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Tinnitus (chronic ringing of the ears in the absence of a sound
source) is a major public health challenge affecting quality of life
for millions of individuals around the world. Its principal cause
(damage to the cochlea, which may be hidden and detected years
after injury) appears to be increasing among youthful populations
owing to exposure to recreational and occupational sounds for
which current protective standards may be inadequate. And at
present, there are no curative treatments for tinnitus. These facts
alone, and the looming public health challenge they portend, are
sufficient to spark its study. But research into the neural basis of
tinnitus also addresses a fundamental question in neuroscience. If
we can understand how the brain generates the sound of tinnitus,
we may gain insight into the question of how the brain generates
the sensation of other sounds. The papers published in this special
issue (indicated in italics) address topics related to the neural basis
of tinnitus, their implications for hearing, and the health challenge.

MECHANISMS UNDERLYING TINNITUS

Deafferentation of central auditory structures by cochlear injury
leads to several neural changes in auditory pathways that appear
to underlie the sensation of tinnitus (discussed by Brozoski et al.,
2012; Diesch et al., 2012b; Langers et al., 2012; Middleton and
Tzounopoulos, 2012; Schaette and Kempter, 2012; Stolzberg et al.,
2012 and other papers). Included among the neural changes are
tonotopic map reorganization in auditory cortical and thalamic
structures, hyperactivity in these structures (but typically not in
auditory nerve fibers), increased burst firing in subcortical auditory
nuclei, and increased synchronous neural activity particularly in
tonotopic regions affected by hearing loss where tinnitus percepts
also localize (Norenia and Eggermont, 2006; Roberts et al., 2010).
Reduced input from the auditory periphery appears to trigger adap-
tive compensatory shifts in the balance of excitation and inhibition
that may preserve neuron firing rates within a prescribed range;
however an unwanted side effect reviewed by Schaette and Kempter
(2012) may be an increase spontaneous neural activity that when
phase locked into synchronous patterns leads to the experience of
tinnitus percepts. Neural changes underlying tinnitus appear to
modify the expression of training-induced neural plasticity in the
primary (A1) but not secondary (A2) auditory cortex of human
tinnitus sufferers, reflecting diminished inhibition and enhanced
neural synchrony in regions of A1 affected by hearing loss (Roberts

et al., 2012). Attentional effects on the auditory steady state response
in tinnitus patients were deemed unlikely (Diesch et al., 2012a).
Although cortical map reorganization cannot itself generate a tin-
nitus sound (only the activity of the affected neurons can do this),
map reorganization is widely believed to play an enabling role in the
generation of tinnitus. However, Langers et al. (2012) were unable to
detect macroscopic map reorganization below 8 kHz in functional
imaging data in human tinnitus patients with normal audiometric
thresholds. Whether map reorganization can be detected at higher
frequencies in such patients is not known but may be the case.
Map reorganization assessed by neuromagnetic imaging has been
reported in tinnitus patients for whom hearing loss was present
(Wienbruch et al., 2006). Genetic aspects of tinnitus have so far
not been conclusively demonstrated and the paper by Sand et al.
(2012) follows that trend. An important mechanism in the induc-
tion of neural plasticity is stress. Stress may have protective effects
against noise trauma, but a combination of stress and hearing loss
could enhance the likelihood of tinnitus ( Mazurek et al., 2012). The
involvement of stress networks in tinnitus is reviewed in Vanneste
and De Ridder (2012).

Other papers in the special issue describe animal models and
computational approaches to understand mechanisms of tinnitus.
Animal models are important, because such models permit meas-
urements and interventions that cannot be performed on human
tinnitus subjects. In one animal model the presence of tinnitus
is signaled by making tinnitus a cue for a behaviorally relevant
event. Brozoski et al. (2012) combined this method with magnetic
resonance spectroscopy to uncover alterations in GABAergic and
glutaminergic neurotransmission in specific subcortical auditory
nuclei in rats showing behavioral evidence of tinnitus after trau-
matic noise exposure. A second and more widely used approach
introduced by Turner et al. (2006), cautioned by Eggermont (2012),
and evaluated by Dehmel et al. (2012) determines whether a tin-
nitus sound (in this case induced by noise exposure in guinea
pigs) fills a silent gap in a background sound that would other-
wise suppress an evoked startle response. Stolzberget al. (2012) and
Guitton (2012) discuss in depth how neural changes induced by
salicylate in animal preparations are both congruent and in some
respects different from those observed when tinnitus and hearing
loss are induced by noise exposure. Middleton and Tzounopoulos
(2012) call for detailed investigations of network neural activity
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in animal models of tinnitus, looking specifically at communica-
tion between thalamic nuclei and brain regions known to be active
in tinnitus. Taking a different tack, Schaette and Kempter (2012)
discuss how computational studies can reveal (or refute) whether
neural network models of tinnitus are able to generate properties
of tinnitus revealed in physiological and psychoacoustic studies.
They emphasize that incorporating forms of neural plasticity in
the models determines whether the models are able to simulate
measured attributes of tinnitus.

TINNITUS AND HEARING
Animportant fact about tinnitus revealed by functional brain imag-
ing studies is that the brain regions affected by tinnitus extend
beyond auditory structures to include brain areas that are involved
in higher level cognitive processing. Langguth et al. (2012) give a
concise description of the brain areas that distinguish between indi-
viduals with and without tinnitus. Strikingly, the affected structures
(which include subdivisions of prefrontal cortex, parietal cortex,
the cingulate gyrus, and the insula) are similar to brain regions
that show augmented BOLD responses during performance on
attention-demanding cognitive tasks in normal hearing individu-
als. Evidence from neurocognitive research reviewed elsewhere by
Dehaene and Changeux (2011) supports the view that activation of
this network (called the Global Neuronal Workspace by Dehaene
and Changeux, 2011, adapted from Baars, 1989) is closely corre-
lated with the experience of conscious awareness. Because tinnitus
is a persisting conscious percept it is perhaps not surprising that
functional imaging of tinnitus has revealed similar global network
activity. Correspondingly, it has been suggested by many researchers
that aberrant neural activity restricted to auditory pathways is not
sufficient for the experience of tinnitus, but that global network
activity must be engaged (Schlee et al., 2009; De Ridder et al., 2011).
It has also been proposed that different tinnitus attributes may
reflect the activity of specialized nodes within this network (see
Leaver et al., 2012; Vanneste and De Ridder, 2012) and that com-
munication within and among the nodes may explain documented
oscillatory correlates of tinnitus in the delta, alpha, and gamma
bands (Middleton and Tzounopoulos, 2012). Building on the net-
work concept, Elgoyhen et al. (2012) propose that drugs that have
multiple low level effects on synaptic processes in highly specialized
pathways (therapeutic “shotguns”) may prove to be more effective
at disrupting network behavior and reducing tinnitus than drugs
aimed at specific triggering mechanisms. Brozoski et al. (2012) simi-
larly suggest in this issue that drugs targeting GABAergic as well as
glutaminergic function may be more effective in reducing tinnitus
than pharmaceuticals that have more specific action profiles.
One omission in the tinnitus literature (current papers not
excepted) is a discussion of the possible role of the basal forebrain
cholinergic system in the triggering and maintaining network
behavior in chronic tinnitus. Cholinergic efferents originating
from several nuclei in the basal forebrain project to all regions of
the neocortical mantle in a coarse regional topography (Jiménez-
Capdeville et al., 1997; Sarter et al., 2009), including prefrontal,
parietal, and allocortical structures comprising the Global Neuronal
Workspace of Dehaene and Changeux (2011). These projections
make the targeted pyramidal neurons more sensitive to their affer-
ent inputs by promoting the extrasynaptic release of acetylcholine

or by acting on heteroreceptors to achieve function-specific effects
(Sarter et al., 2009). A parallel GABAergic innervation has been
described (Freund and Meskenaite, 1992) targeting inhibitory corti-
cal interneurons suggesting a synergistic effect. The basal forebrain
system is known to gate neural plasticity in the cortex of mature
animals induced by sounds that signal behaviorally important
goals (Ramanathan etal., 2009). In tinnitus the disparity that exists
between what the brain thinks it is hearing (this expectation coded
by synchronous activity in cortical regions affected by hearing loss)
and thalamocortical input arriving from the damaged ear could
engage the basal forebrain system as the brain attempts (unsuc-
cessfully) to construct a more accurate central representation of
the auditory scene.

THE HEALTH CHALLENGE

Several papers in the current issue underscore the difficulty of
effectively treating chronic tinnitus sounds. Adamchic et al. (2012)
present evidence suggesting a long-lasting and cumulative benefit
for tinnitus of coordinated-reset sound therapy and a possible long-
lasting desynchronizing effect on pathological, tinnitus-related
neuronal synchrony. Kreuzer et al. (2011) investigated whether
disrupting both auditory and non-auditory hubs in the tinnitus
network with repetitive transcranial magnetic stimulation (rTMS)
gave greater therapeutic benefit than disrupting auditory regions
alone. A modest reduction of tinnitus handicap scores was found
after rTMS treatment in a subset of patients, in agreement with
previous studies of 'rTMS therapy. However, the combined protocol
while trending toward greater improvement was not significantly
more effective. Notably, handicap scores improved significantly
between two baseline measurements that were taken before rTMS
treatment had begun. This finding suggests that improvements
after an intake assessment may be spuriously interpreted as treat-
ment effects if baseline stability is not assessed (see Lehner et al.,
2012 for further discussion). None of the studies described herein
reported results from psychoacoustic measurements of tinnitus,
which have been found to be more resistant to change in the treat-
ment literature (Roberts and Bosnyak, 2010). However, decreases
in tinnitus distress are often reported after sound or rTMS therapy,
and the value of such decreases for individual patients should not
be overlooked. Searchfield et al. (2012) propose a broad frame-
work for understanding and managing tinnitus based on Helson’s
Adaptation Level Theory (Helson, 1964). It is hoped that the frame-
work will encourage greater empirical investigation of factors that
affect tinnitus audibility (attention, context, and personality) and
the outcome of sound therapies.

Taking a different approach, Pantev et al. (2012) describe their
research which found that listening to music with frequencies in
the tinnitus region notched out reduced electrophysiological cor-
relates of tinnitus accompanied by a reduction in tinnitus loudness
assessed by a visual analog scale. They propose that lateral inhibition
distributed to the tinnitus frequencies may underlie this result. A
subsequent short-term application of the sound therapy observed
success only for patients with a dominant tinnitus frequency of less
than 8 kHz. Cochlear implant patients provide an opportunity to
assess the effect on tinnitus of restoring input to auditory pathways
(Chang and Zeng, 2012). Nine of the 13 patients (69%) reported
a decrease in tinnitus when the implant was switched on, and in
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five of these cases tinnitus suppression was complete or near com-
plete. Whether suppression persists after CI stimulation was not
systematically assessed although one patient reported a persisting
benefit 24 h later. Notably, tinnitus suppression was better in this
study when the implant was programmed specifically for tinnitus
suppression and not for optimal speech processing.

While hearing loss measured by the audiogram is present in the
majority of cases of chronic tinnitus, audiometric threshold shifts
are not always seen, and such shifts can occur in the absence of
tinnitus (Roberts et al., 2008). Improved measures of cochlear func-
tion beyond those dependent on threshold responses are needed to
understand these disparities and characterize with greater precision
the environmental conditions that pose risks for cochlear injury.
The question is important. Almost 20% of American adolescents
show changes in their audiograms indicative of hearing loss related
to noise exposure (Shargorodsky et al., 2010), and the degree of
threshold shift that sets the stage for tinnitus does not appear to
be large (Wienbruch et al., 2006). Cochlear damage expressed ini-
tially in high threshold auditory nerve fibers appears to be progres-
sive and may not express until later in life (Kujawa and Liberman,
2006, 2009) when age-related declines add to risks of tinnitus and
impaired hearing function.

Research on tinnitus has also sparked a new and important inter-
estin understanding how long term passive exposure to background
sound modifies central auditory processing in the mature brain.
Contrary to the view that behavioral relevance is a prerequisite
for modifying neural representations in adults (Keuroghlian and
Knudsen, 2007), recent research has shown that passive exposure
to background sounds at low levels can have profound effects on
auditory cortical processing (Norena et al., 2006; Pienkowski and
Eggermont, 2009). Sound therapies for tinnitus are based on this
principle, and while these therapies may in suitable circumstances
deliver beneficial results (Davis et al., 2008; Roberts and Bosnyak,
2010), foundational knowledge of the enabling conditions and the
mechanisms at work is lacking. The relevance of this topic extends
well beyond tinnitus. In animal studies chronic exposure to back-
ground sound that resembles many human workplace environments
produces substantial changes in central auditory processing that
can lead to impaired performance on auditory tasks, even when
conventional threshold measures of cochlear function are in the nor-
mal range (Pienkowski and Eggermont, 2012; Zhou and Merzenich,
2012).Knowledge of the processes involved will help understand the
risks for central and peripheral hearing as well as potential benefits
for remediation and prevention of hearing disorder.
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