et al., 2008, 2010; Korb and Finkbeiner,
2011; Tzingounis and Nicoll, 2006). Mobilized cortical Arc/Arg3.1
after acoustic trauma was exclusively observed in frequency-
deprived cortical regions of animals without tinnitus but not with

tinnitus (Rüttiger et al., 2013; Singer et al., 2013). This observation
suggests that the increased cortical spontaneous firing rates that
follow auditory trauma may be linked to enhanced glutamatergic
sensitivity of pyramidal neurons in regions of moderate deaf-
ferentation. More detailed studies are required to support this
hypothesis. Yet, increased cortical spontaneous firing rates and
mobilized cortical Arc/Arg3.1 in frequency-deprived regions may
already be viewed as an attractive candidate molecular correlate of
increased gain during hyperacusis, as has been suggested by a
computational model (Zeng, 2013).

(ii) High synchronization and epileptic-like neuronal activity
has been observed following auditory trauma in sensory-deprived
frequency regions of the primary auditory cortex in the cat
(Borsello et al., 2003; Eggermont and Roberts, 2004; Noreña et al.,
2003; Ochi and Eggermont, 1997). In contrast to enhanced
spontaneous firing rates, the enhanced synchrony of neurons
occurs instantaneously (Eggermont, 2013). Accordingly, within
minutes after an 1-h exposure of 120 dB SPL 6 kHz tone, the cross-
correlation coefficient between simultaneously recorded sponta-
neous firings of pyramidal neurons in the primary auditory cortex
on different electrodes (reflecting neural synchrony) was increased
for neuron pairs with characteristic frequencies above the trauma-
tone frequency (Noreña and Eggermont, 2003, 2005; Noreña et al.,
2003). Therefore, the generation of enhanced synchrony between
neurons would provide a better explanation of the instantaneous
character of tinnitus than, for example, an increase in spontaneous
firing rates (Eggermont, 2013). Enhanced synchrony of cortical
pyramidal neurons would be achieved when cortical pyramidal
cells are released from perisomatic inhibition by their interneurons
(basket cells). In this case, pyramidal neurons would fire in concert,
as many interneurons contact all pyramidal cells within their local
field (Packer and Yuste, 2011), a feature that has to be proved for
the auditory cortex in the situation of tinnitus. The perisomatic
inhibition of pyramidal neurons is accomplished first by auditory
experience, in a BDNF-dependent step that leads to the mature
spatial and temporal cortical specialization in the central auditory
system (Xu et al., 2010). This process occurs similarly in all
mammalian sensory systems, including the visual system (Heimel
et al., 2011; Huang et al., 1999; Lein et al., 1999) and
somatosensory system (Jiao et al., 2011); reviewed in (Lehmann
et al., 2012). Future studies should reinvestigate the relation of
high synchronization of cortical activity in the primary auditory
cortex during tinnitus to a possible reversal of the input-dependent
increase in perisomatic cortical inhibition that occurs during
development. Regarding cortical theta and gamma oscillations,
which are dependent on perisomatic inhibition (Gonzalez-Burgos
et al., 2009), in patients with gaze-induced tinnitus, hypometabolic
theta activity and reduced inhibition in the auditory cortex may be
reconsidered in the context of reduced perisomatic inhibition of
pyramidal neurons in these patients (Van Gendt et al., 2012).

(iii) Increased basal cortical activity has been suggested by
animal studies (Rüttiger et al., 2013; Singer et al., 2013) and a
computational model (Zeng, 2013) to occur in frequency-deprived
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regions during tinnitus. Consistent with this, in rodents behavior-
ally determined to experience tinnitus, there are reduced levels of
Arc/Arg3.1 in pyramidal neurons of the auditory cortex in regions
that likely correspond to frequency-deprived cochlear regions
(Rüttiger et al., 2013). Reduced Arc/Arg3.1 levels (i.e. in Arc/Arg3.1
knockout mice) lead to increased basal miniature excitatory
postsynaptic potential (mEPSP), highly synchronized epileptic-like
network activity, hyperexcitability and increased susceptibility to
seizures, (Peebles et al., 2010) due to disturbed regulation of AMPA
receptor endocytosis in postsynapes (reviewed in Korb and
Finkbeiner, 2011). The increased basal mEPSP in the absence of
Arc/Arg3.1 has been suggested to be a result of a failure of
homeostatic scaling down of excitatory synapses, a process that
typically occurs in the visual cortex with visual experience (Desai
et al., 2002; Gao et al., 2010; Goel and Lee, 2007). Enhanced basic
cortical activity has been indeed observed in tinnitus animals close
to the exposed tone frequency (Yang et al., 2011). In this study,
however, a coincident change in miniature inhibitory postsynaptic
currents (mIPSC) in higher frequency regions was suggested to
cause tinnitus behavior (Yang et al., 2011), an interpretation that
may be revisited in the context of the above discussion. Also in a
computational model, ‘increased central noise’ was proposed as a
neural correlate of tinnitus (Zeng, 2013). To what extent elevated
bEPSP (Yang et al., 2011) and reduced Arc/Arg3.1 levels in the
auditory cortex (Rüttiger et al., 2013; Singer et al., 2013) are direct
correlates of increased central noise (Zeng, 2013) awaits further
investigation.

In conclusion, increased sound-evoked or spontaneous firing
rates in the auditory cortex may occur after moderate deaf-
ferentation. This process may be considered to originate from an
increased subcortical response gain, linked to increased hyper-
sensitivity of glutamatergic cortical pyramidal neurons during
hyperacusis (Fig. 6, left side). A failure to increase central gain after
a critical degree of deafferentation may be discussed in the context
of increased cortical bEPSP and the epileptic-like, highly synchro-
nous cortical activity that follows unscaled postsynapses within
the frequency-deprived cortical region during tinnitus (Fig. 6, right
side).

5. Influence of stress on hearing disorders like tinnitus and
hyperacusis

5.1. What is known about the influence of social stress on tinnitus/

hyperacusis in humans and animals?

Some clinical observations have long favored the view that
tinnitus may be triggered and modulated by stress (Jastreboff,
2007; Leaver et al., 2011; Meltser et al., 2009; Møller, 2003; Puel
and Guitton, 2007; Zenner et al., 2006). Only recently, large
population studies have established that emotional exhaustion
and long-term stress are predictors of hearing disorders, including
tinnitus (Hasson et al., 2011; Hébert et al., 2012; Jastreboff et al.,
1996; Simoens and Hébert, 2012). Stress exposure and emotional
exhaustion have also been shown to enhance the risk for
hyperacusis (Hasson et al., 2013a,b; Wagenaar et al., 2010; Wallén
et al., 2012).

The neural networks involved in normal emotional behavior
that can be altered in mood disorders involve the medial prefrontal
cortex, the medial and caudolateral orbital cortex (medial
prefrontal network), anterior cingulate, amygdala, hippocampus,
and ventromedial parts of the basal ganglia (Drevets et al., 2008;
Hinton et al., 2006; Jastreboff, 1990; Neigh et al., 2009). Imaging
performed in humans with tinnitus provides evidence that
tinnitus-related and distress-related brain networks overlap,
such as the limbic and paralimbic regions (Rauschecker et al.,
2010), the amygdala (Mirz et al., 2000; Shulman et al., 1995), the
hippocampus (Landgrebe et al., 2009; Lockwood et al., 1998), the
basal ganglia (Cheung and Larson, 2010; Lowry et al., 2004), and
the subcallosal region, including the nucleus accumbens (Leaver
et al., 2011; Mühlau et al., 2006). Also, various animal studies
provide evidence for altered activity within the limbic system
structures (Mahlke and Wallhäusser-Franke, 2004; Singer et al.,
2013); reviewed in (Knipper et al., 2012; Kraus and Canlon, 2012).

In favor of a presumptive influence of cross-modal interactions
of the limbic system on central responsiveness to auditory trauma,
we may reconsider the influence on sound processing through its
direct thalamic/amygdala projections. Co-activation along the HPA
axis and the amygdala (Wolf, 2009) could intervene with the
responsiveness of auditory circuitries. Sound, through the MGB,
can activate the basolateral amygdala and via its efferent
projections, indirectly influence the hippocampus and thereby
the auditory cortex. This process increases the number of sound-
responsive cortical neurons following environmental enrichment
(Chavez et al., 2009; Turner, 1986). Through the amygdaloid
output projections, the basolateral amygdala feeds back to the
hypothalamus and the glucocorticoid levels in the blood (Chavez
et al., 2009; Turner, 1986); reviewed in (Canlon et al., 2013). This
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means that sound, but also stress, through the basolateral
amygdala projections, can influence cortisol-responsive receptors
such as glucocorticoid receptors and mineralocorticoid receptors
in the brain. Glucocorticoid and mineralocorticoid receptors are
expressed in the hippocampus or basolateral amygdala (Groene-
weg et al., 2011) as well as in the mature IHCs and spiral ganglion
neurons (Terakado et al., 2011; Yao and Rarey, 1996).

Therefore, stress can also affect the peripheral sensory organs.
An influence of stress on the IHC synapse has only recently been
shown in rodents: two days after a stress priming there was an
elevated number of release sites (ribbons) at IHC synapses when
animals exhibited high corticosterone levels (Singer et al., 2013).
Elevated corticosterone levels also led to a smaller variance of ABR
wave amplitudes and elevated Arc/Arg3.1 levels in the hippocam-
pus (Singer et al., 2013), indicating a positive influence of stress on
sound processing and potentiating hippocampal activity in a
healthy system. An influence of corticosteroid on the stability of
the IHC synapse may also explain the slightly improved response of
the auditory nerve response (recorded through compound action
potentials, CAP) that follows elevated corticosterone levels in
rodents (Wang and Liberman, 2002). A direct influence of stress on
the vulnerability of the IHC synapse during acoustic trauma has
also been concluded from the observation that high stress levels at
the time of a moderate auditory trauma led to a ‘tinnitus-specific’
central responsiveness, including more severe IHC ribbon loss, less
restored ABR amplitudes and the decline of Arc/Arg3.1 expression
levels in the hippocampal CA1 or auditory cortex (Singer et al.,
2013). In contrast, moderate stress levels at the time of trauma
could prevent such a tinnitus-specific central response and restore
adaptive central responses (Fig. 6) (Singer et al., 2013).

The influence of different stress levels on Arc/Arg3.1 expression
after acoustic trauma is reminiscent of studies that observed that
weak stressors led to a moderate increase of cortisol levels and
mobilize Arc/Arg3.1 in hippocampal CA1 and basolateral amygdala
(Kozlovsky et al., 2008; Ons et al., 2010), while stronger stressors
failed to do so (Ons et al., 2010; Yilmaz-Rastoder et al., 2011). LTP-
like activity in the hippocampus was moreover switched to long-
term depression (LTD) activity patterns by the influence of high
stressors (Kozlovsky et al., 2008; Ons et al., 2010).

It remains to be investigated whether these observations also
apply to humans. Depotentiating activity patterns in the hippo-
campus could be discussed as a first evidence of reduced gray
matter observed in the hippocampus of hearing-impaired matched
tinnitus patients (Boyen et al., 2013; Landgrebe et al., 2009). Gray
matter, comprising neural cell bodies and neuropil (dendrites and
unmyelinated axons), is also decreased in the hippocampus of
patients with mild cognitive impairment (de Rover et al., 2011).
This observation may be regarded in the context of the �90% of
tinnitus patients who exhibit reduced cognitive function as a main
distress-related symptom, including concentration, attention,
working memory and episodic memory deficits (Andersson and
McKenna, 2006; Hallam et al., 2004; Rossiter et al., 2006;
Schecklmann et al., 2013; Zirke et al., 2013). This would explain
why many tinnitus patients report a reduced tinnitus severity if
cognitive functions such as concentration and/or attention are
improved (Cima et al., 2012; Langguth, 2012; Zenner et al., 2006;
Zirke et al., 2013).

In conclusion: Activation of the basolateral amygdala projec-
tions (through either sound or disturbance of the body) can
influence cortisol-responsive receptors such as glucocorticoid
receptors and mineralocorticoid receptors in the brain. Elevated
cortisol levels may, however, also reach the cochlea and influence
the vulnerability of the IHC synapse and the degree of deaf-
ferentation. The combined network activity that circles between
the inner hair cell synapse (input side) and cortex (output side)
includes the emotional/memory pathway and would be influenced
by adaptive or non-adaptive responsiveness to auditory depriva-
tion. Thus, alterations in the cognitive functions during tinnitus or
hyperacusis may be regarded in the context of an alteration of
potentiating or depotentiating activity following auditory depri-
vation and subsequent changes of connectivities.

6. Conclusion

We outlined a possibly universal model for the pathomechan-
isms of tinnitus and hyperacusis. However, it has been repeatedly
suggested that tinnitus may have a range of such mechanisms,
leading to a number of tinnitus subtypes. Possibly, the peripheral
pathology (deafferentiation) that is described in this review is
caused by various phenomena besides acoustic trauma that could
be classified as different tinnitus subtypes. In this case, the model
would be universal. Alternatively, this review describes only one of
the possible tinnitus subtypes and other causes of hearing loss
besides acoustic trauma may trigger different pathological path-
ways and thereby different forms of tinnitus. Future studies will
show whether the mechanisms proposed in this review are
universal or constitute a subtype of tinnitus. Given the widespread
presence of noise-induced hearing loss among hearing deficits, the
clinical relevance of the mechanisms described in this review are
expected to play a major role in tinnitus and hyperacusis.

The following conclusions can be drawn from our model and are
discussed in this review:

(i) Hearing disorders can be linked with cochlear damage
without an elevation of hearing thresholds.

(ii) Noise-induced cochlear damage can cause persistent and
progressive deafferentation of auditory nerves without
detectable elevation of hearing thresholds.

(iii) A larger extent of deafferentation may trigger tinnitus. A
lesser extent of deafferentation may rather be linked to
hyperacusis.

(iv) The central nervous system may respond in two different
ways to auditory deprivation, depending on the degree of
deafferentation. First, it can respond with an increase in
response gain (synaptic strength) maintaining the stable
neuronal circuit, a feature that may lead to hyperacusis.
Second, it can respond with a failure to appropriately adapt
the central response gain, which may cause tinnitus.

(v) Tinnitus and hyperacusis often occur within a single
individual. As the proposed mechanisms for tinnitus and
hyperacusis are different, it must be assumed that these
occur in closely-spaced frequency band. Moreover, parallel
pathways within an octave frequency band possibly cause
tinnitus and hyperacusis, respectively. Detailed future
studies of the physiology and psychoacoustic characteristics
of tinnitus and hyperacusis need to provide support for this
hypothesis.

(vi) Cortical reorganization may not be an essential prerequisite
for the generation of tinnitus or hyperacusis, just like a loss of
threshold sensitivity is not a necessary condition for either
etiology. Functional cortical reorganization is possibly a
concomitant phenomenon and a risk factor for tinnitus and
hyperacusis, rather than part of its origin.

(vii) Increased sound-evoked or spontaneous firing rates in the
auditory cortex may occur after moderate deafferentation as
a result of increased subcortical response gain and may be
linked to hyperacusis. A failure to increase central gain after a
critical degree of deafferentation may be discussed in the
context of increased cortical bEPSP and the epileptic-like,
highly synchronous cortical activity that follows unscaled
postsynapses within the sound-deprived cortical region
during tinnitus.
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(viii) Elevated cortisol levels (stress) may be regarded in the
context of exhibiting an impact on the vulnerability of the
IHC synapse and degree of deafferentation, thereby changing
the risk for the generation of an either adaptive (hyperacusis)
or non-adaptive (tinnitus) central circuitry response, includ-
ing subsequent influence on the emotional/memory path-
way.

(ix) The disturbance of central homeostatic adaptation and the
influence of cortisol (stress) at the input side of a functional
combined circuitry may also be a model for other brain
disorders.
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