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Abstract

Tinnitus, the most common auditory disorder, affects about 40 million people in the United States
alone, and its incidence is rising due to an aging population and increasing noise exposure.
Although several approaches for the alleviation of tinnitus exist, there is as of yet no cure. The
present article proposes a testable model for tinnitus that is grounded in recent findings from
human imaging and focuses on brain areas in cortex, thalamus, and ventral striatum. Limbic and
auditory brain areas are thought to interact at the thalamic level. While a tinnitus signal originates
from lesion-induced plasticity of the auditory pathways, it can be tuned out by feedback
connections from limbic regions, which block the tinnitus signal from reaching auditory cortex. If
the limbic regions are compromised, this “noise-cancellation” mechanism breaks down, and
chronic tinnitus results. Hopefully, this model will ultimately enable the development of effective
treatment.

Introduction

Since the landmark review by Eggermont & Roberts (2004) on the neuroscience of tinnitus,
the level of interest in this often debilitating disorder has mounted steadily. This can be
attributed to the rising average age of populations in Western countries and increased
hearing loss in young people, partly due to the popularity of music players with in-ear
loudspeakers. Tinnitus is also one of the most frequently reported problems among veterans
returning from two recent armed conflicts, often co-occurring with traumatic brain injury
(TBI) and posttraumatic stress disorder (PTSD). Although the number of published articles
on tinnitus is growing and more funding agencies are now supporting tinnitus research, our
basic understanding of the disorder is stagnating (Adjamian et al., 2009; Langguth et al.,
2007; Shulman et al., 2009).

It has been assumed for some time that most cases of tinnitus are caused by peripheral noise-
induced hearing loss followed by changes in the central auditory pathways (Jastreboff,
1990). Animal models have corroborated this explanation (Irvine et al., 2001; Rauschecker,
1999b; Robertson and Irvine, 1989), but have not provided a conclusive answer as to the
location and nature of these central changes (Eggermont and Roberts, 2004). Using a whole-
brain approach, human neurophysiological and functional imaging studies have visualized
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various regions of hyperactivity in the auditory pathways of tinnitus patients (Arnold et al.,
1996; Hoke et al., 1989; Lanting et al., 2009; Melcher et al., 2009) as well as cortical regions
beyond classical auditory cortex, including prefrontal and temporo-parietal areas (Giraud et
al., 1999; Mirz et al., 2000; Mirz et al., 1999; Schlee et al., 2009; Weisz et al., 2007).
Imaging studies have also demonstrated activation of non-auditory, limbic brain structures,
such as hippocampus and amygdala, in tinnitus patients (Eichhammer et al., 2007;
Lockwood et al., 1998; Mirz et al., 2000; Shulman et al., 2009).

This limbic activation has been interpreted as a reflection of the emotional reaction of
tinnitus patients to the tinnitus sound (Jastreboff, 2000). As the present article will argue,
however, limbic and paralimbic structures may play a more extended role than previously
proposed. In our model, efferents from structures in the subcallosal area, which includes the
nucleus accumbens (NAc) of the ventral striatum and the ventral medial prefrontal cortex
(vmPFC), are involved in the cancellation of the tinnitus signal at the thalamic level.
Although the tinnitus signal may initially be generated in parts of the auditory system, it is
the failure of the limbic regions to block this signal that leads to the tinnitus percept
becoming chronic.

Lesion-Induced Reorganization of the Central Auditory System

Tinnitus, i.e. hearing a disturbing tone or noise in the absence of a physical sound source, is
a phantom sensation (Jastreboff, 1990) comparable to phantom pain felt in an amputated
limb (Ramachandran and Hirstein, 1998). In both cases, the firing of central neurons in the
brain continues to convey perceptual experiences, even though the corresponding sensory
receptor cells have been destroyed (Birbaumer et al., 1997; Rauschecker, 1999a). As such,
chronic tinnitus is thought to originate from plastic reorganization of auditory cortex
following peripheral deafferentation. According to this “remapping” hypothesis, the
reorganization process usually begins with a loss of hair cells in the inner ear, a
“sensorineural” hearing loss (SNHL). This cochlear lesion can result from acoustic trauma,
i.e. loud-noise exposure within a certain frequency range, or age-related hair-cell
degeneration (usually corresponding to high frequencies). Although the lesion causes
elevated thresholds in the corresponding frequency range, neighboring frequencies become
amplified because their central representations expand into the vacated frequency range.
Indeed, preliminary findings from human PET and MEG studies indicate an expansion of
the frequency representation in the auditory cortex that corresponds to the perceived tinnitus
frequencies (Lockwood et al., 1998; Muhlnickel et al., 1998; Wienbruch et al., 2006). These
observations, however, continue to await confirmation by high-resolution fMRI studies
(Leaver et al., 2006).

Animal models of tinnitus also support the claim for a cortical origin of the tinnitus percept.
Restricted cochlear lesions in cats and monkeys lead to a frequency-specific reorganization
of auditory cortex and thalamus but not of more peripheral stations (Rajan and Irvine, 1998;
Rajan et al., 1993; Schwaber et al., 1993). As detailed microelectrode mapping in these and
other studies has shown, frequency regions adjacent to the lesioned area invade the vacated
space and become “overrepresented” compared to other frequency regions. Additionally, the
“lesion-edge frequencies” lose intracortical inhibitory input from the deafferented region.
Thus, cortical neurons with input from frequency ranges next to the cut-off frequency
display permanently elevated spontaneous activity (“hyperactivity”) as well as transiently
enhanced burst-firing and increased synchronous activity (Norena and Eggermont, 2003;
Weisz et al., 2006). Auditory brainstem hyperactivity has also been reported in human
tinnitus patients (Melcher et al., 2000) as well as animal models of tinnitus (Bauer, 2003;
Brozoski et al., 2002), but it seems to be the cortical remapping that ultimately forms the
basis for a chronic tinnitus percept (Melcher et al., 2009).
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Lesion-induced plasticity in the adult brain has also been documented in the somatosensory
and visual systems (Calford et al., 2005; Florence and Kaas, 1995) (but see Smirnakis et al.
(2005)). The cellular and synaptic mechanisms responsible for this process include the
unmasking of hidden inputs (Buonomano and Merzenich, 1998) and the sprouting of new
connections (Darian-Smith and Gilbert, 1994). Furthermore, changes at the cortical level
have been found in combination with perceptual consequences of phantom sensations
(Ramachandran et al., 1992) and a “filling-in” of the deprived region by neighboring
representations (Gilbert et al., 2001). A similar line of work on the cortical contributions to
focal dystonia (a somato-motor disorder affecting specific body parts, such as the hand in
musicians or writers) has argued that this disorder shares the same signature (Breakefield et
al., 2008; Elbert et al., 1998; Flor and Diers, 2009; Hirata et al., 2004). Taken together, these
findings suggest that lesion-induced reorganization has similar consequences across
modalities and that the same process in the auditory cortex may be an underlying cause of
tinnitus.

Recently, high-resolution structural MRI studies with voxel-based morphometry (VBM)
have indicated that tinnitus-related reorganization of auditory cortex in humans may be
accompanied by structural changes at the thalamic level (Mihlau et al., 2006). The VBM
technique can identify differences in volume and tissue density of brain regions by direct
comparison between two groups. Using VBM on tinnitus patients, Mihlau et al. (2006)
observed a significant increase of grey-matter density in the posterior thalamus, including
the medial geniculate nucleus (MGN). Using individual morphological segmentation, which
is better able to detect changes within small and anatomically variable areas, Schneider et al.
(2009) also found volume loss in the medial portion of Heschl's gyrus (HG) in tinnitus
patients. Additional evidence from the somatosensory system suggests that lesion-induced
functional reorganization may be amplified at the thalamic level, and thus structural changes
could manifest more readily there: Effects of cortical reorganization of the hand
representation in macaque monkeys are enhanced in the ventroposterior nucleus of thalamus
via descending projections (Ergenzinger et al., 1998).

In summary, as evidenced by the various approaches discussed, the long-term reorganization
of central auditory pathways following sensorineural hearing loss appears to consist of
changes at the cortical as well as thalamic level. It is entirely possible that tinnitus, like
many apparently heterogeneous neurological syndromes, may be the end-result of various
different causes. Different subtypes of tinnitus have indeed been described in cluster
analyses, for instance cases in which tinnitus gets better with (i.e. is masked by) noise (a
fundamental tenet for many treatment attempts; (Okamoto et al., 2010; Roberts, 2007)), but
also cases in which tinnitus gets worse in noise (Stouffer and Tyler, 1990). Notably, tinnitus
has been reported to occur in individuals with normal hearing (Heller and Bergman, 1953).
In cases of tinnitus with intact hearing a model of lesion-induced plasticity would not apply,
as a lesion in the auditory periphery may not exist. On the other hand, “normal hearing” is
often determined on the basis of standard audiological examination, which is performed in
octave-steps and only at frequencies below 8 kHz. Cases of mild notch-like hearing loss or
hearing loss above 8 kHz could easily escape such testing. When audiological testing is
performed at finer intervals and at frequencies above 8 kHz, cases of tinnitus with absolutely
no hearing loss become more rare in our hands and in those of other investigators (Salvi et
al., 2009). It is safe to say, therefore, that the great majority of tinnitus cases do involve
SNHL, i.e. damage to the sensory periphery (Hoffman and Reed, 2004). Importantly, the
reverse is not true, i.e. not everyone with SNHL develops tinnitus (see below). Thus,
although universal models or treatments for tinnitus may not exist, we argue that central
auditory system reorganization is a necessary prerequisite for chronic tinnitus.
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Evidence of Paralimbic Involvement in Tinnitus

Although reorganization of auditory cortex and thalamus in response to peripheral
deafferentation may be necessary for the tinnitus perception to arise, it is almost certainly
not sufficient. First, if peripheral hearing loss results in central auditory reorganization,
which leads to the tinnitus percept, why is it that only a subset of patients with noise-induced
hearing loss (between 20 and 40%; (Hoffman and Reed, 2004)) develop chronic tinnitus?
Shouldn't one expect that noise-induced hearing loss always leads to cortical reorganization
and, thus, to tinnitus? Secondly, modulation of tinnitus strength by non-auditory factors is
well known in chronic tinnitus. In cases of “somatic” tinnitus, the tinnitus percept can be
modulated by movements of the eyes, neck or jaw (Fields, 2007; Levine et al., 2003).
Significant changes in tinnitus level also occur as a result of stress or sleep deprivation
(Alster et al., 1993; Folmer and Griest, 2000; Hallam, 1996). A sizeable portion of tinnitus
patients suffer from what is known as “intermittent” tinnitus, in which the ringing sensation
disappears completely for days or weeks, only to resume at full force. It appears that, in
addition to changes in auditory pathways, a “switch” exists elsewhere in the brain that can
turn the tinnitus sensation on or off. In neurophysiological terms, such a switch may be
referred to as an inhibitory gating mechanism.

A potential breakthrough in our understanding of such gating mechanisms occurred when, in
their VBM study, Miihlau et al. (2006) found a highly significant volume loss in the
“subcallosal area” of tinnitus patients (Fig. 1). This result was recently replicated by Hyde
and colleagues (2009) and, in a more general form implicating paralimbic structures, by
Landgrebe et al. (2009). Volume loss may point to atrophy of neurons or glia cells (i.e.
changes in a region's intrinsic architecture) with characteristic functional consequences
(May and Gaser, 2006). Though the subcallosal area is not sharply delineated as a
homogeneous region and contains medial prefrontal, orbitofrontal and anterior cingulate
areas, various findings suggest that it constitutes a major hub linking limbic-affective
systems with thalamo-cortical perceptual systems. Activation of the subcallosal area, for
instance, correlates by varying degrees with the unpleasant effects of dissonant music
(Blood et al., 1999) and is modulated by the perception and anticipation of pain (Ploghaus et
al., 2003). Furthermore, abnormal activity levels in the subcallosal (subgenual anterior
cingulate and medial prefrontal) area are found in people with certain depressive disorders
(Drevets et al., 1997; Mayberg et al., 2005).

In addition to encompassing the above cortical regions, the subcallosal area in its posterior
portion overlaps with the nucleus accumbens (NAc), which is a major component of the
ventral striatum (Blood and Zatorre, 2001; Gruber et al., 2009). The ventral striatum is
intensely interconnected with the various cortical regions of the subcallosal area (Johansen-
Berg et al., 2008; Ongur and Price, 2000). The NAc (and its associated network in the
medial prefrontal cortex) contains dopaminergic and serotonergic neurons among other
types. Whereas the dopaminergic system within the NAc is well known for its involvement
in reward behavior and avoidance learning (McCullough et al., 1993), serotonergic neurons
play a modulatory role in various emotion-related systems. Importantly, the NAc receives
glutamatergic input from the amygdala, as well as projections from the hippocampus and the
raphe nuclei (Ambroggi et al., 2008; Azmitia and Segal, 1978). The latter are the major
origin of the serotonergic system and are responsible for the regulation of sleep.

Paralimbic Structures as Part of An Intrinsic Noise-Cancellation System

How do the limbic regions of the subcallosal area interact with the thalamo-cortical sensory/
perceptual systems? In addition to corticofugal and transcortical glutamatergic projections
from vmPFC, anatomical data indicate that serotonergic axons (from the dorsal raphe
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nucleus, the NAc, and other paralimbic regions) innervate the thalamic reticular nucleus
(TRN) and the dorsal thalamus (Brown and Molliver, 2000; O'Donnell et al., 1997).
Serotonin excites the GABAergic neurons of the TRN (McCormick and Wang, 1991; Pape
and McCormick, 1989), which in turn exert a powerful inhibitory influence on sensory
thalamic relay cells (Guillery and Sherman, 2002). TRN-mediated inhibition can also cause
thalamic relay neurons to shift between tonic and burst-firing modes, the latter of which
requires cells to be in a hyperpolarized state (Llinas and Jahnsen, 1982; Sherman, 2001).
What role the TRN may play in the enhanced synchronous activity observed in animal
models of tinnitus (Eggermont and Roberts, 2004; Norena and Eggermont, 2003) is an
intriguing question. However, the TRN on the whole plays a pivotal role in the control of
thalamo-cortical transmission and, with its strictly modality-specific and topographic
organization (Jones, 2007; Sherman and Guillery, 2006), it can perform its gain-control
function in a highly localized manner.

Much of the original evidence for the role of the TRN was accumulated by studies on the
lateral geniculate nucleus (LGN) of the visual system (Crick, 1984; Llinas and Jahnsen,
1982). Recently, however, an analogous role of the TRN has been demonstrated for the
medial geniculate nucleus (MGN) of the auditory system as well (Yu et al., 2009b). TRN
input strongly inhibits MGN neurons in both anesthetized and conscious animals and does
so in a highly frequency-specific manner (Yu et al., 2009a). Thus, serotonergic neurons in
the subcallosal area, via their input to the TRN, can modulate transmission from the sensory
periphery and brainstem to the cerebral cortex by interfering at the level of the thalamus.
Since cortical activation is considered a prerequisite for conscious perception, the NAc-TRN
system is in a position to cancel out the perception of persistent unpleasant noises, including
phantom sensations such as tinnitus (Fig. 2). While the gain of the tinnitus frequency is
selectively reduced, other frequencies remain unaffected.

In our view, cochlear lesions will inevitably begin to induce a process of plastic
reorganization, which leads to a perceptual filling-in of the deafferented frequency range but
also generates hyperactivity (and thus an initial tinnitus signal) in the ascending auditory
pathways. Normally, this unwanted noise signal is identified by the limbic system and
eliminated from perception (“tuned out”) by feeding it back to the (inhibitory) TRN, which
subtracts it from the afferent auditory signal. Thus, this circuit serves as an active neural
“noise-cancellation” mechanism (Fig. 2A). In cases in which the pertinent limbic regions
become dysfunctional, noise-cancellation breaks down and the tinnitus signal permeates to
the auditory cortex, where it enters into consciousness and eventually leads to permanent
auditory cortical reorganization (Fig. 2B).

What Breaks the Noise-Cancellation System?

There are various ways in which the subcallosal area could become dysfunctional. First, it
could be a consequence of overload (and resulting excitotoxicity) from chronic firing of
NAC neurons trying to compensate for the tinnitus signal. Evidence for abnormal activity in
the NAc of tinnitus patients is indeed forthcoming (Leaver et al., 2010). Why neurons in
some individuals (i.e., those with SNHL but no tinnitus) are better protected from damage
than in others (i.e., individuals with tinnitus) remains unclear. However, the use of
neuroprotective drugs, such as the NMDA antagonist neramexane (Merz Pharmaceuticals),
might aid with the prevention (or even reversal) of chronic tinnitus.

Second, it is possible that tinnitus patients have an independent, systemic vulnerability in
one or more limbic-relevant transmitter systems, such as serotonin (5-HT) (see below),
making these individuals more susceptible to tinnitus as well as other disorders, like chronic
pain or depression. In affected individuals, underlying transmitter levels may decline faster
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over time or with age than in unaffected individuals. Although mechanisms driving such
“system dysfunctions” (e.g., dopaminergic cells in the basal ganglia are known to fail over
time in Parkinsonism) are not yet characterized, they are likely to be multifactorial, with
genetic vulnerability, developmental insults, and environmental stressors all considered
important and synergistic contributors (Insel, 2007; Mayberg et al., 2005).

Previous theories of tinnitus have assumed a largely “reactive” role for limbic structures that
reflects a mostly learned distress response (Jastreboff, 1990; Jastreboff, 2000). Tinnitus was
thought to cause insomnia, depression, or anxiety; limbic activation found in prior PET
imaging studies was seen largely as a reflection of these emotional effects of tinnitus and the
suffering associated with this condition. The present model assigns a more central role to
limbic and paralimbic structures in and around the subcallosal area, in that they participate
in a self-regulating gating process that can actually prevent the tinnitus signal from being
perceived. More generally, therefore, limbic activity does not only color our perception, it is
even in a position to completely suppress or tune out the signal if it is deemed unpleasant
and/or redundant. Such limbic influences on thalamo-cortical transmission may prove to be
more fundamental in health and disease than hitherto thought and may be realized by a
relatively simple feedback circuit, as proposed here.

Open Questions and Future Directions

How can the model laid out in the present article be tested? Direct study of the relevant
networks in animal models would be most compelling. Electrical or chemical stimulation of
the NAc or surrounding areas and simultaneous recording from the TRN, MGN or auditory
cortex would be feasible (Fig. 3). Animals could be trained to signal the presence of a tone
or narrow-band noise; restricted cochlear lesions could be induced in these animals via loud-
noise exposure, and they could subsequently be tested for the presence of tinnitus
(Jastreboff, 1990;Lobarinas et al., 2008;Turner et al., 2006). However, even in intact
animals, information regarding the effectiveness of NAc stimulation for inhibiting sensory
transmission in the MGN would be useful. In severely debilitating cases of tinnitus in human
patients, deep-brain stimulation of the NAc, which has proven to be an effective treatment
for obsessive-compulsive disorder and depression (Mayberg et al., 2005;McCracken and
Grace, 2009;Schlaepfer et al., 2008), may be considered for approval.

If the sensory “gating” mechanism we propose is indeed mediated by serotonergic neurons
in the NAc/subcallosal network, the present model would re-invoke a “serotonin hypothesis
of tinnitus” (Dobie, 2003; Simpson and Davies, 2000). This hypothesis was derived from the
correlates of serotonin depletion, such as hypersensitivity to noise, reduced REM sleep, and
depression/anhedonia (Geyer and Vollenweider, 2008; Marriage and Barnes, 1995), all of
which co-occur with tinnitus to varying degrees. Thus, tinnitus may be another symptom of
this overall depletion, and, accordingly, patients with intermittent tinnitus could simply have
fluctuating levels of serotonin. However, the effectiveness of drugs that modulate serotonin
is largely untested in tinnitus patients. Thus far, two studies of selective serotonin reuptake
inhibitors (SSRIs) report mixed results (Baldo et al., 2006; Robinson, 2007), and the success
of noradrenergic and specific serotonergic antidepressants (NaSSAs), such as mirtazapine,
remains anecdotal. There is a need for rigorous and systematic trials using double-blind,
placebo-controlled and randomized designs, and effects on different 5-HT receptor subtypes
need to be separated. Tinnitus may also respond to treatment with serotonin agonists
(triptanes), which have been shown to be an effective treatment for migraine headaches.

In this context, analogies between tinnitus and chronic pain may be informative (Flor et al.,
2006; King et al., 2009; Moller, 2007). Many forms of chronic pain are modulated by stress,
emotions and fatigue and are co-morbid with anxiety and depression (Folmer et al., 2001).
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Chronic pain often results from previous bodily injury, which could lead to long-term
central reorganization. It is quite possible, therefore, that a limbic gating system also exists
for the somatosensory system and is responsible not only for creating the unpleasantness of
pain but also for modulating its intensity. Indeed, neuroimaging data do implicate the NAc/
vmPFC system in several forms of chronic pain, e.g. fibromyalgia (Becerra et al., 2001;
Kuchinad et al., 2007; Schweinhardt et al., 2009). Combined selective serotonin-
norepinephrine reuptake inhibitors (SNRIs) have been approved for treatment of neuropathic
pain; however, dopamine also mediates some analgesia, including the astounding effects of
placebos (Scott et al., 2007). How these effects co-vary in individuals that suffer from both
tinnitus and chronic pain would be of particular interest.

It will be important to further investigate other comorbidities observed in tinnitus patients as
well, including depression and insomnia. Arguably, insomnia is the single most important
complaint associated with tinnitus (Alster et al., 1993), and it has become clear that the
tinnitus sound itself is not necessarily what keeps the patients awake (McKenna and Daniel,
2006). Instead, the opposite may be true: insomnia may cause tinnitus, and both may be
associated with serotonin depletion. It appears, therefore, that tinnitus is the auditory
symptom of an underlying syndrome, which becomes evident in patients who happen to
have a hearing loss. Similarly, Parkinsonism was long considered primarily a motor disorder
because motor symptoms are most apparent, yet cognitive deficits are revealed after more
refined testing and with better hypotheses.

Summary and Conclusions

According to the model laid out in this article, tinnitus most likely results from the following
factors:

1. Inmost, if not all cases, the process leading to tinnitus is triggered by a lesion to the
auditory periphery, e.g. a loss of hair cells in the inner ear resulting from acoustic
trauma or aging.

2. Loss of input in the lesioned frequency range leads to an overrepresentation of
lesion-edge frequencies, which causes hyperactivity and possible burst-firing in
central auditory pathways, constituting the initial tinnitus signal.

3. Under normal circumstances, the tinnitus signal is cancelled out at the level of the
thalamus by an inhibitory feedback loop originating in paralimbic structures:
activity from these structures reaches the TRN, which in turn inhibits the MGN. If,
however, paralimbic regions are compromised, inhibition of the tinnitus signal at
the thalamic gate is lost, and the signal is relayed all the way to the auditory cortex,
where it leads to permanent reorganization and chronic tinnitus.

Finally, identification of the transmitter systems involved in the brain's intrinsic NAc/
vmPFC-TRN noise cancellation system could open avenues for drug treatment of tinnitus.
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Figure 1. Results of voxel-based morphometry (VBM) in the brains of tinnitus patients
compared to normal controls

Whole-brain analysis identified a highly significant volume loss in the subcallosal area of
tinnitus patients (from Mdihlau et al., 2006). Horizontal, sagittal, and coronal slices are
shown (from left to right).
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Figure 2. Tinnitus as the result of a broken neural “noise-cancellation” mechanism

According to the theory proposed here, the nucleus accumbens (NAc) and its associated
paralimbic networks in the ventromedial prefrontal cortex (vmPFC) play an important role
in long-term habituation to continuous unpleasant sounds. Sound-evoked neural activity is
relayed from the auditory periphery via the brainstem and thalamus (MGN) to the auditory
cortex for conscious perception. The same signal is directed in parallel via the amygdala to
the subcallosal area (which includes the NAc region of the ventral, “limbic” striatum and the
vmPFC) for evaluation of the sound's emotional content. From the subcallosal area, an
excitatory projection feeds back to the thalamic reticular nucleus (TRN), which in turn
inhibits selectively the sections of the MGN corresponding to the unpleasant sound

Raphe
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frequencies. This gain-control mechanism leads to a highly specific filtering (“tuning out”)
of repetitive unwanted noises, which, as a consequence, do not reach conscious perception
in the auditory cortex. The initial tinnitus signal results from peripheral deafferentation (loss
of hair cells through injury, aging, or loud-noise exposure) and subsequent lesion-induced
reorganization of central auditory structures. As long as the NAc-system is intact (A:
“Compensated Tinnitus”), the tinnitus signal is filtered out and will not be relayed to the
auditory cortex. If, however, the NAc-system becomes compromised (B: “Tinnitus”),
cancellation of the tinnitus signal at the thalamic level is no longer possible, tinnitus
perception results, and long-term reorganization of auditory cortex sets in to render the
tinnitus chronic. Cases of intermittent tinnitus may occur during a stage at which damage to
the subcallosal area is still temporary: fluctuating activity (and corresponding
neurotransmitter) levels allow transient filtering of the tinnitus signal. The raphe nuclei,
which control serotonin levels and sleep cycles, provide a major input to the NAc and may
thus contribute to the correlation between tinnitus strength and insomnia. Structures with
serotonergic innervation are shown by hatching; inhibitory structures are shown in red;
yellow indicates presence of tinnitus signal.
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Figure 3. Possible animal model of tinnitus testing the validity of the NAc-TRN hypothesis
Electrical or chemical stimulation of the NAc is proposed while recording from MGN or
auditory cortex. Similar studies of the TRN have been performed by Yu et al. (2009b) and
could be extended to testing the modulatory influence from paralimbic structures, such as
the NAc, on auditory transmission. Inhibitory connection from TRN to MGN is shown in
red. Auditory nuclei in green (CN: cochlear nuclei; IC: inferior colliculus; SC: superior
colliculus).
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