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a b s t r a c t

Tinnitus is defined as a phantom sound (ringing in the ears), and can significantly reduce the quality of
life for those who suffer its effects. Ten to fifteen percent of the general adult population report symp-
toms of tinnitus with 1e2% reporting that tinnitus negatively impacts their quality of life. Noise exposure
is the most common cause of tinnitus and the military environment presents many challenging high-
noise situations. Military noise levels can be so intense that standard hearing protection is not
adequate. Recent studies suggest a role for inhibitory neurotransmitter dysfunction in response to noise-
induced peripheral deafferentation as a key element in the pathology of tinnitus. The auditory thalamus,
or medial geniculate body (MGB), is an obligate auditory brain center in a unique position to gate the
percept of sound as it projects to auditory cortex and to limbic structures. Both areas are thought to be
involved in those individuals most impacted by tinnitus. For MGB, opposing hypotheses have posited
either a tinnitus-related pathologic decrease or pathologic increase in GABAergic inhibition. In sensory
thalamus, GABA mediates fast synaptic inhibition via synaptic GABAA receptors (GABAARs) as well as a
persistent tonic inhibition via high-affinity extrasynaptic GABAARs and slow synaptic inhibition via
GABABRs. Down-regulation of inhibitory neurotransmission, related to partial peripheral deafferentation,
is consistently presented as partially underpinning neuronal hyperactivity seen in animal models of
tinnitus. This maladaptive plasticity/Gain Control Theory of tinnitus pathology (see Auerbach et al., 2014;
Richardson et al., 2012) is characterized by reduced inhibition associated with increased spontaneous
and abnormal neuronal activity, including bursting and increased synchrony throughout much of the
central auditory pathway. A competing hypothesis suggests that maladaptive oscillations between the
MGB and auditory cortex, thalamocortical dysrhythmia, predict tinnitus pathology (De Ridder et al.,
2015). These unusual oscillations/rhythms reflect net increased tonic inhibition in a subset of thalamo-
cortical projection neurons resulting in abnormal bursting. Hyperpolarizing de-inactivation of T-type
Ca2þ channels switches thalamocortical projection neurons into burst mode. Thalamocortical
dysrhythmia originating in sensory thalamus has been postulated to underpin neuropathies including
tinnitus and chronic pain. Here we review the relationship between noise-induced tinnitus and altered
inhibition in the MGB.

© 2016 Elsevier B.V. All rights reserved.
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1. Tinnitus as a significant health problem

Tinnitus is defined as a phantom sound (ringing in the ears), and
can significantly affect the quality of life for those experiencing it
(Norena, 2011; Tyler et al., 1993). Tinnitus affects an estimated
10e15% of the general adult population with 1.6% to 0.5% rating
tinnitus between severely annoying and profoundly impacting
their quality of life (Axelsson& Ringdahl, 1989; Baguley et al., 2013;
Nondahl et al., 2002; Shargorodsky et al., 2010). The most common
cause of tinnitus is high-level noise exposure (Axelsson& Ringdahl,
1989; Brusis, 1993; Humes et al., 2006; Kaltenbach, 2011; Nondahl
et al., 2009; Salmivalli, 1977; Taylor & Williams, 1966). Helfer et al.
(2005) found that soldiers deployed to battle zones were 52.5 times
more likely to suffer auditory damage than non-deployed soldiers.
The American Tinnitus Association (ATA) reports that 60% of all
cases of auditory injury, including tinnitus, within the Iraq and
Afghanistan veteran population were the result of a blast-induced
mild traumatic brain injury. A Department of Defense study of
Iraq service veterans found that 43% of those veterans seen one
month after a blast exposure continued to report tinnitus. Noise-
induced hearing loss has dramatically increased across the mili-
tary such that impaired hearing acuity (hearing loss and tinnitus) is
the second most common VA disability award, exceeding $1.28
billion per year (ATA). For those disabled by tinnitus, the personal
sequelae may include: depression, anxiety, sleep disturbances,
inability to concentrate, fatigue, and sometimes suicide (Henry
et al., 2014; Roberts et al., 2010, 2013). Invariably, individuals
disturbed by their tinnitus are those whose attention is bound to
the sensation in their head. The magnitude of tinnitus distress may
relate to attention fixed on this phantom auditory percept
(Jacobson et al., 1996; see below and Roberts et al., 2013). Brain
circuits that are critically involved in the control of attention,
arousal and learning, project to sensory structures including the
auditory cortex and auditory thalamus (medial geniculate body,
MGB) and associated structures such at the thalamic reticular nu-
cleus (Fig. 1) (Metherate, 2011; Motts & Schofield, 2010; Zikopoulos
& Barbas, 2006, 2012). A main goal of the research supported by the
military is to identify neural changes associated with loud-sound-
induced tinnitus. These changes can then be selectively targeted
by drugs that ameliorate the attentional aspects of tinnitus. Sci-
entific advances in this area would benefit the general population
as well as military personnel and veterans who experience
emotional duress from their tinnitus.

An emergent hypothesis supported by recent studies suggests
that altered balance between excitatory and inhibitory neuro-
transmission within central nervous system circuits may underpin
chronic human neuropathies including tinnitus and chronic pain
(Kaltenbach, 2011; Leaver et al., 2011; Norena, 2011; Auerbach et al.,
2014; Rauschecker et al., 2015; Roberts et al., 2010; Sedley et al.,
2015). The MGB is an obligate auditory brain center well-

positioned to gate the percept of sound as it travels to the audi-
tory cortex and to limbic structures. Recent functional models of
tinnitus pathology suggest that individuals most affected by
tinnitus demonstrate abnormal function in limbic and thalamo-
cortical circuits (Leaver et al., 2011; Rauschecker et al., 2010; Winer
et al., 1999). These reviews by Rauschecker and colleagues strongly
implicate the MGB and its ascending and descending connections
as key components of the tinnitus network (Leaver et al., 2011;
Rauschecker et al., 2010; Shinonaga et al., 1994).

2. Auditory thalamus (MGB)

The MGB transforms the ascending sensory code while gating
the relative salience of sensory signals, in part, through adjust-
ments in thalamocortical rhythmicity (Cope et al., 2005; Goard &
Dan, 2009; Hughes et al., 2008; Wafford et al., 2009). The MGB
receives lemniscal and extralemniscal ascending inputs as well as
inputs from the brainstem, thalamic reticular nucleus, limbic
structures and descending inputs from auditory and nonauditory
cortices (Fig.1) (Bajo et al., 1995; Lee&Winer, 2008a, 2008b, 2008c;
Rouiller & Ribaupierre, 1990; Rouiller & Welker, 1991; Winer &
Larue, 1987; Winer et al., 1999). The ventral division (MGv) is
believed to be primarily auditory/lemniscal receiving
tonotopically-aligned primary ascending excitatory and inhibitory
projections from inferior colliculus (Peruzzi et al., 1997; Saint Marie
et al., 1997a). The dorsal (MGd) and medial (MGm) divisions of the
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AI: Primary auditory cortex
TRN: Reticular thalamic nucleus
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MGd: Medial geniculate dorsal
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MGm: Medial geniculate medial
PFC: Prefrontal cortex
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Fig. 1. Major connection of the Medial Geniculate Body (MGB). Ascending pro-
jections from the Inferior Colliculus (IC) and descending projections from auditory
cortex (AI, AAC) and reticular thalamic nucleus (TRN) include glutamatergic and
GABAergic components. Connections to the amygdala, striatum and the TRN are likely
important in the tinnitus network.
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MGB show poor tonotopic order and are considered non-lemniscal
(see Bartlett, 2013), receiving inputs from the non-tonotopically
organized regions of the inferior colliculus (Calford & Aitkin,
1983) as well as driver-like input from the auditory cortex (Llano
& Sherman, 2008). The major output of the MGB is to auditory
cortex (Winer et al., 1999). Whereas the ventral division projects to
primary auditory cortex (Aitkin & Webster, 1972), projections from
the dorsal division terminate in nonprimary/noncore areas of
auditory cortex (Winer et al., 1999). The connectivity of the MGm
may be particularly relevant for tinnitus. Unlike the ventral and
dorsal divisions, the medial division receives substantial somato-
sensory input (Bordi & Ledoux, 1994b; Khorevin, 1980) and sends
direct projections to the ventral striatum and amygdala (Bordi &
Ledoux, 1994a, 1994b; LeDoux et al., 1985; LeDoux et al., 1991;
Winer & Lee, 2007; Woodson et al., 2000) as well as to layer 1 of
the primary and nonprimary regions of the auditory cortex (Huang
& Winer, 2000; LeDoux et al., 1985; Mitani et al., 1987). Layer 1
projections have been speculated to play a role in binding specific
thalamocortical sensory information with contextual arousal-
related signals, thus promoting gamma-range oscillation which is
potentially relevant for theories of tinnitus (Section 3) (Llinas et al.,
2002).

The thalamic reticular nucleus is likely an important structure
relevant to tinnitus and thalamic gating mechanisms. The thalamic
reticular nucleus is a poorly understood structure which contains
GABAergic neurons that project to dorsal thalamic neurons. The
TRN receives input from a wide variety of sources, including
branches of thalamocortical axons, branches from corticothalamic
axons, as well as projections from the basal forebrain, amygdala,
prefrontal cortex and cholinergic brainstem fibers (Asanuma &
Porter, 1990; Bickford et al., 1994; Pare et al., 1988; Pita-Almenar
et al., 2014; Zikopoulos & Barbas, 2006, 2012). Though widely
speculated to be important for the production of oscillatory phe-
nomena important for sleep and paroxysmal states (Destexhe et al.,
1994; McCormick& Contreras, 2001), and for modulating attention
(Crick, 1984; McAlonan et al., 2000, 2006;Wimmer et al., 2015), the
role of the thalamic reticular nucleus in pathological sensory pro-
cessing states such as tinnitus is not yet understood.

2.1. Limbic system e thalamus interactions

In addition to direct projections to the striatum and amygdala
mentioned above, the MGB projects indirectly to both structures
via auditory cortex (LeDoux et al., 1991; Romanski & LeDoux, 1993;
Shinonaga et al., 1994). MGB connections to the amygdala have
been studied extensively for their role in fear conditioning (LeDoux
et al., 1991; Romanski & LeDoux, 1993), thus providing a substrate
for conditioned negative emotional responses to sound, or sound
percepts. Pathological increases in activity in this pathway may
mediate the negative valence associated with sound in a subset of
tinnitus sufferers and perhaps may contribute to comorbid prob-
lems experienced by tinnitus sufferers including depression and
anxiety. In addition, the direct pathway from the thalamus to
striatum provides a direct interface with frontostriatal pathways,
which have been implicated in a gating role in both the negative
affective components as well as the abnormal perceptual compo-
nents of tinnitus (Rauschecker et al., 2015). Of potential relevance
to gating hypotheses related to the thalamus and tinnitus, neurons
in the MGm have physiological properties which are distinct from
those in the ventral and dorsal divisions. Many medial division
neurons do not display rebound bursting, which is found in most
thalamocortical neurons of the MGv and MGd (Smith et al., 2006),
and is felt to be a core component of the thalamocortical
dysrhythmia hypothesis described below. This finding suggests that
MGm neurons, if they are involved in producing tinnitus, may not

do so via burst mechanisms. In addition, MGm neurons have local
collaterals, which are not seen in ventral or dorsal divisions of the
MGB (Smith et al., 2006). The latter finding provides a potential
substrate for the synchronization of activity across regions of the
MGm, and therefore the synchronization of outputs to the cortex, to
striatum or amygdala. Thus, abnormalities in local connectivity in
the MGm induced by deafferentation may produce abnormal syn-
chrony in thalamocortical output, which has also been speculated
to be a substrate for tinnitus (Eggermont & Tass, 2015). Such pu-
tative changes in local connectivity in MGm neurons after periph-
eral deafferentation have not yet been examined experimentally.

2.2. Understanding thalamic attentional gating: a key to
understanding tinnitus pathology

Clinically, it is well known that the behavioral phenotype of
individuals suffering from tinnitus includes an attentional
component (Newman et al., 1997; Rossiter et al., 2006). Tinnitus
sufferers report difficulty concentrating and the inability to direct
their attention away from their tinnitus (Searchfield et al., 2007).
However, when distracted by an engaging task or attention-
demanding task, tinnitus is generally less obtrusive (Roberts
et al., 2013). To this end, behavioral approaches such as tinnitus
retraining therapy and similar methods used to treat chronic pain
have focused on directing attention away from the adverse sensory
percept (Cuny et al., 2004; Jastreboff & Jastreboff, 2006; Rainville,
2013; Searchfield et al., 2007). Recently there has been an up-
surge of interest on the role of attention in tinnitus (Engineer et al.,
2013; Roberts et al., 2013). As indicated in these excellent reviews,
the primary focus has been on higher-order forebrain/cortical
systems. The gating functions of MGB, although thought to be
involved in tinnitus, have not been thoroughly explored (Engineer
et al., 2013; Leaver et al., 2011; Rauschecker et al., 2010; Schofield
et al., 2011). Roberts et al. (2013) developed a detailed model
whereby learned representations of one's acoustic environment
“serve as a template for filtering and predicting sensory state”. It is
likely that what is stored in one's auditory memory represents the
history of the organism's environmental exposure to sound. Tem-
plates derived from memory, or predictions about upcoming
stimuli, may be continually compared to current ongoing acoustic
input (De Ridder et al., 2014; Roberts et al., 2013; Searchfield et al.,
2007). A similar memory comparator has been detailed for “novel
signals” impinging on hippocampal systems (Lisman & Grace,
2005).

Phantom sounds may produce a perceptual mismatch between
expected environmental acoustic events and ongoing sensation,
which results in activation of attentional pathways including the
basal forebrain and the brainstem reticular pedunculopontine
tegmental nucleus (PPTg). Activation of the PPTg in pathways that
are maladapted because of sound exposure-related partial pe-
ripheral deafferentation could trigger abnormal thalamocortical
oscillations (Edeline, 2003; Motts & Schofield, 2010).

2.3. Top-down modulation

Dysregulation of top-down modulatory systems has also been
speculated to be involved in the generation of tinnitus and hyper-
acusis (De Ridder et al., 2014; Song et al., 2015); a hypothesis that is
supported by recent behavioral data (Araneda et al., 2015; Heeren
et al., 2014). In the absence of bottom-up information, stored rep-
resentations of sound may be accessed elsewhere, such as via the
parahippocampal gyrus, producing abnormal acoustic percepts (De
Ridder et al., 2015). Top-downprojections are ubiquitous in sensory
systems, and the thalamus is a key target of cortical modulation.
Synapses from the cortex onto thalamocortical neurons outnumber
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ascending projections to the thalamus by at least 3:1 (Erisir et al.,
1997; Van Horn et al., 2000), and can strongly modulate thalamic
output (Groh et al., 2008; Reichova & Sherman, 2004; Theyel et al.,
2010). Multiple corticothalamic pathways are candidates for being
involved in tinnitus. The prefrontal cortex has been shown to
project directly to the thalamic reticular nucleus, including the
auditory sectors (Zikopoulos & Barbas, 2006). This finding, com-
bined with evidence for structural and functional abnormalities in
the prefrontal cortex of tinnitus patients (Leaver et al., 2011; Mirz
et al., 2000; Schlee et al., 2009), led some authors to speculate
that weakened projections from the prefrontal cortex to the audi-
tory thalamic reticular nucleus, which sends GABAergic projections
to the MGB, may limit the normal inhibitory control exerted over
auditory thalamocortical signal transmission, thus increasing
“auditory gain” (Lanting et al., 2014; Leaver et al., 2011;
Rauschecker et al., 2010). This Gain Control Theory assumes that
a decrease in GABAergic inhibition would be found in the thalamus
of tinnitus sufferers, a supposition for which the data are mixed
(Sametsky et al., 2015; Su et al., 2012; see below). Additional
pathways from sites known to show tinnitus-related changes and
that project to thalamus may also be involved. For example, there is
a large and heterogeneous pathway emanating from the auditory
cortex onto MGB neurons, part of which sends branches to the
thalamic reticular nucleus (Kimura et al., 2005; Llano & Sherman,
2008, 2009; Ojima, 1994; Rouiller & Durif, 2004) and there are
direct projections from the amygdala to neurons in the auditory
sector of the thalamic reticular nucleus (Zikopoulos & Barbas,
2012). Both of these pathways involve the thalamic reticular nu-
cleus, and therefore both have the potential to alter the balance of
excitation and inhibition in the MGB, but their specific contribu-
tions in tinnitus have not yet been specifically explored. Other
descending pathways may also be involved in tinnitus pathology.
For example, it has been hypothesized that projections from the
anterior cingulate to noise-canceling pathways emanating from the
tectum, such as the tectal longitudinal column (De Ridder et al.,
2015; Saldana et al., 2007), or that peripheral pathways
emanating from the superior olive, may be involved in tinnitus
(Attias et al., 1996; Knudson et al., 2014; Riga et al., 2015). According
to these theories, inadequate noise cancellation may lead to
hyperactivation of ascending auditory pathways, resulting in
tinnitus.

Alterations in the structure and function of the auditory top-
down pathways have not yet been studied in animal models of
tinnitus. However, it should be noted that in both somatosensory
and visual systems, considerable plastic expansion in top-down
feedback pathways occurs after deafferentation (Djavadian et al.,
2001; Fukuda & Hsiao, 1984; Garcia del Cano et al., 2002; Jung &
Shin, 2002; reviewed in Lesicko & Llano, 2016). If there is a
deafferentation-induced expansion of the layer 6-derived cortico-
thalamic pathway, for example, this expansion could lead to
enhancement or broadening of inhibition derived from the
thalamic reticular nucleus. This in turn could lead to a relative
enhancement of GABAergic tone, setting the stage for low-
frequency oscillations and subsequent thalamocortical
dysrhythmia. In the MGB, this would most likely occur outside of
the medial division given the diminished bursting capacity of these
neurons (Smith et al., 2006).

3. GABAA receptors

To better understand how peripheral damage/deafferentation-
related compensatory changes in inhibition could underpin the
pathology of tinnitus, it is necessary to understand unique features
of the GABAA receptor (GABAAR) in sensory thalamus. Two major
types of GABAA receptors (GABAARs) exist in MGB: 1) a fast,

synaptic, ligand-gated, Cl" ion fluxing “wild type” receptor formed
by coassembly of 2a12b2g2 subunits and 2) a high affinity non-
desensitizing, extrasynaptic GABAAR where a d subunit replaces
the g2 subunit (Quirk et al., 1995; Wisden et al., 1992). GABAAR
constructs containing d subunits differ pharmacologically and
functionally from “wild type” synaptic GABAARs, showing increased
receptor affinity for GABA and decreased rates of desensitization,
which contribute to the persistent (tonic) inhibitory postsynaptic
current observed for thalamic neurons (Fig. 2) (Saxena &
Macdonald, 1994; Sur et al., 1999). Extrasynaptic GABAAR con-
structs are found in high concentration in thalamus, where they
may carry as much as 90% of the total inhibitory current in visual
thalamus (Cope et al., 2005). Activation of extrasynaptic GABAARs
changes the discharge properties of MGB neurons from tonic to
burst mode altering normal physiologic functions, implicitly sug-
gesting involvement in conditions such as epilepsy, chronic pain
and tinnitus (Cope et al., 2005; Walker & Semyanov, 2008). Inhib-
itory neurotransmission is essential for accurate processing of
acoustic information. It shapes input/output functions, alters fre-
quency tuning, and sharpens temporal response accuracy while
gating neurotransmission to auditory cortex (AI) (Bartlett, 2013;
Edeline, 2011; Llano & Feng, 2000; Richardson et al., 2012; Wang
et al., 2008). In vivo and in vitro electrophysiological findings sug-
gest distinct properties of inhibitory neurotransmission in the MGB
relative to other ascending auditory structures, such as inferior
colliculus (IC) (Cai & Caspary, 2015; Cai et al., 2013; Richardson
et al., 2011). The rat MGB contains relatively few GABAergic in-
terneurons, but there are substantial GABAergic inhibitory pro-
jections from inferior colliculus and from the thalamic reticular
nucleus (Bartlett et al., 2000; Peruzzi et al., 1997; Saint Marie et al.,
1997b;Winer& Larue,1988, 1996, Winer et al., 1996). MGB neurons
have been shown to be exquisitely sensitive to GABA application
relative to IC neurons, showing increased suppression of acousti-
cally evoked unit responses in vivo and larger hyperpolarizing re-
sponses of MGB neurons in vitro relative to those published for IC
(Cai et al., 2013). When the magnitude of tonic GABAAR gaboxadol
(GBX) evoked currents recorded in vitro were compared between
MGB and IC neurons, MGB dose-response was significantly shifted
to the left of IC dose-response, showing GBX to be significantly
more potent in activating tonic currents inMGB units than in IC (Cai

Fig. 2. Patch-clamp slice recording from an MGB neuron. Exemplar shows gabox-
adol evoked GABAAR-mediated tonic inhibitory current from a ventral MGB neuron
during application of 1.5 mm gaboxadol and subsequent blockade of synaptic and high-
affinity GABAARs with 50 mm gabazine. (Modified from Richardson et al., 2011).
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et al., 2013). Spectroscopy showed significantly higher ambient
GABA levels in MGB relative to other central auditory structures,
and GABA levels were higher in the dorsal division of the MGB
compared to the ventral division of MGB (Cai et al., 2013).

3.1. Down-regulation of inhibitory function

Down-regulation of inhibitory function has been suggested to
underpin tinnitus pathology in dorsal cochlear nucleus (DCN)
(Pilati et al., 2012a, 2012b;Wang et al., 2009), inferior colliculus (IC)
(Bauer et al., 2008; Dong et al., 2009), and AI (Brozoski et al., 2002;
Llano et al., 2012; Norena & Eggermont, 2003; Roberts et al., 2012;
Yang et al., 2007, 2011) where tinnitus is accompanied by increased
spontaneous activity, bursting, enhanced sound-evoked responses,
and reduction of neurochemical markers of inhibitory neuro-
transmission (Eggermont & Roberts, 2004; Gold & Bajo, 2014;
Middleton et al., 2011). This down-regulation of inhibitory func-
tion is thought to reflect altered homeostatic plasticity compen-
sating for the loss of peripheral excitatory drive supporting the
“Gain Control Theory of Tinnitus” (Brozoski et al., 2002; Norena,
2011; Richardson et al., 2012; Shore, 2008). In a recent human
study, Sedley et al. (2015) used magnetic resonance spectroscopy to
assess relative GABA levels in the auditory cortex of patients with
and without unilateral tinnitus. They found a tinnitus-related
reduction in GABA levels in the right auditory cortex of patients,
regardless of tinnitus laterality.

3.2. Increased tonic inhibition

Increased tonic inhibition has also been suggested to underpin
tinnitus pathology in a subset of thalamocortical circuits resulting
in tinnitus-related abnormal oscillations between thalamus and
auditory cortex (De Ridder et al., 2015; Llinas et al., 2005). Llinas
et al. (2005) postulated that excessive inhibition in thalamus
could be the origin of a pathologically increased hyperpolarization
of thalamic neurons that results in deinactivation of T-type Ca2þ

channels. The thalamocortical dysrhythmia model suggests that
elevated inhibition acting at extrasynaptic GABAARs results in focal
burst activity associated with abnormal low-frequency oscillations
in thalamus. This ectopic disinhibition resulting in fast oscillatory
activity in AI can correlate with the percept of tinnitus (Llinas &
Steriade, 2006; Sametsky et al., 2015). GABAergic inhibition is
thus critically involved in determining higher frequency thalamo-
cortical oscillations as well as slow-wave sleep (Llinas & Steriade,
2006). Thalamocortical dysrhythmia originating in sensory thal-
amus has been postulated to underpin neurologic disorders
including tinnitus and chronic pain. The de-inactivation of T-type
Ca2þ channels leads to rhythmic bursting in thalamic neurons in
the delta or theta range.When this focal slowing reaches the cortex,
lack of normal thalamocortical input to inhibitory interneurons
leads to the production of focal gamma oscillations in adjacent
areas of the auditory cortex, referred to as the “edge effect” (Llinas
et al., 1999). This leads to the false percept of tinnitus or pain, in
somatosensory areas. This theory predicts that tinnitus should be
associated with focal cortical gamma oscillations and that these
gamma oscillations should be coupled to abnormal theta or delta
activity.

An assumption here is that sensory deafferentation, which is
nearly universally seen in tinnitus, leads to hyperpolarization and
spontaneous bursting in thalamic neurons. One concern is the lack
of data establishing whether auditory deafferentation leads to hy-
perpolarization of thalamic neurons in vivo. This is a prerequisite
for the thalamocortical dysrhythmia model, and was noted in vitro
after acute direct application of salicylate (Su et al., 2012). Given
that: 1) there is prominent ascending inhibition in the auditory

tectothalamic pathway (Llano et al., 2014; Peruzzi et al., 1997;
Venkataraman & Bartlett, 2013; Winer et al., 1996) and 2) there is
downregulation of GABAergic inhibition in the IC and increases in
spontaneous activity of IC neurons after deafferentation (Argence
et al., 2006; Bauer et al., 2008; Butt et al., 2016; Chen &
Jastreboff, 1995), it is not clear that simple peripheral deaf-
ferentation leads to a decrease or an increase in excitatory drive to
the thalamus and subsequent hyperpolarization and abnormal
bursting of MGB neurons (see 4.0 and Fig. 5). Therefore, if MGB
neurons are involved in abnormal bursting during tinnitus, the
substrate of hyperpolarization may emanate from an intrinsic
change in the nature/sensitivity of GABAARs located on MGB neu-
rons or from sources of inhibition outside of the tectothalamic
pathway, such as the thalamic reticular nucleus, zona incerta or
intrinsic inhibitory interneurons.

3.3. Data supporting either hypothesis

Human studies have pointed to both structural and functional
abnormalities in the thalamus of patients with tinnitus (Landgrebe
et al., 2009; Lanting et al., 2009; Muhlau et al., 2006). The thala-
mocortical dysrhythmia hypothesis makes predictions that can be
measured in subjects with tinnitus. Given the limitations of what is
feasible in humans (i.e., human thalamic recordings are only
available in exceptional cases for tinnitus patients), the approach
most closely approximating an electrophysiological test of the hy-
pothesis would come from magneto-encephalographic recordings
in patients with tinnitus. It is predicted that the presence of tinnitus
would be associated with an increase in gamma activity over the
auditory cortex, and that this increase would be coupled to path-
ological slowing in the theta or delta range in nearby sites. The data
in this regard from human subjects with tinnitus are mixed. Mul-
tiple studies have shown increases in auditory cortical gamma ac-
tivity in patients with tinnitus (Ashton et al., 2007; Llinas et al.,
2005; van der Loo et al., 2009; Weisz et al., 2007), and in some
cases have shown that this activity is either correlated with tinnitus
loudness (van der Loo et al., 2009) or disappears in the presence of
masking (Llinas et al., 2005). Other studies have shown predicted
increases in slow-wave activity (either delta or theta) over the
auditory cortex (Adjamian et al., 2012;Weisz et al., 2005). Likewise,
this delta activity is sensitive to masking (Kahlbrock & Weisz,
2008). Finally, a few (De Ridder et al., 2011; Weisz et al., 2007),
but not all (Adjamian et al., 2012; Ashton et al., 2007; Kahlbrock &
Weisz, 2008), studies have shown an increase in slow wave as well
as a coupled increase in gamma activity, as predicted by the model.
Given the importance of the thalamus in generating delta-range
oscillations (Steriade et al., 1993), the data showing changes in
delta activity point to thalamocortical correlates of tinnitus. The
lack of full agreement among studies may very well reflect the
difficulties in conducting such studies in humans. Tinnitus is likely
heterogeneous in its central mechanisms, and even when control-
ling for clinical factors (such as age and hearing loss), there may be
other factors that make it difficult to find underlying pathophysi-
ological signatures, particularly if they only exist in a subset of
patients.

Several studies have more directly examined the thalamocort-
ical dysrhythmia hypothesis in patients and animal models of
chronic deafferentation-related pain, often seen as an analog of
deafferentation-related tinnitus (De Ridder et al., 2011). Despite the
fact that there are several studies in humans and animals that have
pursued this hypothesis directly, the data supporting the hypoth-
esis remainmixed. For example, multiple studies in human patients
with chronic pain have revealed abnormal spontaneous and evoked
burst patterns of firing in the thalamus, reminiscent of T-type Ca2þ
channel-mediated bursts (Lee et al., 2005; Lenz et al., 1989; Rinaldi
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et al., 1991), though not all studies found bursting to be more
prevalent in pain compared to other patient populations
(Radhakrishnan et al., 1999). In addition, similar to what has been

observed in humans with tinnitus, magneto-encephalography
studies have found focal increases in slow-wave (delta and theta)
activity in the somatosensory cortex of chronic pain patients,
though the data supporting gamma oscillations in chronic pain are
more sparse (Ray et al., 2009; Sarnthein et al., 2006; Schulman
et al., 2005; Walton et al., 2010). The animal literature is also
inconsistent with respect to the role of thalamic bursting in chronic
pain. Several studies have suggested that bursting in thalamic
neurons is, in fact, associated with diminished pain perception
(Cheong et al., 2008; Huh et al., 2012; Kim et al., 2003), while others
have found increases in thalamic bursting in chronic pain models
(Hains et al., 2006; Iwata et al., 2011). The disparate findings may be
explained by the variety of different types of pain models that are
studied in both animal and human studies, whether the pain is
phantom pain or allodynia-related pain, and the physiological
conditions underlying the measurement of thalamic activity.

It is also possible that multiple mechanisms, all involving
GABAergic inhibition, may be altered by deafferentation. GABA in
the auditory thalamus is derived from three main sources: the
thalamic reticular nucleus, intrinsic interneurons (though the
contribution is small in rodents, Winer & Larue, 1988), the zona
incerta (Bartho et al., 2002), in addition to ascending input from the
colliculus (Llano et al., 2014; Peruzzi et al., 1997; Venkataraman &
Bartlett, 2013; Winer et al., 1996). There are at least three inhibi-
tory receptor types: synaptic GABAA, extrasynaptic GABAA and
GABAB receptors. Each of these GABAergic pathways receives

Fig. 3. (A) Spontaneous firing rates (SFRs) of MGB units recorded from unexposed control (control animals) and sound-exposed animals with behavioral evidence of
tinnitus (tinnitus animals). (A) Average SFRs of MGB units recorded from sound-exposed animals (red, 6 animals) were significantly elevated (p ¼ 0.0005) compared to
controls. þ represents mean SFR. (B) MGB unit group rate-level functions in response to an increasing intensity broadband noise (BBN) stimulus. Single units from unexposed
control animals (blue; 8 animals) compared to sound-exposed animals (red; 6 animals). (C&D) Scatter plots of average SFR/rat MGB (C) and average bursts per minute/per rat MGB
(D), of MGB units recorded from individual animals (y-axis) exhibited a significant correlation with the animal's tinnitus z-scores (x-axis) (see Kalappa et al., 2014). The higher the z-
score the stronger the behavioral evidence of tinnitus. Blue and red squares represent control and sound-exposed animals, respectively. The error bars represent standard error of
the mean. See Kalappa et al. (2014) for details (adapted from Kalappa et al., 2014).

Fig. 4. Patch-clamp slice recordings group data from MGB neurons. Gaboxadol
evoked dose-response semi-log plots of tonic GABAA current mean amplitudes in
control (Ctrl), sound-exposed non-tinnitus (Non-T), and sound-exposed tinnitus (Tin)
rats. Tin rats showed significantly larger responses to increasing GBX doses (0.1e10 mM
GBX (F ¼ 3.15; p ¼ 0.048). Data are presented as mean ± standard error. (detailed in
Sametsky et al., 2015).
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different inputs and therefore is likely activated (and disrupted)
under different behavioral states. For example, the thalamic retic-
ular inputs may be dominant during states of low arousal or during
attentional tasks, while ascending GABAergic inputs and GABAergic
interneurons may be activated in any scenario when sound is
present. Therefore each of these pathways is likely to be differen-
tially modulated by deafferentation, leading to a mixture of find-
ings in the literature.

4. Animal data concerning the thalamocortical dysrhythmia
hypothesis in tinnitus

Animal studies of tinnitus may permit some uniformity in the
approaches to the study of the role of the thalamus in tinnitus, and
will permit mechanistic assessment of the role of bursting in the
generation of the tinnitus percept. A recent series of experiments
examined single unit recordings from sound-exposed animals with
behavioral evidence of tinnitus. Eighty days post a sound-exposure
consistent with the development of tinnitus in rats (Bauer et al.,
1999), auditory brainstem response and MGB unit acoustic
thresholds were not statistically different from controls (Kalappa
et al., 2014). As described for other brainstem auditory structures,
awake MGB spontaneous activity and acoustically driven discharge
rates at higher intensities were significantly increased in sound-
exposed animals with behavioral evidence of tinnitus (Fig. 3A,B)
(Kalappa et al., 2014). Many single-unit metrics commonly thought
of as markers of tinnitus were linearly related to the magnitude of
the behavioral assessment of tinnitus (Fig. 3C, D) (Kalappa et al.,
2014). These findings were consistent with an increased thalamo-
cortical output from MGB to auditory cortex but do not distinguish
between a Gain Control model and the thalamocortical
dysrhythmia hypotheses of tinnitus pathology.

In a recent series of in vitro studies, Sametsky et al. (2015)
addressed two questions related to the role of inhibition in the
pathology of tinnitus: 1) How are MGB neurons from sound-

exposed animals with behavioral evidence of tinnitus functionally
different from unexposed control animals? Membrane properties,
spontaneous IPSCs and responses to depolarizing current steps
were compared. 2) How are extrasynaptic GABAARs in MGB neu-
rons from sound-exposed animals with behavioral evidence of
tinnitus different from extrasynaptic GABAARs from unexposed
controls? These studies examined extrasynaptic and synaptic
GABAAR currents in MGB neurons in vitro contralateral to a sound
exposure in three groups of adult rats: unexposed control (Ctrl),
sound-exposed with behavioral evidence of tinnitus, and sound-
exposed with no behavioral evidence of tinnitus. Tonic extra-
synaptic GABAAR currents were evoked using the selective “super”
agonist gaboxadol. These studies found that MGB neurons from
sound-exposed rats with behavioral evidence of tinnitus showed
significant increases in the number of spikes per burst evoked using
suprathreshold injected current steps (see Fig. 3, Sametsky et al.,
2015). No tinnitus-related synaptic changes in spontaneous inhib-
itory or GABAAR, postsynaptic currents were observed between
groups. MGB neurons showed significant tinnitus-related increases
(~20%) in gaboxadol-evoked tonic extrasynaptic GABAAR currents,
three months following a tinnitus-inducing sound exposure (Fig. 4)
(Sametsky et al., 2015). Supporting these findings were increased
mRNA levels for the GABAAR d subunit contralateral to the sound
exposure. Taken together, these data show increased GABAAR effi-
cacy in animals with behavioral evidence of tinnitus, supporting
the possibility of selectively increased T-type Ca2þ channels ac-
tivity driving the bursting/oscillations suggestive of thalamocort-
ical dysrhythmia (De Ridder et al., 2015).

An additional consideration in the interpretation of these
studies is the impact of enhanced tonic GABAergic signaling on
driven activity in the thalamus. Because of the strong filtering that
occurs at the thalamocortical synapse (Chung et al., 2002; Gil et al.,
1999; Stratford et al., 1996), burst-mediated thalamocortical firing,
which is necessarily preceded by a period of silence to permit de-
inactivation of T-type Ca2þ channels, under certain stimulus
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paradigms may produce stronger cortical responses than tonic
firing (Lisman, 1997; Swadlow & Gusev, 2001; Willis et al., 2015).
Thus, an increase in tonic GABAergic hyperpolarization on thalamic
neurons may alter the bandwidth and strength of sound-driven
activity in the auditory cortex, providing a potential substrate for
hyperacusis, commonly seen in patients with tinnitus. Preliminary
findings also suggest that an increase in excitatory drive could
underpin an upregulation of extrasynaptic GABAAR function
(Fig. 5). In the same slice preparation described above and in
Sametsky et al. (2015), electrical stimulation of IC projection fibers
to MGB showed a tinnitus-related decrease in EPSP threshold in
MGB neurons but not in IPSP threshold (Fig. 5A). MGB neurons from
sound-exposed rats showed tinnitus-related increases in the
evoked EPSP area under the curve for the stimulus strengths tested
(Fig. 5B, C). Increased excitatory drive would likely result in a
compensatory upregulation of extrasynaptic GABAAR function,
since tonic GABAARs appear sensitive to activity dependent changes
(Cope et al., 2009; Herd et al., 2014; Mody & Pearce, 2004). These
findings support maladaptive homeostatic changes at the level of IC
that impact auditory thalamus. These data also suggest that
increased GABAAR sensitivity could underpin thalamocortical
dysrhythmia.

5. Hybrid models: maladaptive plasticity/gain control vs.
thalamocortical dysrhythmia

Gain Control theories of thalamic involvement in tinnitus are
based on the hypothesis that thalamocortical transmission may be
enhanced by a disruption of GABA transmission in the MGB,
possibly related to changes in thalamic reticular nucleus function
(Leaver et al., 2011; Rauschecker et al., 2010). Although such mal-
adaptive downregulation may lead to an increase in stimulus-
driven activation of the auditory cortex, possibly leading to
hyperacusis, it is not clear how such a model can lead to the
spontaneous auditory cortical activation and percepts associated
with tinnitus. In addition, since putative downregulation of
GABAergic tone to the MGB would put more thalamocortical cells
into a tonic response mode, cortical responses may actually be
paradoxically suppressed, for the reasons described above (Chung
et al., 2002; Gil et al., 1999; Lisman, 1997; Stratford et al., 1996;
Swadlow & Gusev, 2001; Willis et al., 2015). An important
consideration is that the mechanisms underlying spontaneous or
increased thalamic activity may differ based on thalamic subdivi-
sion. For example, the finding that bursting is more common in the
dorsal and ventral divisions than the medial division the MGB
(Smith et al., 2006) may make these regions more vulnerable to
thalamocortical dysrhythmia, In contrast, given the lack of bursting
neurons in theMGm and the strong projections of MGm neurons to
limbic structures (Bordi & LeDoux, 1994a, 1994b; LeDoux et al.,
1985; LeDoux et al., 1991; Winer & Lee, 2007; Woodson et al.,
2000), the Gain Control hypothesis might be better suited when
framed around theMGm's processing of the emotional components
of sound. Therefore, the pathological mechanisms affecting
different parts of the auditory thalamus may differ based on their
likelihood of showing burst firing and their underlying
connectivity.

With respect to the thalamocortical dysrhythmia hypothesis,
although recent findings from human and animals studies support
the idea of an increase in bursting and/or oscillations in individuals
with tinnitus or in sound-exposure animal models of tinnitus, these
changes do not occur in isolation. Maladaptive plasticity at lower
levels of the central auditory system may in fact underpin the
changes which occur at the level of MGB. Compensatory down-
regulation of inhibition at the level of IC would lead to an in-
crease in evoked excitatory input to the MGB and/or an increase in

spontaneous firing rates of colliculo-thalamic neurons. The result-
ing increase in excitatory input to the MGB could lead to a
compensatory upregulation of tonic inhibition in the MGB, as has
been observed (Sametsky et al., 2015). Although deafferentation
disorders including tinnitus and chronic pain may be a reflection of
thalamocortical dysrhythmia resulting from hyperpolarization of
thalamocortical neurons and resultant initiation of low-threshold
Ca2þ spike bursts, the mechanism(s) leading to hyperpolarization
have not yet been established (Llinas et al., 1999; Walton & Llinas,
2010). Simple deafferentation models assume that lack of input
from the cochlea will also lead to lack of input to MGB neurons.
Most of the evidence points to the opposite conclusion. Auditory
deafferentation leads to downregulation of inhibition in the IC and
an increase in spontaneous firing rates of IC neurons (Argence et al.,
2006; Bauer et al., 2008; Butt et al., 2016; Chen & Jastreboff, 1995;
Dong et al., 2010). Auditory deafferentation also results in increased
evoked signals from the IC in tinnitus patients, as assessed using
fMRI (Gu et al., 2010; Lanting et al., 2008; Melcher et al., 2000).
These findings imply that IC output to the MGB is increased, not
decreased, in tinnitus patients. Therefore, an alternative explana-
tion is that the increased excitatory drive from IC to MGB results in
a compensatory increase in tonic GABA-mediated hyperpolar-
ization. Sametsky et al. (2015) findings of a tinnitus-related increase
in tonic extrasynaptic GABAAR current, in action potentials/evoked
bursts, and in upregulated GABAAR d subunit gene expression,
could be a response to the increased excitatory drive seen in Fig. 5.
Either of these models is compatible with additional mechanisms
involving auditory plasticity, for example those that alter the
relative timing of excitatory and inhibitory inputs (D'Amour &
Froemke, 2015). These studies suggest that tinnitus-related
changes in tonic GABAergic function may be a marker for tinnitus
pathology in theMGB. Clearly, morework is needed to establish the
details of the impact of peripheral deafferentation on colliculo-
thalamic transmission, and to define and separate the impact of
tonic GABAergic inhibition and synaptically-mediated GABAergic
inhibition in the thalamus.
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