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CLINICAL HIGHLIGHTS

Although an ancient disorder, in the last 20—30 years, tinnitus has emerged as a serious public health issue, affecting approxi-

[ ]
mately 50 million Americans. Approximately 10—20% of individuals who experience tinnitus report symptoms that severely
reduce their quality of life. Among veterans, tinnitus is the number-one service-related disability and impacts more than 2.17
million veterans overall.

e Tinnitus is the persistent involuntary subjective phantom percept of internally generated, indistinct, non-verbal noises and
tones.

e In most cases, tinnitus is initiated by acquired hearing loss and maintained only when this loss is coupled with distinct
neuronal changes in auditory and extra-auditory brain networks.

e The electrical patterns of activity that are necessary and sufficient for the generation and maintenance of tinnitus are
generated within these networks, but their precise geometry and underlying mechanisms still remain unclear.

e This review discusses the current state of human and animal tinnitus research, outlines current challenges, and high-
lights new and exciting research opportunities.

e Current treatments, such as sound therapy, amplification, cognitive behavior therapy, and education/counseling, are
effective in diminishing awareness of tinnitus or associated distress but do not treat the underlying percept.

e This review discusses potential targets for the development of neuroscience-driven tinnitus drugs and therapies, such
potassium channel activators and corrective brain plasticity.

[}

Given the heterogeneity of tinnitus, a neuroscience-based precision medicine approach should facilitate clinical trials,
treatment, and cure.
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Abstract

Tinnitus is a pervasive public health issue that affects ~15% of the United States population. Similar estimates have also
been shown on a global scale, with similar prevalence found in Europe, Asia, and Africa. The severity of tinnitus is het-
erogeneous, ranging from mildly bothersome to extremely disruptive. In the United States, ~10-20% of individuals who
experience tinnitus report symptoms that severely reduce their quality of life. Due to the huge personal and societal
burden, in the last 20 yr a concerted effort on basic and clinical research has significantly advanced our understanding
and treatment of this disorder. Yet, neither full understanding, nor cure exists. We know that tinnitus is the persistent
involuntary phantom percept of internally generated nonverbal indistinct noises and tones, which in most cases is initi-
ated by acquired hearing loss and maintained only when this loss is coupled with distinct neuronal changes in auditory
and extra-auditory brain networks. Yet, the exact mechanisms and patterns of neural activity that are necessary and suf-
ficient for the perceptual generation and maintenance of tinnitus remain incompletely understood. Combinations of ani-
mal model and human research will be essential in filing these gaps. Nevertheless, the existing progress in
investigating the neurophysiological mechanisms has improved current treatment and highlighted novel targets for drug
development and clinical trials. The aim of this review is to thoroughly discuss the current state of human and animal
tinnitus research, outline current challenges, and highlight new and exciting research opportunities.
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1. INTRODUCTION

Tinnitus, commonly referred to as the “ringing in the
ears,” is a disorder that likely dates back to the earliest
human civilizations, although the earliest documented
report of tinnitus is debated (1). In the last 20-30 yr, tinni-
tus has emerged as a serious public health issue, affect-
ing ~50 million Americans (2—5). The severity of tinnitus
is heterogeneous, ranging from mildly bothersome to
extremely disruptive. In the United States, ~10-20% of
individuals who experience tinnitus report symptoms
that severely reduce their quality of life (5, 6). Among
veterans, tinnitus is the number one service-related dis-
ability and impacts more than 2.17 million veterans over-
all. In fiscal year 2019 alone, 183,145 new veterans
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Although an ancient disorder, in the last 20-30 years, tinnitus has
emerged as a serious public health issue, affecting approximately 50
million Americans. Approximately 10-20% of individuals who experi-
ence tinnitus report symptoms that severely reduce their quality of
life. Among veterans, tinnitus is the number-one service-related dis-
ability and impacts more than 2.17 million veterans overall.

Tinnitus is the persistent involuntary subjective phantom percept of
internally generated, indistinct, non-verbal noises and tones.

In most cases, tinnitus is initiated by acquired hearing loss and
maintained only when this loss is coupled with distinct neuronal
changes in auditory and extra-auditory brain networks.

The electrical patterns of activity that are necessary and sufficient
for the generation and maintenance of tinnitus are generated
within these networks, but their precise geometry and underlying
mechanisms still remain unclear.

This review discusses the current state of human and animal tinni-
tus research, outlines current challenges, and highlights new and
exciting research opportunities.

Current treatments, such as sound therapy, amplification, cogni-
tive behavior therapy, and education/counseling, are effective in
diminishing awareness of tinnitus or associated distress but do
not treat the underlying percept.

This review discusses potential targets for the development of
neuroscience-driven tinnitus drugs and therapies, such potassium
channel activators and corrective brain plasticity.

Given the heterogeneity of tinnitus, a neuroscience-based preci-
sion medicine approach should facilitate clinical trials, treatment,
and cure.
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entered this pool (7). Due to the huge personal and soci-
etal burden, a concerted research effort in recent years
has significantly advanced our understanding of this dis-
order. Yet, neither full understanding, nor cure exists.

Because we believe that the etiological definition is
the final stage of knowledge, we will start with an
attempt to define tinnitus based on our current knowl-
edge. Our expectation is that this definition and the sub-
sequent sections will help us highlight the scientific
advancements, the new challenges, and the opportuni-
ties in tinnitus research and treatment.

1.1. Definition

Tinnitus is the persistent involuntary subjective phantom
percept of internally generated indistinct nonverbal
noises and tones, which in most cases is initiated by
acquired hearing loss and maintained only when this
loss is coupled with distinct neuronal changes in audi-
tory and extra-auditory brain networks.

Tinnitus is a phantom sound percept, but phantom
percepts are not always associated with pathology.
In fact, phantom percepts are a fundamental aspect
of mindfulness and consciousness. In his essay “Ilepi
Yuyns” (On The Soul) 2,300 yr ago, Aristotle (8) was the
first to formally state that mindfulness is a form of a phantom
perception, or at least mindfulness cannot be possible without
phantom perceptions (imagination). Aristotle was the first to
formally connect the body to the mind, stating that the mind
needs phantom percepts for cognition and knowledge and
that our body through our sensory organs and sensations pro-
vide the initial material to our brain for forming phantom per-
cepts and mental images that ultimately lead to cognition.

To understand tinnitus, it is important to understand
the role of phantom percepts. Although we use external
stimuli to shape our behavior, our brain is very much
relying on its ability to generate internal representations
of the world (images), through phantom perceptions. As
such, phantom perceptions are essential for our survival
and well-being. Namely, our survival depends on the
brain’s chief function, which is, in our opinion, to perform
an online prediction of reality. To achieve this task, the
brain must predict and match reality dynamically. Thus
internally generated representations of basic aspects of
the outside world allow the brain not to have to recreate
the necessary functional geometry for guiding action de
novo every time a new stimulus and a new decision has
to be made. We propose that this approach reduces the
brain’s computational overhead, so that survival (and
happiness) become an option. Imagine if we cross a
road, and a car is approaching us with a certain speed
although the light is green for us. Our brain has to pre-
dict the speed of the car, the driver’s intentions, our
speed, and then temporally match it to reality, to give
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our motor system the right command. Moreover, phan-
tom percepts are also essential for our well-being and
happiness. When we listen to the Alpine Symphony by
Richard Strauss, we can “picture” and enjoy the moun-
tain from our living room at different times of the day,
although we only hear sounds. Taken together, our sen-
sory processing and our actions are not working on the
premise of an input-output operation, but instead, their
functioning is the result of the dynamic processing of
internally generated expectations with responses to
external stimuli. As such, understanding the underly-
ing mechanisms of tinnitus holds the promise to
advance the treatment of the disorder but also fun-
damental aspects of sensory processing, cognition,
and subjectivity.

Tinnitus percepts are involuntary, internally generated
percepts. Through a not fully understood mechanism,
these internally generated sounds are released to our con-
sciousness and become unwanted percepts that are intru-
sive and stressful. Unwanted phantom percepts are found
in other auditory disorders and other sensory systems. In
fact, involuntary auditory hallucinations (often verbal) are a
hallmark characteristic of schizophrenia. In the somatosen-
sory system, phantom limb pain, or the perception of pain
in a limb that has been amputated or otherwise deaffer-
ented, is another example of a phantom perception
that is involuntary and can be incredibly disruptive to
the patient’s quality of life (9). Remarkably, Tourette’s
Syndrome involves phantom percepts with the unin-
tentional release of verbal or motor actions. These
symptoms involve involuntary liberation of fixed
action patterns leading to continuous drumming of
fingers, arms, and legs (10-12). Could tinnitus involve
similar involuntary liberation of equivalent auditory
common environmental noises stored in our brains
for online prediction of reality? Although we do not
know the answer to this question, we propose that
understanding the mechanisms of pathological phan-
tom perception in analogous disorders may provide
powerful insight into the mechanisms of tinnitus.

What leads to the unwanted release of internally gener-
ated tinnitus percepts? Internal state is likely malfunction-
ing in concert with the sensory organ. Could it be that
hearing loss due to peripheral damage or aging induce
central network maladaptive plasticity that push the mind
to an altered internal state, where unwanted release of
sound percepts occurs? Although there are tinnitus cases
without obvious hearing loss (more details in sect. 3), a
major cause of tinnitus is acquired hearing loss. Consistent
with this, individuals (and rodents) with tinnitus have some
form of peripheral dysfunction/deficit. This deficit may be
subclinical and thus not captured by the traditional audio-
metric test battery. The most popular mechanistic model
is that this peripheral deficit leads to compensatory/
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homeostatic/(mal)adaptive changes in auditory and
extra-auditory circuits: the exact form and localization of
these changes may vary among individuals with tinnitus
(13). However, only very distinct changes, which are cur-
rently not fully understood, lead to tinnitus, as not all
individuals with hearing loss experience tinnitus.

2. TINNITUS ANIMAL MODELS

The use of animal models to study tinnitus is of great
value, as models allow for strict experimental control
that is not permissible in humans. In the last several
decades of tinnitus research, there have been major
advancements in tinnitus animal models that have signif-
icantly enhanced the understanding of the pathophysio-
logical mechanisms of tinnitus. Despite the immense
value and progress of animal models in tinnitus res-
earch, two fundamental hurdles remain: the selection of
an animal model that can closely approximate tinnitus as
experienced by humans and an assay that accurat-
ely and objectively detects tinnitus. The former is chal-
lenging, as there are many diverse causes and clinical
presentations of tinnitus, while the latter still hinders
human research due to the lack of an objective measure
of tinnitus. In addition, methods of tinnitus induction and
measurement in animals vary widely between studies. In
this section, we will briefly review tinnitus induction and
assessment in animals. For more detailed reviews on
animal models of tinnitus, see Refs. 14-17.

2.1. Tinnitus Induction Methods

The two predominant tinnitus induction methods are ex-
posure to loud sound and administration of ototoxic
agents. Exposure to loud sound is often used in animal
models, as acoustic trauma and subsequent hearing
loss is a major risk factor for tinnitus in humans (5, 18, 19).
Noise exposure intensity and duration vary widely
among different studies and can result in temporary or
permanent auditory threshold shifts. Accordingly, differ-
ent noise exposure protocols may lead to different neu-
rophysiological changes and likely contribute to
conflicting results. While noise exposure and conse-
quent hearing loss is a common cause of tinnitus in
humans, key differences exist in the translation from ani-
mal studies to humans. One key difference is that hear-
ing loss in animal models typically results from a single
high-intensity noise exposure, while hearing loss in
humans frequently reflects a lifetime of noise exposure
commonly compounded by aging (20, 21) or other bio-
logical and lifestyle factors. The age of subjects at the
time of noise exposure is also highly variable in animal
models. Noise exposures occurring in mice <10 wk of

Physiol Rev .VOL 101. OCTOBER 2021 - www.prv.org

age can have drastically different outcomes on auditory
thresholds and recovery of hearing than exposures
occurring in older mice (22), perhaps due to critical peri-
ods of auditory plasticity. The use of anesthesia during
noise exposure is common in many models to reduce
distress and discomfort. However, the use of anesthetics
during noise exposure protects against noise-induced
hearing loss (23, 24) and tinnitus (25). Anesthesia also
affects frequency tuning and receptive fields in the audi-
tory cortex (26), thus adding an additional layer of differ-
ences in the translation from animal studies to humans.
Moreover, the time of day that the noise exposure
occurs affects the degree of resulting hearing loss. Mice
that are noise exposed at night show less recovery of
auditory thresholds than those exposed during the day
(27). Finally, significant strain and species-specific differ-
ences exist in the vulnerability to noise-induced hearing
loss (28, 29) and tinnitus. Notably, in response to noise
exposure, mice show much larger threshold shifts than
other species, such as the guinea pig, which are much
more resilient to acoustic insults (30). Thus careful con-
sideration should be made when choosing noise ex-
posure, anesthesia, species, strain, and age of mice
for tinnitus induction experiments.

In terms of ototoxic drugs, sodium salicylate, the
active ingredient in aspirin, induces transient tinnitus
(~24-72 h) (31) in nearly all subjects. Given the high pro-
portion of subjects that develop tinnitus and its revers-
ibility, salicylate was instrumental in validating the first
operant behavioral model in rodents (32). While salicy-
late produces a transient phantom percept that is similar
to that of chronic tinnitus patients, the underlying mech-
anism is likely different than tinnitus induced by noise or
age-related hearing loss. Briefly, salicylate acts primarily
on outer hair cells (OHCs) to reduce electromotility as
evidenced by reduced distortion product otoacoustic
emissions amplitudes (33). Other possible mechanisms
of salicylate-induced tinnitus include auditory cortex
hyperactivity (34) via a reduction in GABAergic transmis-
sion (35). Despite salicylate’s utility in tinnitus research,
high doses must be administered that may produce
toxic effects and affect behavior. Salicylate induces tran-
sient tinnitus though different mechanisms from noise-
induced tinnitus, and these differences should be taken
into consideration.

2.2. Tinnitus Behavioral Assays

The difficulty in developing reliable tinnitus assays lies
in the nature of the tinnitus percept itself. By definition,
tinnitus is the perception of a subjective sound. Thus
finding an objective measure of tinnitus remains a
challenge. To address this problem, nearly all animal
tinnitus assays are predicated on the concept that

16eM
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tinnitus creates the absence or alteration of the per-
ception of silence. Simply put, if an animal is perceiv-
ing a constant subjective sound, this animal has an
altered perception of silence. Although many variants
have been developed, tinnitus animal models can be
classified into two main groups: operant or reflexive
models.

The first tinnitus animal model was developed by
Jastreboff and colleagues (32). This model, and many
variants that followed, utilize a lick suppression para-
digm in which rats are given restricted access to water
and are then trained to lick from a spout during sound
presentation. Adult rats are trained, via foot shock, to
suppress licking behavior during silent periods. Upon
injection of salicylate, rats no longer suppress licking
behavior during silent periods, suggesting the percep-
tion of a phantom sound (32). Later, Bauer et al. (36, 37)
developed a rat model that utilized lever presses for a
food reward. An advantage of this model is that it allows
for testing of chronic tinnitus for many months after tinni-
tus induction, as subjects tested with lick-suppress-
ion tasks show high levels of behavioral extinction.
Additional operant models have been developed in
recent years that include conditioned place preference
(38) and sound-based avoidance detection (SBAD) in
adult mice (39, 40). Both conditioned place preference
and SBAD models utilize a behavior apparatus with two
chambers and subsequent training of subjects to either
move from one chamber to another in response to
sound stimuli. In silent trials where no sound is pre-
sented, the subject is trained not to move to another
chamber. Thus an animal is considered to have behav-
ioral evidence of tinnitus, if, in silent trials, it moves to the
other chamber, as if a sound was presented. The key
advantage of operant models is that they evaluate
whether the animals perceive silence or not, based on
how they respond during the silent trials. The major chal-
lenges of operant models are the requirements for
lengthy training periods and expertise in sophisticated
behavioral techniques. Additionally, in many operant
models, subjects show extinction of tinnitus behavior
over time, which makes longitudinal tinnitus testing diffi-
cult. Despite these challenges, operant models are the
most appropriate animal models for the study of tinnitus,
as they require the involvement of cognition that arises
from many cortical and subcortical areas and from audi-
tory and nonauditory brain regions, which is consistent
with our current understanding of tinnitus.

A popular tinnitus model circumvents the lengthy and
experimentally demanding requirements of operant
models. Developed by Turner and colleagues (41), the
gap-prepulse inhibition of acoustic startle (GPIAS) is
based on the innate prepulse startle reflex inhibition.
Briefly, during a lower intensity background sound, a

startle reflex is elicited by an abrupt loud sound. When a
silent gap is embedded in the background noise pre-
ceding the startle stimulus, the reflex is inhibited. The
model posits that if an animal has tinnitus, it will be
unable to detect the silent gap and will display less inhi-
bition of the acoustic startle reflex. The frequency and
amplitude of the background noise in which the gap is
embedded can be modulated to approximate the
hypothesized tinnitus frequency and intensity in which
the animal’s tinnitus have been assumed to “fill in the
gap.” In recent years, there have been many critiques of
the GPIAS model and the hypothesis of tinnitus “filling in
the gap.” Some have reasoned that if tinnitus is truly fill-
ing in the gap, then the placement of the gap in the
background noise should not affect the inhibition of star-
tle (42). However, inhibition of acoustic startle was
observed at some gap latencies but not all (43). Strain-
dependent differences can lead to variability in GPIAS
measures. For example, CBA mice, commonly used in
auditory research due to their good hearing, show
reduced inhibition of startle responses and thus are
inappropriate for GPIAS use, while other strains such as
C57 exhibit greater inhibition of acoustic startle (43), but
they show age-dependent hearing loss. Importantly,
studies in humans that used a self-report tinnitus fre-
quency matching found that gap detection deficits do
not correspond with the reported tinnitus frequencies
(44, 45). Yet, despite the previously mentioned limita-
tions, several studies utilized GPIAS and led to signifi-
cant findings in tinnitus research. For example, new
approaches that have shown promise for tinnitus treat-
ment in humans were based on initial animal studies
that used GPIAS (46—49). Overall, while the utility of
GPIAS has advanced tinnitus research, we propose that
operant tinnitus animal models can assess cognitive
aspects of tinnitus and thus are more suitable models
for determining tinnitus mechanisms in animals.

3. HEARING LOSS AND OTHER CAUSES OF
TINNITUS

Hearing loss is a major cause of tinnitus and a substan-
tial public health issue: the World Health Organization
estimates over 466 million people globally have severe
hearing loss (50). In addition to the individual burden of
hearing loss, which includes impaired communication,
social isolation, increased prevalence of depression and
anxiety, and cognitive decline (51), hearing loss also cre-
ates a great global economic burden estimated to be
$750 Billion annually (52). Noise-induced hearing loss is
a powerful way to induce tinnitus in animal models and
is associated with tinnitus in humans (18, 19, 53, 54)
(FIGURE 1). A commonly accepted physiological
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FIGURE 1.

Hearing loss is the most common cause of tinnitus. A: death or dysfunction of cochlear hair cells. B: loss of ribbon synapses. C: hyperexcit-

ability of type Il afferents. D: death or dysfunction of auditory nerve fibers. OHC, outer hair cell; IHC, inner hair cell.

consequence of acute or chronic noise exposure is the
death or dysfunction of the sensory receptors of the
cochlea, the inner and outer hair cells (IHC and OHCs)
(FIGURE 1A). The primary function of OHCs is to
mechanically amplify sound vibrations in the cochlea but
not transduce sound into neural signals. Conversely,
IHCs are the main sensory cells in the cochlea and are
deflected by sound-generated fluid pressure waves.
Minute deflections of IHCs open mechanosensitive ion
channels, which depolarize hair cells and release neuro-
transmitters onto the dendrites of the spiral ganglion
neurons, whose axons, the auditory nerve fibers, propa-
gate sound information to the brain. Exposure to loud
sounds damages cochlear hair cells and thus induces
permanent elevations of hearing thresholds (55).
Exposure to milder sound intensities cause “temporary”
threshold shifts that eventually recover to prenoise ex-
posure levels. Although hearing thresholds may only be
temporarily affected, this damage can cause permanent
physiological and functional hearing deficits. In cases of
temporary threshold shifts, there is evidence of swelling
of afferent terminals contacting inner hair cells due to
glutamate excitotoxicity (56), leading to the loss of “rib-
bon” synapses, the synapses between IHCs and spiral
ganglion neurons (57) (FIGURE 1B). This process has
been termed cochlear synaptopathy (57). The loss of
these nerve fibers causes a distortion or reduction in the
auditory signal that is then relayed to the brain. These
peripheral changes are capable of triggering plasticity in
central auditory and extra-auditory networks, culminating
in the generation of the tinnitus percept. However, untan-
gling the many physiological consequences of noise ex-
posure and peripheral deficits, such as synaptopathy, hair

Physiol Rev .VOL 101. OCTOBER 2021 - www.prv.org

cell loss, temporary, or permanent threshold shifts is no
simple task. For example, it remains unclear if synaptop-
athy itself is sufficient to induce tinnitus in mice. Recent
studies suggest that a mouse line that lacks the gluta-
mate aspartate transporter (GLAST), expressed in the
supporting cells of the murine cochlea, may be a model
of synaptopathy without noise exposure. GLAST knock-
out (KO) mice lack the glutamate transporter that regu-
lates glutamate levels at the ribbon synapse in the
cochlea, where glutamate excitotoxicity underlies synapt-
opathy at this synapse after noise exposure. The absence
of this gene generates synaptopathy in these mice, as
evidenced by significant reduction in auditory brainstem
response (ABR) wave | amplitudes but similar ABR thresh-
olds to wild-type mice (58). GLAST KO mice do not show
GPIAS deficits (43). However, tinnitus was not assessed
with an operant model, and KO mice showed more ro-
bust salicylate-induced GPIAS deficits, suggesting an
enhanced susceptibility to tinnitus. More studies are
needed to determine the precise role of synaptopathy in
the generation of tinnitus in mice.

In humans, although peripheral dysfunction and hearing
loss is a major risk factor for tinnitus, a subset of individuals
with tinnitus display no measurable peripheral auditory
deficits (59, 60). However, a peripheral dysfunction, such
as synaptopathy or high-frequency hearing loss, may not
be captured by the traditional audiometric test battery. To
support this hypothesis, reduced ABR wave | amplitudes,
reflective of auditory nerve activity and thus suggestive of
synaptopathy (57), were found in tinnitus subjects with nor-
mal thresholds (61, 62). However, differences in ABR wave
| amplitudes in tinnitus groups may have been due to
unmatched audiometric thresholds at high frequencies
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(>8 kHz). When matched for auditory thresholds at high
frequencies, no relationship was found between synaptop-
athy and tinnitus (63). Although there is a significant corre-
lation between tinnitus and reported lifetime history of
noise exposure (63), the lack of a commonly accepted
measure of synaptopathy in humans makes it challenging
to causally link subclinical peripheral deficits with tinnitus
(63, 64).

So far, peripheral deficits and hearing loss associated
with tinnitus have been attributed to the death or dysfunc-
tion of cochlear hair cells, synaptopathy, and degeneration
of type | spiral ganglion neurons. While type | afferents
comprise the vast majority of total cochlear afferents and
are primarily responsible for transmitting acoustic informa-
tion to the central auditory system, type Il afferents may be
an additional player in the generation of tinnitus (FIGURE
1D). Type Il afferents, which account for ~5% of cochlear
afferents, are weakly responsive to sound (65) and acti-
vated only by loud stimuli (66). Because of this, their func-
tion in the auditory system remains enigmatic. However,
recent evidence suggests that type Il afferents may con-
vey pain signals resulting from OHC damage (67, 68).
Type Il afferents are activated by a glutamate-independent
mechanism and also express proteins associated with
nociception. Furthermore, OHCs respond to noxious (tis-
sue damaging) noise but not innocuous levels of noise.
One possible mechanism of type Il afferent activation after
damaging levels of noise is ATP signaling (69), which is
released from nearby supporting cells in response to hair
cell damage (68, 70). Activation of metabotropic (P2Y) puri-
nergic receptors by ATP increases type Il afferent excitabil-
ity by the closure of KCNQ-type potassium channels (68,

Sensorineural Hearing Loss
Noise-induced hearing loss
Age-related hearing loss

Metabolic Dysfunction
linked to hearing loss

Ototoxicity

Otosclerosis

70). Thus a noise-induced hyperexcitability of type Il fibers,
due to the closure of KCNQ channels, may underlie the
increased sensitivity or intolerance to sounds that are nor-
mally not perceived as loud, which is a hallmark of hyper-
acusis. Alternatively, this mechanism may also be involved
in hyperacusis with pain (noxacusis). Although this mecha-
nism has not been directly studied in the context of tinnitus,
there is a possibility that it might be shared between tinni-
tus and hyperacusis/noxacusis pathology. Hyperacusis has
been demonstrated to be associated with tinnitus in
humans (71, 72). Additionally, the correlation between the
two becomes stronger in individuals who self-report more
severe tinnitus (71).

Except for the sensorineural hearing loss described
thus far, peripheral damage can take many other forms,
such as conductive hearing loss (73) or any obstruction
or dysfunction of the middle ear that prevents or disrupts
sound from being transmitted to the central auditory
pathway. Examples of conductive hearing loss include
middle ear infections, glomeric tumors, myoclonus, and
Tonic Tensor Tympani Syndrome. In humans and in ani-
mals, conductive hearing loss is often modeled by the
insertion of an ear plug (74, 75) and produces threshold
shifts without damaging the cochlea or auditory nerve.
With this procedure, a majority of subjects develop tinni-
tus that is reversed upon removal of the ear plug (76).
Other causes of tinnitus may include, but are not limited
to, hearing loss linked to metabolic dysfunction (77), oto-
toxicity (78, 79), Meniere’s Disease (80), vascular dys-
function (81), genetic factors (discussed in sect. 8),
otosclerosis (75), and head and neck injury (82)
(FIGURE 2).

[Genetic susceptibility

Meniere’s Disease ]

FIGURE 2. Causes of tinnitus.

[ Cochlear Vascular Dysfunction ]

[ Head or neck injury }

Conductive Hearing Loss
Ear infections
Tympanic membrane injury
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4. TINNITUS-RELATED CHANGES IN CENTRAL
AUDITORY NETWORKS

4.1. Overall Scheme Mechanism

Tinnitus is associated with neuronal hyperactivity
[enhanced spontaneous firing rate (SFR)] or hypoac-
tivity (decreased SFR), changes in neuronal transfer
functions (gain), changes in tonotopic organization,
and changes in neural synchrony. In the next sec-
tions, we will discuss tinnitus-related mechanisms in
central auditory networks. Overall, animal and human
studies suggest that plasticity occurs at different lev-
els of the central auditory system and to different
degrees and directions (FIGURES 3-7).

4.2. Auditory Brainstem Plasticity

4.2.1. Dorsal cochlear nucleus.

The dorsal cochlear nucleus (DCN) has been regarded as
the site of tinnitus generation but not maintenance, as
ablation of the DCN before noise exposure prevents the
generation of tinnitus, but tinnitus persists if the DCN is
ablated several weeks after noise exposure (83, 84). Early
studies in hamsters reported that exposure to loud sound
increased the SFR of fusiform cells (85), the principal neu-
rons of the DCN that integrate auditory and multisensory

Abberant STDP

Parallel Fibers
(Multisensory/
Somatosensory) ) 9

—@ Excitatory input
— Inhibitory input

input (86). DCN hyperexcitability after noise exposure has
been observed by several independent laboratories, and
in many cases, it has been linked specifically to mice with
behavioral evidence of tinnitus (48, 87-91). As such, DCN
hyperexcitability is likely the most consistent neural corre-
late of tinnitus in animal models (FIGURE 3).

The underlying mechanisms of tinnitus-related DCN
hyperactivity have been of particular interest and have
provided novel targets for the development of tinnitus
therapeutics. One of the major novel targets are the
KCNQ potassium channels. KCNQ channels (KCNQ1-5)
are slow-activating, voltage-dependent, noninactivating
potassium channels that are open at subthreshold mem-
brane potentials. Due to these properties, they are major
modulators of neuronal excitability. Mice with behavioral
evidence of tinnitus display reduced KCNQ2/3 currents in
fusiform cells (48). The hypofunction of these channels is
due to a shift in their voltage dependence, which renders
them less likely to open at subthreshold membrane
potentials (48). This decrease in KCNQ2/3 channel activ-
ity causes the tinnitus-related increases in spontaneous
firing rates of fusiform cells (48). Natural recovery of
KCNQ2/3 currents is associated with resilience to tinnitus
in noise-exposed mice (92). Importantly, administration of
retigabine, a KCNQ2-5 channel activator, eliminated the
behavioral evidence of noise-induced tinnitus in mice
(48). While once a Food and Drug Administration (FDA)-
approved antiepileptic drug retigabine was discontinued

Control
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Conductance (nS)

50 -40 -30 -20 -10
Voltage (mV)

20 *

E

Spontaneous Firing Rate (Hz)

([ Auditory Nerve

A\
© .,\@"’
Q &
P N

FIGURE 3. The Dorsal Cochlear Nucleus and Tinnitus Mechanisms. Tinnitus mice display increased spontaneous firing of fusiform cells (FC). This is
due to enhanced intrinsic excitability due to a shift in the voltage dependence of KCNQ2/3 channels. Adapted from Ref. 48, with permission from
Proceedings of the National Academy of Sciences of the USA. Additional contributors are reductions in GABAergic and glycinergic signaling and aber-
rant spike timing-dependent plasticity (STDP)-like plasticity. Tinnitus-related changes are depicted in red. CWC, cartwheel cells.
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in 2017 due to severe side effects (93). Given the need
for the development of a nontoxic, KCNQ2/3-specific acti-
vator for epilepsy and tinnitus, recent studies have led to
the synthesis of next-generation KCNQ2/3 channel open-
ers with improved specificity, potency, and metabolic sta-
bility (47, 94, 95). Remarkably, these compounds offer an
extensive therapeutic window of intervention, as their
transient delivery one week after noise exposure mit-
igates tinnitus in mice (39). As such, these com-
pounds are currently under preclinical development.

Ly Frequency Activity o ) ;
(Disinhibitory “Edge Effect’) ization and decreased excitatory input to the tha-

FIGURE 4. Thalamocortical dysrhythmia in tinnitus.
A: peripheral deafferentation causes a reduction of
input from the peripheral auditory system that is sent
to the medial geniculate body (MGB). B: hyperpolar-

lamic neurons causes the firing mode to switch from
tonic to burst firing due to de-inactivation of T-type
calcium channels. C: as a result of the switch to burst
firing, low-frequency oscillations are generated and
propagated to the auditory cortex. D: low-frequency
oscillations in the deafferented area of cortex leads
to a reduction of inhibition to adjacent columns gen-
erating high frequency oscillations (Edge effect).

Burst

While intrinsic plasticity contributes significantly to tin-
nitus-related hyperexcitability, decreased inhibitory syn-
aptic signaling is an additional contributing mechanism
(89, 96). Flavoprotein autofluorescence imaging studies
revealed a significant decrease in DCN GABAergic sig-
naling in in mice with behavioral evidence of tinnitus
(89). Moreover, downregulation of glycinergic signaling
has also been shown to permit fusiform hyperexcitability
(96, 97). Finally, in addition to hyperactivity, neuronal
synchrony is positively correlated with tinnitus in guinea
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FIGURE 5. Auditory cortex and tinnitus mechanisms.
A: increased spontaneous firing rate (SFR). B:
increased neural synchrony. C: tonotopic map reor-

. | \‘i: Stimulus Amplitude ganization. Adapted from Ref. 38, with permission

from Proceedings of the National Academy of
Sciences of the USA. D: increased response gain.
Tinnitus-related changes are depicted in red. CF, char-
acteristic frequency.
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pigs (98). Together, noise-induced cochlear deafferenta-
tion appears to drive homeostatic plasticity in the DCN
by a combination of increased intrinsic excitability of
fusiform cells as well as a decrease in inhibitory glyciner-
gic and GABAergic neurotransmission.

Fusiform cells receive auditory and multisensory inputs.
Multisensory input, originating also from the trigeminal
ganglia, is carried via parallel fiber synaptic input. This
synaptic pathway shows spike timing-dependent plastic-
ity (STDP) (99, 100), which is a form of long-term synaptic
plasticity dependent on the timing of pre- and postsynap-
tic activity in the same neuron. This STDP mechanism
highlighted an additional path for enhancing the excitabil-
ity of fusiform cell in an activity-dependent manner (101).
In fact, recent studies employed an STDP plasticity-
related approach to reverse tinnitus activity in the audi-
tory brainstem by using auditory and somatosensory (tri-
geminal nerve) stimulation to normalize maladaptive DCN
plasticity linked to tinnitus (49).

4.2.2. Inferior colliculus.

The inferior colliculus (IC) is an integration site in the audi-
tory pathway, as it receives ascending inputs from the
contralateral DCN and sends projections to the auditory
thalamus, the medial geniculate body (MGB). The IC is
also a site for descending cortical input, originating from
auditory cortical layer V (102, 103). Regarding tinnitus-
related IC hyperactivity, the results are somewhat contra-
dictory. Some studies have found that IC hyperactivity is
correlated with tinnitus behavior in animal models (104—
106), but others have observed a less clear distinction
between noise-induced hyperactivity and tinnitus-
induced hyperactivity (107, 108). Some studies have found
no change in SFR in the IC in noise-exposed (109) or
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FIGURE 6. Circuit diagram detailing the proposed frontostriatal
gating theory of tinnitus. The circuit by which the negative percep-
tion of tinnitus and the neuromodulatory inputs may affect the gat-
ing of auditory percepts is depicted in yellow. The proposed
mechanism by which ventromedial prefrontal cortex (vmPFC) gates
auditory perception via the GABAergic the thalamic reticular nu-
cleus (TRN) is depicted in blue. Tinnitus-related changes are
depicted in red. scACC, subcallosal anterior cingulate cortex.

tinnitus mice (110). Yet, another study found reduced SFR
of IC neurons after noise exposure but did not test for be-
havioral evidence of tinnitus (111). Some of the variability in
these studies may be due to differences in experimental
design, as different behavioral assays and different time
points after noise exposure were used to measure SFRs.
For example, acute responses in IC after noise exposure
may be fundamentally different than responses meas-
ured two or more weeks after noise exposure (112).
Alternatively, the discrepancies in SFR of IC after noise
exposure may reflect different mechanisms or sites of
plasticity that may underlie subcategories of tinnitus.

In studies where IC hyperactivity was observed, there is
evidence for reduced IC GABAergic inhibition after noise
exposure (106, 113). Moreover, GADG65, the enzyme re-
sponsible for decarboxylation of glutamate to GABA, was
significantly reduced in the IC after noise exposure (114).
However, other studies report no changes in GABA levels
(115). As such, hyperexcitability in the IC may also be due
to the increased activity of descending excitatory cortical
inputs to the IC. Indeed, there is evidence that the
response gain of corticocollicular projections, originating
from layer V of auditory cortex and terminating in the IC,
display a sustained, increased activity after noise expo-
sure, but tinnitus was not tested in this study (116).

While hyperactivity is one mode of maladaptive plas-
ticity in the IC, changes in the temporal coding of audi-
tory inputs may also underlie aberrant signaling in the
auditory pathway, which may subsequently lead to the
tinnitus percept. Changes in temporal response proper-
ties have been reported in the IC (112), including
increased neuronal bursting (104) and a shift in the
response pattern from “sustained” to “onset firing” (107).
Moreover, in a mouse model of peripheral deafferenta-
tion, temporal coding deficits in the IC were partially
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FIGURE 7. Conclusions. Brain regions and neural correlates of tinnitus (purple), mechanistic underpinnings (green), and preclinical drug development
(yellow). TRN, thalamic reticular nucleus; vmPFC, ventromedial prefrontal cortex; STDP, spike timing-dependent plasticity. TCD, thalamocortical dys-
rhythmia hypothesis; IC, inferior colliculus; mGIuR, metabatropic glutamate receptor.

rescued with application of AUTO0063, a compound
that increases Kv3.1 potassium currents (117). It remains
unclear if temporal coding deficits in the IC are a result
of noise exposure and hearing loss or if this aberrant
neural activity is present in animals with tinnitus.
Nonetheless, this compound ultimately failed to alleviate
tinnitus in human subjects in phase Il clinical trials (118).

4.3. Thalamic Plasticity

The auditory thalamus (MGB) is considered the gate-
keeper of sensory information in the auditory system. The
MGB receives input from the IC and projects to auditory
cortex and integrates GABAergic inputs from the thalamic
reticular nucleus (TRN) and nonauditory inputs from limbic
structures and descending inputs from auditory cortex.
Thus the MGB is positioned to serve a critical role in tinni-
tus-related auditory and extra-auditory pathology.

1618

Thalamic neurons have distinct firing patterns or states:
they can fire tonically or in bursts (119-121). Single MGB units
recorded from unanesthetized rats with behavioral evi-
dence of tinnitus displayed increased burst firing and num-
ber of spikes per burst (122). Pathological increases of
GABAergic inhibition in the MGB have been hypothesized
to initiate burst firing in MGB neurons in animals with behav-
ioral evidence of tinnitus (123, 124). Namely, tinnitus mice
display increased levels of tonic inhibition in the MGB (125).
Increased tonic inhibition can generate burst firing as hy-
perpolarization of MGB neurons de-inactivates T-type cal-
cium channels which generate a slow calcium spike, which
in turn, can cause the generation of burst firing (126, 127).

Aberrant firing of MGB neurons after noise exposure
has been linked with phantom perceptions, in both tinnitus
(127,128) and chronic or phantom limb pain (129). Aberrant
thalamic activity has been proposed to initiate thalamo-
cortical oscillations implicated in tinnitus, as described by
the thalamocortical dysrhythmia hypothesis (TCD), (for
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review, see Refs. 124, 127, 130) (FIGURE 4). Briefly, the
TCD hypothesis suggests that peripheral deafferentation
shifts the firing mode of thalamic neurons. This can be due
to increased hyperpolarization, because of the reduced
deafferented input to the MGB, or enhanced tonic inhibi-
tion. This hyperpolarization de-inactivates T-type calcium
channels, which generate a slow calcium spike, which in
turn, generates low frequency recurrent interaction
between auditory thalamus and cortex. This low-frequency
activity (delta -4 Hz and theta 4-8 Hz) is manifested in
localized cortical columnar areas. As a result, the inhibitory
input to adjacent cortical areas is reduced. The reduced in-
hibition leads to increased activity in adjacent disinhibited
cortex, thus resulting in continuous high-frequency activa-
tion in the gamma range (>30Hz), thought to underlie the
tinnitus percept (32). Consistent with TCD, slow wave oscil-
lations have been reported to be a neurophysiological cor-
relate of tinnitus in humans (124, 131-134), and perhaps,
this is the most consistent neurological marker in human
tinnitus studies (13). The TCD hypothesis is an attractive hy-
pothesis, but the detailed mechanisms of TCD in tinnitus
have not been studied (13).

4.4 Cortical Plasticity

The involvement of auditory cortical plasticity in the patho-
physiology of tinnitus has been studied in both human and
animal models (135). Despite the differences between ani-
mal models of tinnitus and humans, these studies support
four main tinnitus correlates: increased SFR, increased
neural synchrony, increased gain, and changes in tono-
topic map reorganization (FIGURE 5).

Seminal studies in the cat auditory cortex showed that
SFRs increased several hours after noise exposure (136)
(FIGURE 5A). SFRs were increased in cortical areas of
tonotopic reorganization that were tuned to frequencies
outside the noise trauma frequencies (137). However,
these studies did not differentiate noise-exposed animals
with behavioral evidence of tinnitus from noise-exposed
animals without tinnitus. Subsequent studies found
increased SFRs in animals with behavioral evidence of tin-
nitus (38, 46, 138). Consistent with these studies, human
studies have reported increased neural activity in resting
state (139-141), which could be considered as an indirect
measure of increased SFRs.

Changes in neural synchrony, broadly defined as the
correlated firing of groups of neurons, are cortical corre-
lates of tinnitus. Synchrony is measured on different scales
in human and animal studies. Human EEG or magnetoen-
cephalography (MEG) studies measure macroscopic syn-
chrony in cortical oscillations that require large areas of
synchronous activity, whereas animal studies measure syn-
chrony on a cellular level. Neural synchrony is enhanced
in auditory cortex of anesthetized cats immediately after
noise exposure and this enhancement persists after
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exposure (136) (FIGURE 5B). Synchrony is increased in
the reorganized areas of the tonotopic map (137). In rats,
increased synchrony was observed after noise exposure
compared to controls but was not significantly correlated
with behavioral evidence of tinnitus (46). In humans, the
noise-induced synchronous activity in auditory cortex is
characterized by reduced alpha wave and an enhanced
delta (141) and gamma-band activity (142). Enhanced
gamma activity has been associated with synchronization
of firing in cortical areas (143, 144) and with increased syn-
chronous gain (145). Gamma oscillations are linked to the
conscious perception of sensory stimuli and have thus
been linked to tinnitus (127). While direct evidence linking
enhanced gamma oscillations and tinnitus in humans may
be inconsistent (146), gamma oscillations and synchrony
remain a component of the TCD model and an area in
need of further mechanistic research (13).

Another proposed cortical correlate of tinnitus is tono-
topic map reorganization (FIGURE 5C). Tonotopic maps
are plastic and respond rapidly to experience. A classic
example of this plasticity in the auditory system is the criti-
cal period, or a specific temporal window in which the
brain is more receptive to experience-dependent changes
in tonotopy. During critical periods, mere passive exposure
to tones is sufficient to shift cortical frequency representa-
tions (147). However, peripheral deafferentation can induce
tonotopic plasticity in the adult auditory cortex (38, 46).
Unmasking of subthreshold inputs onto cortical neurons
by dynamic reductions in inhibition and increases in excita-
tion around the deafferented area is the suggested mech-
anism for tonotopic map reorganization after peripheral
deafferentation (148). Importantly, “corrective” plasticity
that reverses map auditory cortex tonotopic reorganization
after noise exposure reduced the incidence of tinnitus in
rats (46) and in humans (149); thus, supporting the hypoth-
esis that map reorganization may be a causal factor in the
generation and maintenance of tinnitus. However, a recent
study in mice reported that hearing loss, but not tinnitus,
was strongly correlated with map reorganization (150). In
the human literature, one study finds that the degree of
tonotopic map reorganization is correlated with the
degree of tinnitus (151), while another study concludes that
tonotopic reorganization is not required for the perception
of tinnitus in humans (152). Yet another study showed and
that tonotopic map reorganization is related to hearing
loss but not to tinnitus (153). Thus it is plausible that tinnitus
may be a result of maladaptive tonotopic map plasticity, or
incomplete tonotopic plasticity after hearing loss. Taken
together, the relationship between map reorganization in
tinnitus and hearing loss remains unclear. Additional stud-
ies to disentangle the effects of hearing loss and tinnitus
on cortical map reorganization will be necessary.

Last but not least, several studies in animals and
humans have reported increased cortical responsiveness
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(gain) to sound after noise exposure (154, 155) and in tinni-
tus (156, 157) (FIGURE 5D). Gain enhancement is a homeo-
static mechanism by which primary auditory cortex
increases its responsiveness to sound stimuli to compen-
sate for a reduction of peripheral input. The most likely
mechanism for increased gain after peripheral input loss is
a reduction in GABAergic inhibition (38, 158). A recent
study utilized a novel genetic tool to selectively increase
endogenous NMDA receptor (NMDAR) activity in
GABAergic neurons and provided support for the role of
cortical GABAergic inhibition in the generation of tinnitus
(159). Administration of a positive allosteric modulator of
NMDARs prevented behavioral evidence of tinnitus in
mice (160). The hypothesized mechanism for this thera-
peutic effect is that the increased activity of GABAergic
neurons, induced by the NMDAR agonist, prevents the
pathological increase in gain of auditory cortex, thus pre-
venting the development of tinnitus. However, it is a chal-
lenge to generate stable cortical activity with high gain
and with a general reduction of inhibition. The required
tethering of stability and high response gain restricts the
possible operative regimes of the cortical network; there-
fore, we suggest that the current hypothesis that a reduc-
tion in general cortical inhibition may not be sufficient to
account for the observed gain changes. Luckily, cortical
principal neurons and interneurons are very diverse, thus
suggesting a cell-specific division-of-labor for achieving
this task. For example, it is unknown how the intrinsic, syn-
aptic, or network activity of cortical interneuron subtypes
change in tinnitus. The activity of the different cortical inter-
neuron types, such as parvalbumin (PV), somatostatin
(SOM), and vasoactive intestinal peptide (VIP) each have a
unique effect on cortical output and gain. Recent computa-
tional models suggest that PV neurons are critical for main-
taining network stability while SOMs may be positioned to
regulate principal neuron gain (161). Thus PV and SOMs
might be differentially modulated after noise trauma or tin-
nitus. Understanding the intrinsic, synaptic, and network
plasticity in specific classes of principal neurons and inter-
neurons will be key for understanding the underlying
mechanisms of gain enhancement in tinnitus.

5. TINNITUS-RELATED EXTRA-AUDITORY
NETWORK PLASTICITY

While the majority of tinnitus research has centered on
nodes of the auditory pathway, the conscious perception
of tinnitus likely involves multiple networks. Nonauditory
(extra-auditory) structures play a crucial role in the percep-
tion, maintenance, and severity of tinnitus in humans.
Tinnitus is highly comorbid with affective disorders, such as
depression and anxiety (6, 162—-164). Consequently, the
interaction between the limbic and auditory centers is of
particular interest. While it is possible that affective

disorders may be a reaction to the bothersome nature of
tinnitus, it has also been hypothesized that dysfunction in
the limbic system may play a causal role in generating the
perception of tinnitus (165). Rauschecker and colleagues
(166) have proposed the frontostriatial gating theory of tin-
nitus that posits that the nucleus accumbens (NAc) and the
ventromedial prefrontal cortex (vmPFC) are central parts of
a network that evaluates the relevance and affective value
of internally generated tinnitus percepts (FIGURE 6). In con-
trol conditions, the limbic thalamus sends input to amyg-
dala and the amygdala send projections to the NAc. The
NAc inhibits the ventral pallidum (VP), which in turn inhibits
the vmPFC, although this connection is under debate (167).
Therefore, when the NAc is active the vmPFC can be disin-
hibited. The disinhibited (active) vmPFC synapses on
GABAergic TRN neurons, which subsequently inhibit the
MGB, thus leading to the suppression of unwanted or insig-
nificant percepts (gating). In tinnitus, the observed reduced
gray matter in the vmPFC (168) is consistent with this gating
hypothesis, as it would presumably lead to less MGB inhibi-
tion, and thus, less suppression of the tinnitus percept
(166). Moreover, the NAc receives strong modulatory sero-
tonergic and dopaminergic input, which provide a potential
mechanism for the valuation process of the tinnitus percept
(166). Overall, the frontostriatal gating theory of tinnitus pro-
vides several testable hypotheses on the involvement of
auditory, extra-auditory, and modulatory networks in the
perception and affective value of the tinnitus percept, but
the validity and mechanistic underpinnings of this theory
remain to be experimentally tested. While tinnitus and
emotional distress has been studied in humans (6), there is
a significant gap in the animal literature regarding the affec-
tive component of tinnitus. For example, relatively little
work has utilized traditional models of depression and anxi-
ety, such as open field, forced swim, and elevated plus
maze, to study the affective component of tinnitus. This is
needed given that most measures of tinnitus in humans pri-
marily quantify the amount of distress or handicap induced
by tinnitus. These studies would be particularly useful as
they may lead to an understanding of the mechanistic
underpinnings of why some humans are more distressed
or disabled by their tinnitus than others. In this context,
recent work has successfully linked facial expressions to
discrete emotional states in mice (169). Application of this
approach to study emotional states in mice with tinnitus
opens a new area of highly anticipated research in terms
of dissecting cellular and synaptic mechanisms associated
with bothersome tinnitus. Use of this cutting-edge facial
imaging technology has significant advantages over tradi-
tional depression or anxiety measures in mice as it allows
for simultaneous recording of neural activity while obtain-
ing real-time data of the animal’s emotional state.

Apart from auditory and emotional centers, memory
networks, such as the parahippocampal networks have
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also been involved in the pathophysiology of tinnitus
(170). Parahippocampal memory networks are thought
to contribute to the maintenance of tinnitus by encoding
the memory of the tinnitus percept and subsequently
reinforcing involuntary auditory memory and perception
(171). Neurons in the parahippocampus increase their fir-
ing in response to the presentation of novel stimuli but
suppress their responses during subsequent presenta-
tions of the same stimuli (172). Suppression of responses
in this region is suggested to underlie a habituation to
repeated stimuli. A failure to reduce parahippocampal
activity during repetitive presentation of the same (inter-
nal) stimulus, such as in tinnitus, might lead persistent
tinnitus perception. Consistent with this hypothesis,
human EEG studies report increased activity in the para-
hippocampal area of individuals with tinnitus (173).
Pathological slow-wave oscillations have been observed
in the parahippocampus of individuals with tinnitus and
robust (>30 dB) hearing threshold shifts (174). Moreover,
functional imaging studies report increased connectivity
between parahippocampus and auditory cortex in indi-
viduals with tinnitus (175, 176). Finally, transient suppres-
sion of amygdalohippocampal complex suppress tonal
tinnitus in humans (177). Given these findings, persistent
parahippocampal activation and its altered functional
connection with the auditory cortex may represent an
exciting avenue for animal model studies in the future.
Targeted recordings in these brain areas of animals with
and without behavioral evidence of tinnitus will be cru-
cial in determining mechanistic underpinnings of this
hypothesis.

Perception, including phantom perception, is power-
fully modulated by attention. This can be measured
when individuals with tinnitus are instructed to attend to
a nonauditory task. When attending to another task,
most individuals with tinnitus report a decrease in the
severity of their tinnitus (178). Many tinnitus sufferers
also report that they are often unaware of their tinnitus,
until they are in a less demanding sensory environment.
These observations point to a critical role of attention in
tinnitus (178). Consistent with this, individuals with tinni-
tus have impaired selective attention on auditory tasks
(179, 180). It has been hypothesized that individuals with
tinnitus already divert attentional resources to attending
to their tinnitus and that their ability to selectively shift
attention is impaired (179). Accordingly, a recent study
reports that rats with tinnitus show increased attention
to sounds within the frequency range of their tinnitus but
show impaired selective attention to other sounds, rela-
tive to sound-exposed rats without behavioral evidence
of tinnitus (181). However, the signaling mechanisms and
the networks changes determining how attention mech-
anisms are pathological and how they are recruited in
tinnitus remain unclear.
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Predictive coding is a proposed model that may
conceptually explain the recruitment of attentional
centers in the pathophysiology of tinnitus (182).
Briefly, the model posits that sensory systems are
organized hierarchically, with lower levels sending
sensory information to higher-order structures, and
higher order structures sending predictions to the
nuclei below. A prediction error is generated when
the ascending information is incongruent with predic-
tions from higher structures. This incongruence
recruits auditory attention. Although this is an attrac-
tive proposal, experimental evidence for this hypoth-
esis is lacking.

Taken together, auditory, emotional, mnemonic, and
attention control networks are involved in the generation,
maintenance and severity of tinnitus. The exact geometry
of the electrical activity that is necessary and sufficient for
the generation and maintenance of tinnitus remains
unknown.

6. CURRENT TREATMENTS

The clinical treatment of tinnitus is largely clinician-de-
pendent and includes observation, education/counseling,
cognitive behavioral therapy (183), amplification (184), tin-
nitus retraining therapy (185), other sound-based thera-
pies [Neuromonics Oasis or Sanctuary, Serenade, Widex
Zen, or Acoustic Coordinated Reset Neuromodulation
(186)], or a combination of these approaches, i.e., pro-
gressive tinnitus management (187). While some of
these treatment modalities are effective in diminish-
ing awareness of tinnitus or associated distress, they
can be time-consuming, expensive, and are not cov-
ered by insurance and therefore only available to a
limited population.

In patients with severe to profound hearing loss, resto-
ration of afferent input via electrical stimulation (cochlear
implantation) can suppress tinnitus (188—190). Cochlear
implantation has also recently been demonstrated to
reduce tinnitus percept in single-sided deafness (191). In
the United States, cochlear implantation is currently only
FDA-approved for bilateral severe to profound sensori-
neural hearing loss (SNHL) and the majority of patients
with tinnitus are not candidates for this procedure.
Single-sided deafness is not an FDA-approved indica-
tion for cochlear implantation and therefore not covered
by insurance in the US. Recently, some evidence has
emerged regarding potential benefits of repetitive trans-
cranial magnetic stimulation (192), vagal nerve stimula-
tion (149, 193), bimodal somatosensory and trigeminal
nerve stimulation (49), deep brain stimulation (194), and
cortical stimulation (195).
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Various medications have also been used to treat
tinnitus; however, none are FDA-approved for this indica-
tion (196). Sudden onset of tinnitus in the setting of acous-
tic trauma or idiopathic SNHL is often treated with oral
and/or intratympanic steroids. Intravenous lidocaine has
been used for tinnitus in the past (197) but is not a viable
treatment as the half-life of lidocaine is relatively short and
the amelioration of tinnitus lasts only 30 min to a few hours
(198). Antidepressants (selective serotonin reuptake inhibi-
tors and tricyclic antidepressants) and anxiolytics are often
prescribed off-label, but it is unclear whether they treat the
tinnitus or the associated symptoms and there is not suffi-
cient evidence of effectiveness in the absence of
depression (199, 200). Carbamazepine and gabapen-
tin have also been used, but with questionable effi-
cacy against tinnitus (201). Thus, given the large
population of tinnitus sufferers and the lack of drugs
that relieve, the market for tinnitus therapeutics is
rapidly evolving with several new compounds in clini-
cal and preclinical development (TABLE 1).

7. CLINICAL AND PRECLINICAL DRUG
DEVELOPMENT

Here, we briefly review current clinical and preclini-
cal tinnitus drug candidates. While many clinical trial
compounds may be relevant for tinnitus, we chose
to include only ones that have tinnitus listed as a
specific indication (TABLE 1, for a more comprehen-
sive list, see Ref. 202). We have also summarized
tinnitus-related compounds that have been success-
ful in animal models (TABLE 2). The first class of
drugs in the FDA pipeline are NMDA receptor
(NMDAR) antagonists. Namely, AM101 and OTO-313,
produced by Auris Medical and Otonomy, respec-
tively (202). The mechanism of action of these drugs
is based on preventing excitotoxicity associated

with peripheral hearing loss. Previous studies have
shown that noise exposure induces excitotoxic
swelling at auditory nerve terminals contacting IHCs
(56) and subsequent synaptopathy (57). This pro-
cess is NMDAR-dependent, as application of
NMDAR antagonists prevent excitotoxic damage of
IHCs and peripheral deafferentation in rodent mod-
els (203, 204). AM101 and OTO-313 are administered
via intratympanic injection to target the inner ear. As
such, these drugs are designed to target the acute
effects of noise exposure, as excitotoxicity and syn-
aptopathy occur soon after noise exposure while
death of spiral ganglion neurons occurs many months
after the initial insult (57). Accordingly, AM-101 phase 2/3 tri-
als recruited subjects whose tinnitus began less than 3 mo
before the trial began (NCT01803646). The applicability to
chronic tinnitus and the therapeutic window remains
unclear for both of these compounds. Unfortunately, AM-
101 failed to demonstrate efficacy in either of the major
endpoints and a new phase 2/3 clinical trial is under con-
sideration (205). OTO-313 is in relatively earlier stages of
development, but phase 1 data show that the compound is
safe and well-tolerated; phase 2 is currently underway
(NCT03918109).

SPI-1005, a compound produced by Sound
Pharmaceuticals, has demonstrated promising results in
the treatment of tinnitus that is comorbid with Meniere’s
Disease (NCT03325790). SPI-1005 is a small molecule
designed to increase glutathione peroxidase (GPx) activ-
ity (206). Endogenous GPx activity scavenges reactive
oxygen species (ROS), and depletion of GPx increases
the susceptibility of noise-induced to cochlea damage
and hearing loss (207). The cochlea expresses GPx, and
noise exposure increases the levels of GPx in the lateral
wall 2—4 h after noise exposure (208). Pretreatment or
treatment acutely after noise exposure prevented OHC

Table 1. Preclinical and clinical tinnitus drug development

Company Drug Candidate Target Mechanism of Action Clinical Phase Clinical Trial Information
Auris Medical AM-101 NMDAR Antagonist 3 NCT02040194
Otonomy OTO-313 NMDAR Antagonist 2 NCT03918109
Sound Pharmaceuticals SPI-1005 Glutathione peroxidase (GPx) Enhancer 2 NCT03325790
Autifony Therapeutics, Ltd AUTO00063 Kv3.1 Activator Failed phase 2 NCT02345031
N/A RL-81 KCNQ2/3 Activator Preclinical N/A
N/A Eglumegad Group Il mGIuRs Agonist Preclinical N/A
Pragma Therapeutics N/A T-type calcium channels Blocker Preclinical N/A

NMDAR, NMDA receptor.
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Table 2. Effective treatments in animal models of tinnitus

Compound Mechanism of Action
Retigabine KCNQ2-5 channel activator

SF0034 KCNQ2/3 channel activator

RL-81 KCNQ 2/3 channel activator

Vigabatrin GABA agonist

NO-711 GABA agonist

Gabapentin GABA agonist

Infenprodil NMDAR antagonist

AM-101 NMDAR antagonist

M8324 GABAergic NMDAR positive allosteric modulator
PLX3397 Depletes microglia, downregulates TNF-a

Behavioral Model References
GPIAS Li et al. (48)
GPIAS Kalappa et al. (47)
Operant Marinos et al. (39)
Operant Brozoski et al. (223)
Operant Yang et al. (38)
Operant Bauer and Brozoski (14)
Operant Guitton and Dudai (224)
Operant Bing et al. (203)
GPIAS Deng et al. (160)
GPIAS Wang et al. (96)

NMDAR, NMDA receptor; GPIAS, gap-prepulse inhibition of acoustic startle.

loss and reduced hearing threshold shifts relative to
controls (209). The production of ROS is closely linked
to inflammation in that ROS production can signal proin-
flammatory responses (210). While much of this research
has been conducted in the cochlea and auditory brain-
stem nuclei, recent evidence directly links cortical
inflammation with tinnitus in rodents (211). Specifically,
noise exposure leads to increased expression of proin-
flammatory cytokines in primary auditory cortex such as:
TNF-a, IL-1B, IL-18, and NLRP3. TNF-a knockout mice do
not develop noise-induced tinnitus, and infusion of TNF-
o in the auditory cortex induces tinnitus. The tinnitus-
related excitatory-to-inhibitory imbalance was prevented
by pharmacological blockade of TNF-a expression (211).

The next category of preclinical tinnitus drug develop-
ment programs is potassium channel modulators. The
potassium channel family represents a diverse set of ion
channels expressed in almost all cell types and that
reduce excitability through multiple mechanisms. There
is abundant evidence that potassium channels are
involved in disorders of hyperexcitability, such as epi-
lepsy (212). Studies in the DCN have provided compel-
ling evidence that the generation of tinnitus in animal
models may start in the brain as a noise-induced hypo-
function of KCNQ2/3 channels that, in turn, leads to the
generation of hyperexcitability in the auditory brainstem
(48). Postnoise exposure treatment of mice with the
KCNQ2-5 agonist retigabine prevented the develop-
ment of tinnitus in mice (48). Thus KCNQ2/3 channels
provide a promising therapeutic target for the treatment
of tinnitus. Retigabine is an FDA-approved drug for the

Physiol Rev .VOL 101. OCTOBER 2021 - www.prv.org

treatment of epilepsy. However, retigabine is no longer
a valid candidate drug as its side effects including, uri-
nary retention, skin, and retinal discoloration led to its re-
moval from the market in 2017 (93). These side effects
can be attributed to the low specificity among KCNQ 2-5
and the low solubility of its metabolites (93). Since these
discoveries, the next generation KCNQZ2/3 agonists
have been synthesized. The new KCNQ2/3 activators
are small molecules that are more selective and potent
for KCNQ2/3, and more metabolically stable than retiga-
bine, thus leading to fewer metabolites and side effects
(94, 95). Current preclinical efforts are focusing toward
developing RL-81, a potent and highly specific and meta-
bolically stable KCNQ2-3 opener (94) that has a wide
therapeutic window in mice (39), as a lead candidate for
investigational new drug-enabling studies.

Moreover, Kv3.1 potassium channels have also been
linked to tinnitus, as hyperactivity and temporal process-
ing deficits are often observed in mouse models of tinni-
tus. The Kv3.1 channel activator AUTO0063 (Autifony
Therapeutics Limited) reduced hyperexcitability in the
DCN and IC following noise exposure or administration
of ototoxic agents (117, 213, 214) but was not tested in
animal models of tinnitus. AUTO0063 did not signifi-
cantly reduce tinnitus in humans (118).

There are two additional candidate drugs in preclinical
development that target T-type calcium channels and
metabatropic glutamate receptors (MGIuRs). Gateway
Biotechnology is currently developing a drug (GW201) to
target T-type calcium channels. Although the mecha-
nism is currently unclear, this compound is thought to
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reduce reactive oxygen species and prevent inflamma-
tion and peripheral damage (202). Finally, modulators of
mGIuR activity have also been a target of tinnitus drug
development. The development of this class of drugs for
tinnitus is based on findings from studies of residual inhi-
bition (215). Namely, after a tone is presented, spontane-
ous firing in the auditory pathway, specifically in the IC,
is temporarily suppressed, this process is termed resid-
ual inhibition (133). Residual inhibition can be due to sup-
pression of spontaneous firing in central auditory
neurons, and metabotropic glutamate receptors
(mGIluRs) play a critical role in this suppression (215, 216).
Application of the group Il mGIuR agonist Eglumegad
(LY354740) suppresses spontaneous firing of neurons
in the IC of mice with behavioral evidence of tinnitus
(215, 216); thus further development of this drug might
lead to a clinical trial for tinnitus.

8. CONCLUSIONS AND FUTURE DIRECTIONS

In recent years, substantial progress has been made
in understanding the pathophysiology of tinnitus in
humans and in animal models. This work has been
instrumental in developing evidence-based tinnitus
therapeutics, many of which are in clinical trials or
preclinical development stages. Now that several
molecular targets have been identified throughout
the auditory pathway, high throughput screening
tools of new and more effective compounds will be
critical to accelerating drug development (TABLE 1).

An interesting and often overlooked aspect of tinnitus
pharmacotherapy is the circadian dependence of gene
expression in the cochlea and the subsequent effect on
drug delivery. For example, a recent study reports that
administration of a glucocorticoid is more effective in
preventing hearing loss after noise exposure when
administered in the daytime (217). We therefore suggest
that future drug development studies should consider
such factors to increase effectiveness of potential drug
interventions for tinnitus.

Moreover, in addition to the acquired causes of tinni-
tus, genetic causes of tinnitus have recently gained
research attention. While specific genes underlying a
vulnerability to tinnitus have not been discovered, evi-
dence from a large twin cohort study found a higher
concordance of tinnitus in monozygotic twins compared
to dizygotic twins, suggesting a genetic contribution to
tinnitus (218). A study of Swedish adoptees estimated
the heritability of tinnitus to be ~32% (219); the authors
subsequently hypothesize that heritability estimates
may increase with cases of severe tinnitus compared to
moderate tinnitus (220). Finally, a recent large-scale ge-
nome-wide association study conducted in the UK

identified 6 gene loci and 27 genes associated with tin-
nitus (162). While research on the genetic causes of tinni-
tus is still in its infancy, it represents a promising new
avenue for tinnitus research, drug development, and
potentially patient stratification.

Significant progress has been made in basic research
and preclinical development, but several hurdles and
opportunities remain in order to achieve success in clini-
cal trials. One critical step is the development of more
nuanced tinnitus classification system. Tinnitus percep-
tion can vary widely between individuals. Individuals
may experience tinnitus as a pure tone, a buzzing,
whooshing, a pulsatile sound, of which the intensity may
vary throughout the patient’s life or even during different
times of day. Moreover, as described earlier, the causes
of tinnitus can vary. Tinnitus may be induced by one or
any combination of different factors including conduc-
tive or sensorineural hearing loss, vascular irregularities,
ototoxicity, genetic factors, and others. There is a mis-
match between the diversity of causes and perceptions
of tinnitus and the current clinical classification systems.
For example, tinnitus is often classified as secondary to
another disorder or as primary, or idiopathic tinnitus if no
other origin is known. From there, tinnitus can be classi-
fied as acute (<6 mo) or chronic (>6 mo). Furthermore,
tinnitus can be rated based on level of distress as either
bothersome or nonbothersome tinnitus (221). While
these classifiers may be useful in the triaging of tinnitus
patients in audiology clinics, they are not very useful
from a research, clinical trial, or precision medicine per-
spective. It is unlikely that all tinnitus patients diagnosed
with “chronic” tinnitus share similar pathophysiological
mechanisms. Thus, it is to be expected that one treat-
ment may not be effective for all. This factor alone, likely
accounts for the great variability of outcomes in clinical
trials. Another related factor contributing to unsuccessful
clinical trials, is the lack of an objective measure of tinni-
tus. The only available and accepted measures of tinni-
tus in humans rely on the patient to report the severity
or level of distress resulting from their tinnitus or to
match their tinnitus pitch or loudness to an external
sound (222). We therefore suggest that tinnitus
patients can be classified by a neuroscience-based
“structure-function” approach, whereby neurophysio-
logical and structural signatures of different types of
tinnitus can be determined by functional MRI, EEG,
MEG, and ABR measurements assessing central tinni-
tus-related plasticity in auditory and nonauditory cen-
ters. Such approach might reveal a neuroscience-
based mechanistic characterization of different types
of tinnitus. This understanding will lead to precision
medicine approaches and individualized therapies
(13). Although current data suggest that there are
multiple neurobiological (plasticity) mechanisms
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associated with the heterogeneous presentation of
tinnitus, the alternative hypothesis is that there is a
single mechanism or structure common to all the het-
erogeneous presentations of tinnitus. In either case, a
combined structure-function research approach in
humans and in animal models is needed to address
whether there is a single “tinnitus perception core,” a
network that always shows the same tinnitus-specific
changes, regardless of the degree of hearing loss,
psychological distress, or comorbidities. If this is the
case, this would still represent a major breakthrough
and suggest a unique target for tinnitus treatment.

Despite the previously mentioned concerns with the
animal models of tinnitus, the development and employ-
ment of animal models of tinnitus and basic science
research have been perhaps the greatest accelerator of
tinnitus research and has increased our mechanistic
understanding of the disorder. The mechanistic insight
on plasticity mechanisms gained by animal models of
noise-induced hearing loss and tinnitus, along with the
human studies described in previous sections have led
to a new dynamic picture of the tinnitus brain. Luckily,
there are still many exciting and unexplored research
opportunities that are highlighted in this review. Namely,
the detailed circuit, cellular and molecular mechanisms
underlying TCD, frontostriatal gating, noise-induced
gain enhancement are not well-understood. The avail-
ability of cutting edge opto- and chemogenetic tools,
the increasing availability of transgenic mouse lines
makes, and the ability to assess the internal state of
rodents hold the promise to unmask the complex mech-
anisms of tinnitus. Furthering our understanding of these
mechanisms will accelerate mechanism-driven tinnitus
therapeutics and advance our understanding of cogni-
tive neuroscience mechanisms.
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