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Tinnitus is the perception of a sound, a so-called “phantom sound,” in the absence of a
physical sound. The phantom perception persists after transection of the auditory nerve,
indicating that the site of tinnitus manifestation is in the central nervous system. Imaging
studies in tinnitus sufferers have revealed increased neuronal activity—hyperactivity—in
subcortical and cortical auditory centers. These studies have demonstrated that
non-auditory brain areas, such as the limbic system, are involved in the neural basis of
tinnitus, Finally human imaging studies have led to novel hypotheses for the generation
of tinnitus, such as the thalamocortical dysrhythmia hypothesis. Imaging in animal
models of tinnitus exhibit similarities to results from human studies and have revealed
hyperexcitability of auditory brain centers as a neural correlate of tinnitus. We propose
that the comparison between animal model and human studies will aid in the design
of appropriate experimental paradigms aimed at elucidating the cellular and circuit
mechanisms underlying tinnitus.
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INTRODUCTION
Tinnitus sufferers perceive sounds in the absence of any phys-
ical auditory stimulus. Tinnitus can be caused by head and
neck injuries (Chan and Reade, 1994), chemotherapy (Bokemeyer
et al., 1998), ototoxic drugs such as salicylate (Stypulkowski,
1990) but, most frequently, tinnitus is caused by intense sound
exposure (Passchier-Vermeer and Passchier, 2000). The vari-
ous causes of tinnitus generate a diverse range of tinnitus
percepts (Eggermont and Roberts, 2004). Some patients with
chronic tinnitus are constantly aware of the phantom per-
ception, but cope very effectively with this disturbance. For
some patients, however, tinnitus is more than just a minor
annoyance—these patients report that tinnitus causes extreme
feelings of desperation and in some cases results in suicidal
thoughts (Dobie, 2003). Despite the increasing numbers of tin-
nitus sufferers—due to increasing risks from occupational and
recreational sources as well as the increased awareness of the
disease—a basic understanding of the neural basis of tinnitus is
lacking.

Mechanistically, tinnitus had been considered for many years
as a peripheral disorder; a disorder of the external ear. This view
has changed as sectioning of the eighth cranial nerve was an inef-
fective surgical treatment of tinnitus (House and Brackmann,
1981; Barrs and Brackmann, 1984) and collateral sectioning of
the auditory nerve with tumor removal surgery even caused tin-
nitus in some patients (Berliner et al., 1992; Baguley et al., 2006).
These results indicate that it is the auditory central nervous
system—and not the periphery—that maintains the percept of
tinnitus.

Recently developed animal models of noise-induced tinni-
tus have provided a unique opportunity for determining the
neural mechanisms underlying the induction and the expres-
sion mechanisms of tinnitus (Eggermont and Roberts, 2004).
These studies have uncovered many forms of aberrant plastic-
ity that result in marked changes in the cellular and molecu-
lar properties of the auditory system of animals with tinnitus
compared to healthy animals. An emerging hypothesis for the
cellular mechanisms underlying tinnitus involves reduced activ-
ity of the auditory nerve—as a result of the noise-exposure or
other injury (Liberman and Kiang, 1978; Mulheran, 1999; Muller
et al., 2003)—and subsequent development of hyperactivity of
neurons in central auditory brain centers. This hyperactivity is
thought to arise from a central down regulation of inhibition to
compensate for reduced peripheral afferent drive (Suneja et al.,
1998a,b; Wang et al., 2009; Middleton et al., 2011). An alterna-
tive hypothesis suggests the up-regulation of excitatory inputs
as a contributor to tinnitus-related hyperactivity (Dehmel et al.,
2012). Tinnitus-related hyperexcitability has been observed in
several auditory centers throughout the ascending auditory path-
way. (Jastreboff and Sasaki, 1986; Chen and Jastreboff, 1995; Ochi
and Eggermont, 1997; Eggermont and Komiya, 2000; Kaltenbach
and Afman, 2000; Kaltenbach et al., 2000; Brozoski et al., 2002;
Chang et al., 2002; Norena and Eggermont, 2003). While the
establishment of hyperactivity neural activity as a correlate of tin-
nitus has advanced the understanding of the mechanistic basis for
tinnitus, the features of neural activity that specifically underlie
the perception of tinnitus remain elusive. One hypothesis pro-
poses that aberrant thalamocortical rhythms—thalamocortical
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dysrhythmia—emerge as a plastic maladaptation to peripheral
injury (Llinas et al., 2005). These rhythms may act to promote
coherent high-frequency (gamma) oscillations and thus generate
the conscious perception of tinnitus.

Imaging studies in humans have sought to pinpoint the neural
correlates of tinnitus, however, they do not allow for the dis-
section of the cellular mechanisms underlying tinnitus. On the
other hand, imaging studies in animal models of tinnitus offer
a reduced, better-controlled experimental environment that will
facilitate the discovery of the underlying physiological remodel-
ing that leads to tinnitus. Here we will review and compare studies
that have employed different imaging modalities to examine the
neural correlates of tinnitus in animal models and in humans.
We will also discuss how imaging in animal models may help
address specific hypotheses about the persistent basis of tinnitus
in the central nervous system. Further experimental and concep-
tual linking between human studies and studies in animal models
of tinnitus will facilitate the discovery of the etiology and the cure
of tinnitus.

IMAGING TECHNIQUES
Traditional methods of recording electrophysiological brain activ-
ity present significant problems that prohibit their usage in
human studies. The most important issue being that extracellular
electrode recordings require craniotomies, which are untenable
for non-critical patients. Imaging techniques offer an alternative
means of accessing physiological parameters in a non-invasive
manner. Imaging of human patients has gained widespread usage
in both clinical and research settings. In particular, positron
emission tomography (PET) and functional magnetic resonance
imaging (fMRI) are now commonly used to study the physiolog-
ical basis of tinnitus in human sufferers.

Neural imaging involves monitoring changes in the level of
cerebral blood flow or glucose metabolism in areas of the cen-
tral nervous system. Subjects in PET studies are injected with
radioactive tracer isotopes attached to a biologically active com-
pound. These compounds are introduced to the bloodstream
and, depending on the biological compound tethered to the iso-
tope, can be used for detecting changes in blood flow, oxygen
metabolism or glucose metabolism as a result of brain activity
(Fox et al., 1986). fMRI can be used to image the oxygenation
state of cerebral blood, and thus provides an indirect measure of
neural activity. Hemoglobin in the oxygenated state is more sus-
ceptible to the brief magnetic pulses produced by fMRI scanners,
thus enabling this technique to specifically measure the contrast
of blood oxygenation level dependence (BOLD) (Ogawa et al.,
1990). fMRI typically has a finer spatial resolution and faster tem-
poral resolution than PET imaging. However, since the BOLD
signal also arises from non-neural sources, baseline neural activ-
ity cannot be inferred using fMRI. Instead, relative changes in the
BOLD signal must be used as a secondary indicator of changes in
neural activity. Both imaging methods described, PET and fMRI,
have limitations compared to traditional recording techniques:
(1) they indicate blood flow or metabolic state and thus are only
indirectly linked to neural activity, (2) their temporal resolution
is slower than recording techniques that directly measure neu-
ral activity (i.e., electrical recordings, voltage, or calcium-sensitive

dyes), and (3) their spatial resolution is limited to the scale of mil-
limeters. This last point is the factor that most limits the usage
of these techniques in animal studies of tinnitus. In particular,
it becomes difficult to resolve signals from auditory brainstem
nuclei in rodent models of tinnitus since their volume is typically
smaller than a cubic millimeter.

Other non-invasive recording techniques, such as electroen-
cephalograms (EEGs) and magentoencephalograms (MEGs),
provide alternates to PET and fMRI imaging. The electric fields
measured by EEGs are the result of extracellular currents that are
oriented perpendicular to the cortical surface from synchronously
firing neurons (Nunez and Srinivasan, 1981). MEGs likely arise
from the synaptic currents that are generated by apical dendrites
across synchronously activated neurons (Hillebrand and Barnes,
2002). The skull and scalp attenuate EEGs, but are transparent
to magnetic fields, thus MEGs offer better spatial resolution than
EEGs. The spatial resolution of MEGs is only limited by the num-
ber of neurons that must be synchronously active to generate
sufficiently strong signals for detection.

HUMAN IMAGING STUDIES
In this section, we will briefly review several imaging studies that
show patterns of activation that are consistent with physiologi-
cal studies of animal models and some results that point to the
involvement of non-auditory brain centers in tinnitus. PET imag-
ing has revealed increased regional cerebral blood flow (rCBF)
in the contralateral auditory cortex of patients with tinnitus in
one ear (Lockwood et al., 2002). Some patients have the ability
to modulate the experience of perceived tinnitus with orofacial
manipulations (Lockwood et al., 1998). In the cases where manip-
ulations decreased tinnitus perception, there was a significant
reduction of rCBF in the auditory cortex and also in the con-
tralateral hippocampus. This further supports the hypothesis that
the basis of tinnitus is centrally located and that internal percep-
tions can be modulated by the top-down influence of voluntary
orofacial movements.

Measuring changes in hemodynamics in tinnitus patients
with fMRI has revealed increased activation of inferior collicu-
lus (IC) to sound stimuli compared to control subjects (Figure 1)
(Melcher et al., 2009). This study is consistent with animal stud-
ies showing increased activation of IC in different animal models
of tinnitus (Bauer et al., 2008) (see next section). Another fMRI
study shows that auditory cortex hyperexcitability correlates with
tinnitus while hyperexcitability of subcortical brainstem regions
is more directly linked with the occurrence of hyperacusis, or
diminished sound level tolerance (Gu et al., 2010).

One recent discovery emerging from human imaging studies is
the involvement of the limbic system in tinnitus. Tinnitus-related
functional and structural changes are observed in the hippocam-
pus and in the amygdala, (Lockwood et al., 1998; De Ridder
et al., 2006; Landgrebe et al., 2009). More recently, strong cor-
relation was shown between structural and functional changes
in the auditory system and limbic system in tinnitus patients
(Leaver et al., 2011). Specifically, fMRI revealed hyperactivity
in the nucleus accumbens (NAc) and primary auditory cortex
when tinnitus patients were presented acoustic stimuli matched
to their perceived tinnitus frequency (Figure 2A). No functional
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FIGURE 1 | An fMRI imaging study reveals larger sound-evoked

activation of the inferior colliculus in patients with tinnitus (left)

compared to control subjects (right). The color scale indicates the
significance of the difference of activation between on and off stimulus
periods. Figure adapted from Melcher et al. (2009).

changes were observed in the prefrontal cortex, however, struc-
tural changes were uncovered using voxel-based morphometry
(VBM) on high resolution structural MRI. The ventromedial pre-
frontal cortex (vmPFC) of tinnitus patients had increased gray
matter and decreased white matter concentrations. The degree
of structural changes in vmPFC was significantly correlated with
functional changes in NAc and auditory cortex (Figure 2B).
Because the limbic system is involved in modulating and main-
taining emotional state it has previously been hypothesized to
play a role in the neural basis of tinnitus (Rauschecker et al.,
2010). However, it remains unclear whether the limbic dysfunc-
tion is involved in the establishment of tinnitus or whether it
is a secondary consequence of the emotional distress tinnitus
caused by tinnitus. Furthermore, the recent finding of corre-
lated structural and functional changes in the limbic and auditory
systems suggest a widespread alteration in the limbic corticos-
triatal pathway, which is thought to assess stimulus relevance
and filter out undesirable stimuli (Leaver et al., 2011). The com-
promise of the limbic system may play a role in gating the
persistent representation of phantom stimuli in the auditory
cortex.

BOLD signals reveal auditory stimulus-induced activity rela-
tive to baseline. It is not clear whether the perception of tinnitus is
linked to stimulus-induced activity or properties of spontaneous
neural activity alone, however, there is evidence that auditory
stimulus related changes in the cortical BOLD signal are specif-
ically correlated with the presence of tinnitus (Gu et al., 2010).
While the intrinsic, synaptic and circuit mechanisms underly-
ing tinnitus-related hyperactivity or tinnitus-related enhanced
evoked activity are not well understood (Tzounopoulos, 2008), it
is likely that similar mechanisms may mediate both spontaneous
and stimulus-evoked changes.

MEG recordings from tinnitus sufferers have also contributed
important insights into the neurobiology of tinnitus. MEG
recordings from human sufferers of tinnitus demonstrated a
redistribution of the tonotopic axis in A1 in human tinnitus

FIGURE 2 | Auditory and limbic brain centers exhibit sound-evoked

hyperactivity. Stimuli matched for perceived tinnitus frequency evoked
significantly higher activity, as measured by fMRI, in (A) the nucleus
accumbens (NAc) and (B) medial Hershel’s gyrus (mHG), the presumed site
of primary auditory cortex. Figure adapted from Leaver et al. (2011).

patients (Muhlnickel et al., 1998). MEG signals for the pre-
sumed tinnitus frequency occupied more cortical space at the
expense of other frequencies. Animal models of noise-induced
tinnitus corroborate these findings as they demonstrate tono-
topic reorganization (Norena and Eggermont, 2005, 2006). This
reorganization can be prevented by enriched acoustic environ-
ments (Norena and Eggermont, 2005, 2006) and even reversed
by pairing vagus nerve stimulation with pure tone stimula-
tion (Engineer et al., 2011). Despite the evidence that tonotopic
reorganization can result from noise-induced tinnitus, human
fMRI studies suggest that tonotopic reorganization may not
be necessary for the conscious perception of tinnitus (Langers
et al., 2012). The interpretation that tinnitus does not require
tonotopic reorganization is further supported by the possibility
that increased MEG signals may also reflect changes in neural
synchrony.
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An alternative hypothesis for the neural basis of tinnitus
proposes that reduced thalamic input—due to sound-exposure
driven deafferentation—leads to thalamocortical dysrhythmia
(Llinas et al., 1999). MEG recordings of spontaneous neural activ-
ity from tinnitus patient’s exhibit pronounced cortical activity
peaks in the theta range (4–8 Hz; Figure 3). Rhythms in this range
were reduced when the patients were presented masking auditory
stimuli (Llinas et al., 2005). Tinnitus patients also exhibit MEG
activity that has broad-spectrum gamma rhythms with elevated
power compared to MEGs from control subjects. Cortical gamma
rhythms are hypothesized to bind together activity of neural pop-
ulations to form the substrate of conscious perception (Fries et al.,
2007). A potential causal link between aberrant theta rhythms and
aberrant gamma rhythms has been suggested by in vitro exper-
iments (Llinas et al., 2005). It was shown that 40 Hz (gamma)
stimulation of cortical tissue evokes focal responses while stim-
ulation with 4 Hz (theta) evoked more widespread responses.
Furthermore, mixing of theta and gamma-evoked responses pro-
motes the spread of gamma oscillatory activity into neighboring
cortical regions. This so-called edge effect provides an attractive
mechanistic explanation for the basis of certain forms of tinnitus
where patients exhibit abnormally high theta rhythms in MEG
signals.

Gamma oscillations have been linked with behaviorally rele-
vant perceptual tasks. In humans and monkeys, the latency of
detection of visual stimulus changes is reduced when gamma
power in visual cortex is increased (Womelsdorf et al., 2006;
Hoogenboom et al., 2010). Correlated activity between different
brain regions that is associated with perception can arise through
rhythmic gamma activity (Womelsdorf et al., 2007). Thus, noise-
induced intracortical gamma-mediated signaling, arising from
thalamocortical dysrhythmia, could contribute to the perception
of tinnitus.

Tinnitus generation via increases of gamma-band activity at
the edge frequency may not be relevant for all forms of tinnitus.
The edge effect that we described above may arise from the func-
tional lesion of a very small range of frequencies; such a lesion

FIGURE 3 | Magnetoencephalograms (MEGs) reveal abnormal

rhythmicity in the auditory cortex of tinnitus patients. (A) MEGs of
spontaneous neural activity from tinnitus patients show a distinct peak in
the theta range (red) that is suppressed when a masking sound is
presented (blue). (B) The relative power of these two conditions reveals a
strong coherent theta rhythm under spontaneous conditions. Figure
adapted from Llinas et al. (2005).

may lead to increased gamma activity and to subsequent tinnitus
perception at the predicted “edge area.” However, functional dam-
age of a broader range of cochlear frequencies is expected to lead
to a more global cortical reorganization, thus leading to tinnitus
that involves perception of broader spectrum of frequencies.

The underlying cellular and molecular causes of aberrant tha-
lamocortical dysrhythmia are unclear, but the relevance of this
model is supported by a clinical study showing that a group
of patients with therapy-resistant tinnitus exhibited theta fre-
quency bursting of neurons in the medial thalamus (Jeanmonod
et al., 1996). This type of bursting pattern is associated with
the de-inactivation of low-threshold calcium currents (Llinas and
Jahnsen, 1982). Surgical removal of the medial thalamus has sug-
gested a reduced perception of phantom noises associated with
tinnitus (Jeanmonod et al., 1996). Despite the appeal of the dys-
rhythmia hypothesis the mechanism underlying the initiation of
pathological bursting in the thalamus remains poorly understood.

ANIMAL IMAGING STUDIES: FORMING A LINK BETWEEN
ANIMAL MODEL PHYSIOLOGY AND HUMAN IMAGING
STUDIES
Electrophysiological studies in animal models of tinnitus have
contributed significantly to the understanding of the neural basis
of tinnitus. These studies have uncovered physiological signatures
of tinnitus in different processing centers of the auditory sys-
tem. In the dorsal cochlear nucleus (DCN) elevated firing rates
are observed after exposure to intense sound (Kaltenbach et al.,
1998; Brozoski et al., 2002; Chang et al., 2002). In the IC increased
firing rates are observed after application of large doses of sali-
cylate (Jastreboff and Sasaki, 1986; Chen and Jastreboff, 1995).
Salicylate also results in long lasting increases in firing rates of
neurons in cat auditory cortex (Zhang et al., 2011). Noise trauma
results in hyperactivity at the auditory cortex (Eggermont and
Komiya, 2000; Seki and Eggermont, 2003). The trauma induces
increases in both spontaneous firing rates and in peak neuronal
cross-correlations (Norena and Eggermont, 2003, 2006). How the
neural correlates of tinnitus observed in animal studies relate to
the neural correlates of tinnitus revealed by imaging brain activ-
ity in human sufferers is not entirely clear. Recent studies that
involve imaging techniques applied to animal models of tinnitus
have begun to provide these missing connections.

Relatively few animal studies have imaged the neural corre-
lates of tinnitus in vivo. One notable study employed the use of
micro positron emission tomography (µPET) to image baseline
spontaneous activity in rat auditory nuclei (Paul et al., 2009).
Rats were injected with a radioactive fluorescent tracer fluorine-
18 fluoro-2-deoxyglucose (FDG) and serial reconstructions of
relative metabolic activity were made from measurements using
a PET scanner. This study showed that metabolic activity sig-
nals were higher in IC and auditory cortex, but not significantly
increased in the thalamus of rats with salycilate-induced tin-
nitus. An important aspect of this study is the reproducibility
of response magnitudes in successive imaging sessions of con-
trol subjects. This allows for the measurement of an absolute
baseline signal enabling the assessment of both spontaneous
and evoked responses. Altogether, this paper—in agreement with
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electrophysiological studies—demonstrates that in vivo imag-
ing techniques reveal hyperactivity as a neural correlate of
tinnitus.

Plastic maladaptive changes in inhibitory neurotransmission
in different auditory nuclei are thought to play a role in estab-
lishing the neural basis of tinnitus. GABAergic and glycinergic
release are altered in auditory brainstem nuclei after cochlear
ablation (Suneja et al., 1998b; Wang et al., 2009); GABAergic
activity is altered in the IC in a salicylate model of tinnitus
(Bauer et al., 2000). Importantly, pharmaceutical treatments that
enhance the action of GABAergic systems restore the physiolog-
ical function of the auditory system in animals with behavioral
evidence of tinnitus (Bauer and Brozoski, 2001; Brozoski et al.,
2007).

A recent imaging study revealed the role of different excita-
tory and inhibitory neurotransmitter systems in mediating the
observed tinnitus-related hyperactivity. In this study a novel
imaging paradigm has been applied; flavoprotein autofluo-
rescence (FA) imaging (Middleton et al., 2011). FA imaging
was used to monitor stimulus-evoked activity in DCN brain
slices. Flavoproteins are mitochondrial proteins that become oxi-
dized and reduced in the electron transport chain of cellular
metabolism (Shibuki et al., 2003; Reinert et al., 2007). In the oxi-
dized state, flavoproteins absorb blue light (∼480 nm) and emit
green light (∼540 nm). Using FA imaging in DCN slices, electri-
cal stimulation of the molecular cell layer of the DCN (Figure 4A)
reveals that the spread of the FA signal is proximal to the stimu-
lation site in control mice (Figure 4B1). Similar stimulation in
mice with behavioral evidence of tinnitus revealed FA signals that
extend over a much broader region of the DCN (Figure 4B2).
Analysis of the center (stimulation site) and surround regions
of the DCN slice show that the surround/center ratio is signif-
icantly larger in the DCN from tinnitus mice (Figure 4C). To
determine which neurotransmitter system mediates the increased
FA signal in tinnitus mice, the impact of a series of neu-
rotransmitter receptor antagonists on FA signals was assessed
(Figures 4D,E). Application of SR-95531 (GABAergic inhibition
antagonist) caused a larger increase in the surround signal of
control slices in tinnitus slices (Figure 4E). Successive applica-
tion of blockers of excitation caused similar reductions in the
relative FA response in control and tinnitus DCN slices. These
results indicate that GABAergic inhibition plays a role in main-
taining focal responses in normally functioning DCN. Moreover
these results indicate that decreased GABAergic inhibition leads
to hyperactive DCN circuits in mice with behavioral evidence
of tinnitus. The impairment of GABAergic inhibition provides
a mechanism for the neural basis of tinnitus-related hyperex-
citability in the DCN in addition to the known role of impaired
glycinergic inhibition after cochlear injury (Suneja et al., 1998a,b;
Wang et al., 2009), Together, these studies demonstrate the appli-
cability of imaging techniques—that are analogous to human
imaging studies—to study the underlying mechanisms of tinnitus
neural correlates.

DISCUSSION
The growing prevalence of tinnitus has made it imperative to bet-
ter understand the mechanistic development of the neurological

basis of tinnitus. Animal studies have contributed greatly to this
understanding. However, the connection between the underlying
physiology in animal models and the functional imaging patterns
in human studies remains unclear.

The imaging methods discussed have their own respective
advantages and disadvantages. The methods directly related to
cellular metabolism, and thus indirectly related to neural activity
(PET and fMRI) are somewhat limited in their ability to measure
single cell activity and specific microcircuit activation. Metabolic
signals may be used to develop models describing the dynamics
of neural populations and how they change with tinnitus-related
plasticity. However, any such model would be under constrained
as there are multiple cell-types contributing to the metabolic sig-
nal, and many different combinations of subpopulation activity
could lead to the same observable signal.

In order to understand how cellular and circuit based plasticity
underlies altered BOLD responses in tinnitus patients one must
be able to assess cellular and circuit properties underlying the bold
response. A better understanding of the mechanistic link between
circuit-based plasticity and the altered BOLD responses in tin-
nitus patients may be furthered through combined imaging and
physiological studies in animal models of tinnitus. One technique
that may allow for this powerful combination involves the use
c-fos/green fluorescent protein (GFP) constructs to identify sub-
sets of neurons that have been activated by sensory stimulation
(Barth et al., 2004). C-fos is an early immediate gene whose
expression is dependent on neural activity (Gall et al., 1998).
When used in animal models, it is an ideal marker of neural pop-
ulations that have been recently active in in vivo contexts. In a
previous immunohistochemical study, levels of c-fos were visual-
ized several hours after animals were exposed to loud narrowband
noise or given salycilate injections (Mahlke and Wallhausser-
Franke, 2004). In this study, immunoreactive neurons were found
in the auditory cortex as well as the amygdala. A previous study
showed differences in c-fos activation in the DCN: c-fos expres-
sion was increased with noise exposure but not salycilate injec-
tions (Wallhausser-Franke et al., 2003). Both of these findings
have interesting implications for the different modes of tinnitus
induction.

In order to understand the circuit-based mechanisms under-
lying the BOLD signal or other in vivo imaging signals, imaging
experiments could be performed on c-fos/EGFP mice that have
been given tinnitus-inducing manipulations. These mice could be
taken immediately after imaging sessions so that brain slices may
be prepared for in vitro recording experiments. What this tech-
nique will potentially reveal is the identities of the neurons that
previously contributed to increased metabolic signals from in vivo
imaging experiments. These fluorescent neurons may then be tar-
geted for the characterization of changes in intrinsic physiological
characteristics allowing for an increased understanding of the cel-
lular and network basis for altered functional imaging signals in
sufferers of tinnitus.

One interesting finding from imaging studies in tinnitus suf-
ferers is the involvement of the limbic system in the neural basis
of tinnitus (Lockwood et al., 1998; Mahlke and Wallhausser-
Franke, 2004; Leaver et al., 2011). These studies revealed hyper-
activity in the hippocampus (Lockwood et al., 1998), amygdala
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FIGURE 4 | Flavoprotein autofluorescent (FA) imaging reveals GABAergic

related hyperactivity in the dorsal cochlear nucleus (DCN) of mice

with behavioral evidence of tinnitus. Electrical stimulation of the DCN
brain slices (A) leads to a spatially concise excitatory response in control
animals (B1) and a spatially extended response in tinnitus animals (B2).
The center region is defined as the area at the stimulation electrode while
the surround regions flank the center on either side along the fusiform

cell layer. The size of surround responses relative to the stimulation center
response is significantly larger in tinnitus brain slices (C). Pharmacological
blockade of inhibitory and excitatory neurotransmitters has similar
effects on the center signal of control and tinnitus mice (D) while the
GABAergic antagonist SR causes a larger relative increase in the
surround of control brain slices (E). Figure adapted from Middleton et al.
(2011).

(Mahlke and Wallhausser-Franke, 2004) and prefrontal cortex
(Leaver et al., 2011). These findings point to the need for
increased focus on the cellular and circuit properties of neurons
in affected limbic areas in animal models of tinnitus. The role of
the structural changes in prefrontal cortex and/or other limbic
structures could be assessed by stimulating these regions while
performing concurrent imaging or electrophysiological record-
ings of auditory cortical regions in intact animal models of
tinnitus.

Human MEG studies support the idea that a low frequency
thalamocortical dysrhythmia may form the neurological substrate

for long lasting tinnitus in the cortex. This theory hinges on the
assumption that thalamic relay neurons are excessively hyperpo-
larized as a result of partial de-afferentation. Local hyperpolariza-
tion disinhibits T-type, burst-promoting calcium channels. The
aberrant opening of these channels at the frequency areas where
de-afferentation occurs would promote increased cortical gamma
band activity in nearby frequency bands: abnormal silence in
one area promotes sound generation in a neighboring area (edge
effect, Llinas et al., 2005). This is an attractive model for explain-
ing tonal tinnitus. In vitro imaging and electrophysiological
studies, especially in T-type channel knockout mice will be
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essential in proving or disproving this hypothesized tinnitus
generation mechanism.

While frequency-specific deafferentation at the level of the tha-
lamus would account for burst promoting activation of T-type
calcium channels, much evidence from animal studies points
to hyperactivity in subthalamic auditory centers (Eggermont
and Roberts, 2004). We propose an alternative hypothesis that
involves the reciprocally connected excitatory-inhibitory loop
between thalamus and the thalamic reticular nucleus (TRN).
Sensory nuclei in the thalamus send excitatory collaterals to
neurons in TRN, which in turn project inhibitory connections
back to the thalamus (Crabtree, 1999). If subthalamic hyper-
activity acts to strengthen the feedforward excitatory pathway
(MGN → TRN) during early stages of tinnitus, the feedback
inhibitory pathway (TRN → MGN) may be upregulated to main-
tain physiological levels of corticothalamic activity. If subthalamic
hyperactivity subsides during later stages of tinnitus, the residual
inhibition from TRN may persist thus providing a physiolog-
ical mechanism for hyperpolarization-activated theta bursting
in thalamus. This putative maladaptive TRN inhibition would
thus promote thalamocortical dysrhythmia. Longitudinal animal
imaging studies are necessary to test this hypothesis to verify
whether there are time-dependent changes in hyperexcitability
of subthalamic auditory nuclei. Additionally, joint recordings of
neurons from MGN and TRN would help support or refute this
hypothesis.

Anatomical studies have demonstrated top-down connections
from layers 5 and 6 of auditory cortex to the IC, the olivary com-
plex and the cochlear nucleus (Doucet et al., 2003). Activation

of top-down pathways in a specific frequency region of audi-
tory cortex modulates the response properties and the number of
brainstem neurons preferentially responding to similar frequen-
cies (Yan and Ehret, 2002; Yan et al., 2005; Luo et al., 2008).
Therefore, noised-induced modification of top-down modula-
tory inputs could also play a role in the induction of tinnitus. This
hypothesis could be addressed by ablating corticofugal neurons
(Bajo et al., 2010) or electrically stimulating them in rodent mod-
els of tinnitus while measuring the resulting changes in brainstem
neuron receptive field properties.

Another alternative theory, consistent with the discovery of
limbic involvement is that NAc activity, which is elevated in
tinnitus patients (Leaver et al., 2011), drives the TRN via sero-
tonergic synapses (O’Donnell et al., 1997), and would thus indi-
rectly increase the inhibition to MGN. The resulting increased
inhibitory drive that TRN provides to auditory thalamus would
provide the necessary hyperpolarization to activate T-type cal-
cium currents and consequently promote aberrant thalamocor-
tical rhythms as described above.

Ultimately, we believe that imaging studies, both in tinnitus
sufferers and in animal models of tinnitus, are invaluable for
their ability to connect non-invasively measured neural corre-
lates and compare those to similarly measured quantities in ani-
mal models. Together with behavioral diagnostic techniques and
in vitro intrinsic and network characterization of neurons that
contributed to increased metabolic activity in vivo, imaging stud-
ies will increase the understanding of induction and maintenance
of tinnitus and aid in the development of therapeutic strategies to
improve hearing deficits for human sufferers of tinnitus.
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