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Tinnitus is an auditory phantom sensation (ringing of
the ears) experienced when no external sound is present.
Most but not all cases are associated with hearing loss
induced by noise exposure or aging. Neuroscience
research has begun to reveal how tinnitus is generated
by the brain when hearing loss occurs, and to suggest
new avenues for management and prevention of tinni-
tus following hearing injuries. Downregulation of intra-
cortical inhibition induced by damage to the cochlea
or to auditory projection pathways highlights neural
processes that underlie the sensation of phantom sound.

Many, if not most, people have experienced ringing in
their ears when no external sound is present. Typically the
sensation is associated with a reversible cause — such as
listening to loud music, fever, use of aspirin or quinine, or
transient perturbations of the middle ear — and subsides
over a period of time ranging from a few seconds to a few
days. However, in 5-15% of the general population, the
tinnitus sensation is unremitting [1]. Chronic tinnitus is
more prevalent among seniors (12% after age 60) than in
young adults (5% in the 20-30 age group) but can occur at
any age. In 1-3% of the general population, the tinnitus
sensation is sufficiently loud to affect the quality of life,
involving sleep disturbance, work impairment and psy-
chiatric distress [2]. Most cases of chronic tinnitus are
associated with hearing loss that is induced by noise
exposure or accompanies the aging process. The preva-
lence of tinnitus could be increasing as the senior
population grows and as young people are increasingly
exposed to industrial and recreational noise [3].

Tinnitus is of interest to auditory neuroscientists
because it represents a meeting ground for neuroscience
and problems of human health. It is a significant medical,
psychological and workplace challenge for millions of
people. Although a variety of procedures can help tinnitus
sufferers adapt to and modulate their tinnitus sensation,
at present there are no treatments that reliably eliminate
tinnitus itself. Neuroscientists are, however, beginning to
understand how tinnitus is generated when hearing loss
occurs. Their findings suggest new approaches to the
management and prevention of tinnitus and provide
insight into the question of how the brain generates the
sensation of sound.

Is tinnitus in the ear or the brain?
Tinnitus sensations associated with hearing loss are
usually localized towards the affected ear(s). Does this
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mean that tinnitus is generated in the ear? This con-
tentious issue, which has great implications for which
types of treatment should be developed, can only be
resolved in animal models that are conditioned to signal
the presence of tinnitus following application of ototoxic
drugs [4,5] or excessive noise [6]. There is limited support
for the assumption that tinnitus is the result of increased
spontaneous activity in auditory nerve fibers: evidence is
found after high-dose application of salicylate [7], but low
doses do not increase spontaneous firing rates (SFR) [8,9],
even though tinnitus can be demonstrated behaviorally
for low doses [5]. Other ototoxic drugs that cause tinnitus,
such as quinine [10] and aminoglycosides [11], show a
consistent decrease in the SFR of auditory nerve fibers.
A similar decrease is reported after noise-induced hearing
loss [12]. These results showing reduced SFR in auditory
nerve fibers following noise exposure or ototoxicity point to
a central cause of tinnitus, possibly related to changes in
the balance of excitatory and inhibitory inputs conveyed to
central auditory structures. Two qualifications here are
that tinnitus can be prevented if NMDA receptor blockers
are infused into the cochlea before salicylate application
[13], and that prior administration of NMDA receptor
blockers can limit hearing loss resulting from noise
trauma [14]. It seems that by reducing the extent of the
hearing loss, probably by preventing the neurotoxic effects
of excessive glutamate release at cochlear NMDA recep-
tors, the tinnitus is also prevented. These findings are
consistent with the view that the origin of tinnitus lies in
an imbalance of firing patterns across the tonotopic array
of auditory nerve fibers [11], but not with the view that
tinnitus reflects increased spontaneous activity generated
there. Tinnitus sensations often persist even when input
from the ear is removed by section of the auditory nerve [15].

Currently, most evidence based on SFR measurements
points to changes in the central auditory system following
dysfunction of the cochlear receptors as the source of
tinnitus (Figure 1). Diminished output from the affected
region causes reduced inhibition in central auditory
structures [16-18], leading to hyperexcitability of the
central auditory system [19,20]. This reduced inhibition
has been indirectly demonstrated, after low-dose salicy-
late application, by the increase in SFR of neurons in the
central (ICc) and external (ICx) nuclei of the inferior
colliculus (IC) [21,22] and in secondary auditory cortex
(AID) [23]. In primary auditory cortex (AI), a low dose of
salicylate did not produce changes in SFR [24], whereas a
high dose did [25]. After cis-platin application, SFR was
increased in the dorsal cochlear nucleus (DCN) of hamsters
[26]. Quinine application increased SFR in AII [23] but not
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Figure 1. Schematic outline of the auditory system. This figure excludes binaural
pathways and interhemispheric connections, but indicates parts where tinnitus-
related studies have been conducted (yellow). Sound activates the outer hair cells
(OHC) and inner hair cells (IHC) in the cochlea (bottom). The cochlea decomposes
multi-frequency signals into a spatial output organized according to frequency;
this is tonotopic mapping. The OHC act mainly as amplifiers of the mechanical
movement of the basilar membrane, thereby sharpening the frequency resolution
and enhancing sensitivity. Their working point and effectiveness are under control
of the central auditory system (CAS), through olivocochlear bundle feedback
(dark blue lines) from the superior olivary complex (SOC). The IHC are the
mechanoelectric transducers (microphones) in the cochlea, whose neural output
forms the auditory nerve. Auditory nerve fibers bifurcate to send collaterals into
both the ventral cochlear nucleus (VCN) and dorsal cochlear nucleus (DCN); both
structures show tonotopic maps. Such mappings are found throughout the CAS
and the nerve fiber tracts that propagate this frequency-specific information by the
lemniscal pathway (thick black lines). The DCN, in addition to auditory nerve input,
is also innervated by fibers from various parts of the somatosensory system (cyan),
so this structure is a multi-modal processing station that is probably heavily
involved in tinnitus resulting from, for example, orofacial movements and gaze
changes. For that reason, this structure is considered here to be part of the
extralemniscal pathway (green). Other parts of the extralemniscal pathway are
the lateral nucleus (LN) and external nucleus (ICx) of the inferior colliculus, parts of
the medial geniculate body (MGB) in the thalamus, and the secondary auditory
cortex (All), which are all characterized by sensitivity to somatosensory stimuli. The
MGB and auditory cortical areas project to the amygdala (top left), which is
associated with fear conditioning and emotional processing. The CAS is
characterized by strong reciprocal connections between various structures, and
the descending parts consist of interconnected feedback loops that allow the cortex
to modulate activity of the entire subcortical CAS. There are strong direct feedback
connections between primary auditory cortex (Al) and DCN, as well as from auditory
cortical areas via the central nucleus of the inferior colliculus (ICc). Thus, changes in
cortical activity as a result of a loss of inhibition could change the subcortical activity in
the ICc and DCN (directly) and even in the cochlea (indirectly via the olivocochlear
bundle). Changes in the DCN, in turn, will directly affect the processing of lemniscal
activity at the level of the VCN and the ICc. Thus, there could be a synergy between
changes occurring in the cortex and those in the brainstem.
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in AI [27]. Noise trauma increased SFR in DCN [28] and
AT [29-31]. Studies in DCN after noise trauma found
increased spontaneous activity in fusiform cells [32] and
potentially also in cartwheel cells [33]. These findings
(Table 1) point to an increase in SFR in cortical and
subcortical auditory structures following noise trauma
and exposure to ototoxic drugs. Whether increases in SFR
relate directly to the sensation of tinnitus is, however,
unclear. An interesting aspect is that, although tinnitus is
often experienced immediately after noise exposure,
increases in SFR took a few hours to materialize in Al
[31] and several days to appear in DCN [34]. The temporal
correlation of changes in SFR with the time course of
tinnitus needs to be further investigated.

Two other possible correlates of tinnitus that have been
investigated using animal models of hearing loss are burst
firing and neural synchrony. Although burst firing increases
after salicylate application in ICx [22], in cortical neurons
the amount of bursting observed after salicylate or quinine
application [24,27] or after noise trauma [29,30] does not
change; transitory increases in Al after noise trauma
return to baseline within a few hours [31]. A second
feature of spontaneous activity in Al, the synchronization
of the firings of several neurons as measured by cross-
correlation, is increased immediately after a noise trauma
for neurons in the affected frequency region [31], and also
after quinine application [27]. Synchrony in the affected
frequency region also increases with time and relates to
reorganization of the cortical tonotopic representation by
noise trauma (as will be described later). Thus, evidence
for a strong central component in most cases of tinnitus is
mounting. Evidence from human brain imaging studies
confirms involvement of central structures in tinnitus and
points to changes accompanying tinnitus not only in the
inferior colliculus [35] and auditory cortex [36,37] but also
in limbic structures associated with emotion [37]. These
structures are modulated by activation of auditory nuclei
that are also innervated by non-auditory inputs (e.g. the
trigeminal nerve [38]), and can become activated as a
consequence of removal of acoustic tumors or head and
neck injury [39,40]. Multimodal inputs could be at work
in cases where tinnitus is modulated by gaze or jaw-
clenching or where hearing loss is absent [41]. Animal
studies also suggest that metabolism after salicylate
administration decreases in IC but increases in the
auditory thalamus (medial geniculate body) and auditory
cortex, as well as in the amygdala [42,43].

Cortical reorganization in tinnitus

The animal research reviewed here investigated the
response properties of neurons following hearing injuries
or application of ototoxic drugs, and points to changes in
the balance of excitation and inhibition at multiple levels
of the projection pathway [5]. It is reasonable to assume
that expression of these effects in the cortex contributes in
some way to the perception of tinnitus. One change that
has been well documented is alteration of tonotopic maps
in Al following cochlear damage induced by noise trauma.
In the intact cortex (Figure 2ai), there is an orderly
tonotopic representation of spectral frequency across the
auditory cortex in a caudal-to-rostral direction, which
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Table 1. Effects of drugs and trauma on spontaneous auditory activity and tinnitus®®

Salicylate low dose  Salicylate high dose Quinine Cis-platin Noise trauma Refs
Spontaneous activity Rate Rate Rate Synch. Rate Rate  Synch.
Auditory nerve fibers = 1 l NS | | NS [7-13]
Dorsal cochlear nucleus NS NS NS NS 1 1 NS [26,28,32-34]
Inferior colliculus 1 NS NS NS NS NS NS [21,22]
Primary auditory cortex = 1 = T NS I I [24,25,27,29-31,44]
Secondary auditory cortex 1 NS 1 NS NS NS NS [23]
Tinnitus
Behavioral tinnitus Yes Yes Yes Yes Yes [5,53,55]

®Rate and synchrony (synch.) of spontaneous activity in parts of the auditory system can be affected by drugs and noise trauma. 1 indicates a significant increase, | indicates
significant decrease and = indicates no change. ‘Yes' indicates that tinnitus has been signaled behaviorally after administration of the drug or trauma.
PAbbreviation: NS, not studied.

reflects place coding of sound frequency by the basilar  frequency region of the hearing loss no longer respond
membrane of the cochlea. After noise trauma, tonotopic according to their place in the tonotopic map but reflect
organization in the cortex is changed such that cortical  instead the frequency tuning of their less affected
neurons with characteristic frequencies (CFs) in the neighbors (Figure 2a,ii) [29,44]. Neurons with CFs in the
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Figure 2. Normal and reorganized tonotopic maps in primary auditory cortex (Al). (a) The characteristic frequency at each recording site is color-coded and overlaid on a
photograph of the cortical surface for a control cat (i) and a cat with a noise induced hearing loss (ii). The hearing loss was limited to frequencies > 10 kHz and amounted to
3 dBat 12 kHz, 12 dB at 16 kHz, 22 dB at 24 kHz and 23 dB at 32 kHz. (244 and 245 are cat identification numbers.) (b) The effect of restricted high-frequency hearing loss on the
input to pyramidal cells (numbered 1-13) in auditory cortex. The large colored arrow shows the normal frequency gradient of the inputs conveying the tonotopic mapping.
The thin vertical lines leading to the cortical cells are color-coded to reflect their frequency-specific input from the thalamus. For the higher frequencies, covering the range of
the hearing loss, the lines are shown as dashed to indicate their reduced ability to activate cortical cells at low stimulus levels and during silence. Numerous divergent
connections lead from each thalamic cell to a range of cortical cells (indicated by lines with the same color). A few inhibitory feedforward connections are indicated [one is
labeled (i) on the left]. These affect the same cells that receive their thalamic inputs. Feedback inhibition is also prevalent but is only shown for cell 1 (ii). The assumption is that
loss of input limits not only the excitation but also, even more strongly, the inhibitory feedforward activity. As a result, the diverging thalamic inputs from neighboring
unaffected cells, and the inputs from cortical cells via horizontal fibers, face less competition from inhibition at those cortical cells deprived from thalamic input. Thus, these
excitatory inputs are disinhibited or ‘unmasked’ and can impose their own frequency-selective inputs on cortical cells in the hearing loss range, which will ultimately result in
a reorganization of the tonotopic map in the hearing-loss animal. Abbreviations: AES, anterior ectosylvian sulcus; PES, posterior ectosylvian sulcus.
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affected region also show increased spontaneous activity
and increased neural synchrony [30,31]. Magnetoence-
phalography studies in human tinnitus subjects [45]
concur that the frequency region corresponding to the
tinnitus pitch is represented abnormally in auditory
cortex. This appears to be correlated with the perceived
strength of the tinnitus but not with the amount of
hearing loss, which is the primary determinant of changes
in tonotopic maps [46]. The finding of altered tonotopic
organization in tinnitus and in animal models of hearing
loss suggests an analogy with a study finding that phan-
tom limb pain correlated with reorganized somatotopic
maps in human amputees [47]. These results point to
potential links between reorganization of the cortical
tonotopic map, changes in neuron response properties,
and tinnitus.

Listening to tinnitus
Changes in cortical organization and in neural dynamics
that occur after exposure to noise or tinnitus-inducing
drugs should relate to what the tinnitus subject hears. But
which changes correlate with the perception of tinnitus?
One possibility is that over-representation in the
cortical tonotopic map of edge frequencies (i.e. those
frequencies at the low-frequency and/or high-frequency
borders of the hearing loss that have near normal
thresholds) is itself responsible for the tinnitus sensa-
tion [48]. This hypothesis proposes that neurons in a
de-afferented cortical region shift their tuning to rep-
resent frequencies near the edge of the lesion, thus giving
rise to an expanded representation of these frequencies
and to the sensation of tinnitus (Figure 2b). The expanded
representation appears to have perceptual consequences,
because tinnitus subjects with hearing loss exhibit
reduced thresholds [49] and enhanced frequency discrimi-
nation [50] for sound frequencies at the edge of the
de-afferented zone, in addition to an augmented N1
component of the auditory evoked potentials in response
to these frequencies [51]. However, this hypothesis also
implies that tinnitus subjects should localize tinnitus
frequencies near the edge frequency of hearing loss in the
audiogram (typically 24 kHz in tinnitus associated with
noise-induced hearing loss). Psychoacoustic findings do
not support this hypothesis. Tinnitus subjects give vari-
able frequency matches between and within sessions
when asked to match pure tones to the frequency of
their tinnitus [52,53]. This would be expected if tinnitus
were to comprise a range of frequencies even when
described as tonal rather than hissing. This interpretation
is supported by results obtained when tinnitus subjects
are asked to rate pure tones covering a wide range of
frequencies for similarity to their tinnitus sensation:
frequencies at audiometric edges are not rated as more
similar to tinnitus than are other frequencies in the region
of hearing loss, and frequencies in the range of normal
hearing are not associated with tinnitus [54]. Instead,
subjects identify a range of frequencies spanning the
region of their hearing loss as resembling their tinnitus
sensation (Figure 3). These results imply that, even
though expansion of the cortical representation for edge
frequencies appears to be functional, the expanded
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representation is not itself the neural substrate of
tinnitus. The activity of the affected neurons is heard in
accordance with their original thalamocortical tuning and
location in the cortical place map, and gives rise to the
sensation of tinnitus.

If expansion of edge frequency representations is not
the source of the tinnitus sensation, other properties of
neural activity in the tonotopic region of hearing loss must
underlie tinnitus. Two candidates identified by the animal
studies already reviewed are increases in SFR in cortical
and subcortical structures and increases in neural syn-
chrony in the cortex following de-afferentation. Although
hearing losses of <25dB do not produce cortical map
changes (suggesting that input arising from thalamic
afferents dominates input via lateral fibers at this level of
hearing impairment), hearing losses of this magnitude do
result in diminished cortical inhibition [46] and accom-
panying increases in SFR. However, changed SFRs do not
appear to track tinnitus as closely as do changes in neural
synchrony. Although increases in SFR have been reported
both within and outside of the reorganized region after
hearing loss, the changes in neural synchrony that have
been documented to date appear to be confined to the
reorganized region of the cortex. Ratings of the tinnitus
percept by sufferers appear to be similarly constrained to
this region, implicating neural synchrony as the more
likely source of the tinnitus percept.

Other psychoacoustic properties of tinnitus suggest
that neural dynamics in the affected region contribute to
the tinnitus sensation. It is well known that external
sounds can ‘mask’ tinnitus. In ~50% of tinnitus sufferers
the most effective sounds resemble the spectral properties
of the tinnitus [55], suggesting that suprathreshold input
to the region of hearing loss could be segregating neural
activity in this region. The same process might explain
why loudness estimates of tinnitus obtained by adjusting
the intensity of a comparison tone are typically lower
when the comparison frequencies are inside (2-3 dB)
rather than outside (10-15 dB) the tinnitus region [56].
If suprathreshold masking sounds are presented continu-
ously for ~30-60s and then switched off, the tinnitus
sensation disappears and then gradually recovers over a
time period ranging from seconds to minutes. This
phenomenon of ‘residual inhibition’ has been reported to
be more robust when masking sounds encroach into the
tinnitus frequency region, although not all subjects show
this frequency dependence [56]. Another prominent
feature of tinnitus is its increased prevalence in the
elderly population, where high-frequency hearing loss is
common. Although changes in the balance of excitation
and inhibition associated with aging could contribute to
age-related changes in tinnitus [57], hearing impairment
might also contribute as the segregating effect of high-
frequency input to the cortical place map is lost, allowing
tinnitus to occur. Many tinnitus sufferers report that
tinnitus diminishes when their high-frequency hearing
losses are compensated by a hearing aid [58].

Plasticity gone wrong?
It is unlikely that changes in neural activity (response
properties of neurons and cortical organization) that are
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Figure 3. Estimated tinnitus spectrum in relation to hearing loss in four tinnitus subjects. The subjects are representative of ten subjects tested, all reporting tonal tinnitus.
Etiology was auditory trauma (subjects 6 and 7), sudden hearing loss (subject 4, tinnitus for one year) or unknown (subject 8, tinnitus of three years). Hearing thresholds were
measured in 500 Hz steps from 0.5 kHz to 8.0 kHz [up to 14 kHz when hearing loss at 8 kHz did not exceed 70 dB sound pressure level (SPL)] using a staircase method. After
threshold determination, subjects adjusted the intensity of tones within the studied frequency range (one randomly selected tone at a time) to match the loudness of their
tinnitus. Subjects then stated whether the frequency corresponded to one of the components of their tinnitus spectrum and, if it did, gave a rating on a 10-point scale
(10=tinnitus) of the extent to which the frequency was part of their tinnitus sensation. Frequencies were selected randomly from the tested range and repeated until a total of
three measurements had been obtained for each frequency. Tones were presented monaurally either to the tinnitus ear (subjects 4, 6 and 7, unilateral cases) or to the ear
where tinnitus was most pronounced (subject 8, a bilateral case). In each of the ten cases tested, the rated tinnitus spectrum spanned the region of hearing loss with no

preponderance of edge-frequency ratings. Adapted from Ref. [54].

induced in auditory pathways by noise exposure and other
tinnitus-inducing events occur in isolation. In particular,
synchronous activity among neurons in the cortex reflects
the number of shared axon collaterals (thalamocortical
and corticocortical), the strength of their synapses, and
their firing rates. Decreases in intracortical inhibition and
increases in spontaneous activity occurring after loss of
peripheral input to central neurons could promote deve-
lopment of synchronous activity by prolonging postsyn-
aptic depolarization and increasing the likelihood of
temporally coincident inputs converging on synapses
[59]. Temporal integration might in turn enhance synaptic
efficacies through Hebbian mechanisms [60], thus stabil-
izing synchronous network activity while temporally non-
coincident inputs are segregated from the network. In
the normal central auditory system, surround inhibition
consequent on thalamocortical input would be expected to
restrict synchronous activity to neurons tuned to proper-
ties of the acoustic stimulus, leading to normal auditory
perception. However, when the constraints of intracortical
inhibition are weakened, distributed synchronous activity
could develop and stabilize over wider cortical territories,
leading to the perception of sounds that are physically
absent (tinnitus). Changes in synchronous activity
observed in animal models of hearing loss could reflect
network behavior in normal auditory perception that is set
into relief by tinnitus.
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Alleviating tinnitus

At present, evidence for a contribution of neuroplastic
processes to tinnitus is indirect, relying on documented
properties of neural plasticity, including rapid remodeling
of synaptic strengths by temporally coincident inputs, as
revealed in physiological studies. Recent evoked potential
studies of human subjects confirm that acoustic behav-
ioral training modifies neural dynamics in the auditory
cortex [61] with changes occurring in AIl and AI [62],
although more readily in AII, in agreement with animal
data [63]. In the somatosensory system, segregation of
sensory representations has been induced by behavioral
training in animals [64]; in humans, it has been reported
to prevent cortical map reorganization and phantom
sensations in amputees [65] and to prevent map reorgan-
ization associated with focal hand dystonias in musicians
[66]. Analogous procedures have not yet been applied to
tinnitus, although findings from recent studies involving
acoustic manipulations encourage their study. Adult cats
show diminished hearing losses and near normal tono-
topic maps following noise trauma if they are housed
in the presence of high-frequency environmental sounds
for several weeks following the trauma procedure
(A.J. Norefia and J.J. Eggermont, unpublished). Exposure
to high-frequency environmental sounds was more effec-
tive in reducing hearing loss and map reorganization
than exposure to low-frequency sounds, although both
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conferred benefit on map normalization compared with
housing in a normal acoustic environment. These results,
which are likely to depend on processes occurring in the
cochlea [67] as well as in the brain, suggest a case for
augmenting acoustic input through environmental and
prosthetic interventions when hearing losses occur. When
tinnitus subjects are trained explicitly at pitch discrimi-
nation using single pure tones in the region of hearing
loss, the tinnitus percept can diminish for the trained
frequencies while leaving the perception of nearby
tinnitus frequencies intact [54].

At this time, tinnitus remains a significant challenge
for the tinnitus sufferer and for the medical community.
Drug treatment with GABA receptor agonists has been
reported to give some relief [68], and psychological
interventions that reduce anxiety and depression associ-
ated with tinnitus are reported by patients to be beneficial,
even though the tinnitus sensation itself usually persists
[69]. However, a decade or more of research is beginning to
bear fruit. We are starting to understand how brain
activity changes after hearing loss and how these changes
can lead to tinnitus. Our experience has been that tinnitus
sufferers want to know how their tinnitus is generated,
and the present understanding, however incomplete,
gives them reassurance and most importantly hope. And
as we learn more about tinnitus, we learn more about its
prevention and management, and about how the brain
generates the sensation of sound.
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