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Abstract

Check for
updates

Purpose of Review The current review aims to explore recent studies that have illustrated a link between neuroinflammation
and tinnitus and the consequential effect on neuronal functioning. We explore parallels amongst pain and tinnitus patholo-

gies and a novel treatment option.

Recent Findings Genetic and pharmacological blockage of pro-inflammatory cytokines mitigates the physiological and
behavioral tinnitus phenotype in acute rodent models. In addition, recent pain studies target a signaling pathway to prevent
the transition from acute to chronic neuropathic pain, which could translate to tinnitus.

Summary Neuroinflammation likely mediates hyperexcitability of the auditory pathway, driving the development of acute
tinnitus. In chronic tinnitus, we believe translational regulation plays a role in maintaining persistent tinnitus signaling. We
therefore propose this pathway as a potential therapeutic strategy.

Keywords Neuroinflammation - Chronic tinnitus - Hearing loss - Pro-inflammatory cytokines

Introduction

Tinnitus, or “ringing in the ears,” is an auditory percept that
occurs in the absence of an external sound source and affects
millions of individuals worldwide. Delineating the tinnitus
mechanism would aid in the development of treatments to
attenuate the tinnitus percept and improve quality of life.
Many researchers posit an imbalance between excitatory and
inhibitory input leads to maladaptive changes to the audi-
tory system, which consequently leads to the chronic tinni-
tus percept [1-3]. However, what mechanism prompts and
maintains the synaptic imbalance remains to be elucidated.

Emerging evidence suggests that neuroinflammation may play
a large role in the development of tinnitus. Neuroinflammation
is the central nervous system’s response to potentially harmful
stimuli such as injury, infection, disease, or abnormal neural
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activity [4, 5]. Studies demonstrate that hearing loss or noise
exposure causes chronic neuroinflammation in the peripheral
and central auditory pathway [6-9]. Furthermore, recent studies
are exploring the implications of neuroinflammation in tinnitus.
Researchers postulate that noise trauma or hearing loss-related
disorders trigger a neuroinflammatory response in which pro-
inflammatory cytokines influence synaptic transmission that
results in an excitation—inhibition imbalance [4, 10ee, 11e, 12].
It is this excitation—inhibition imbalance that is speculated
to be the mechanism of tinnitus. However, the exact role of
neuroinflammation on neuronal function and its impact on
tinnitus remains to be elucidated. Below, we examine animal
studies that have highlighted the potential role of inflammation
in tinnitus, and its ramifications in neuronal function. We briefly
explore the similarities of neuroinflammation’s role in tinnitus
and pain and possible treatment options.

The Neuroinflammatory Response

Recent studies have featured inflammatory processes
as a major contributor in tinnitus [10ee, 13-15].
Preclinical findings corroborate profound changes in
neuroinflammation markers in animals with experimentally
induced tinnitus, using methods such as noise exposure or
administration of salicylate acid to induce tinnitus-like


http://crossmark.crossref.org/dialog/?doi=10.1007/s40136-022-00411-8&domain=pdf

Current Otorhinolaryngology Reports (2022) 10:322-328

323

behaviors. Gap detection impairment is a common
phenotypic marker for tinnitus animal models, in
which animals are unable to detect gaps embedded in
a continuous stream of noise [16]. Impairments are
attributed to the perception of the tinnitus sound, therefore
unable to detect gaps, or the absence of sound.

Altogether, studies have reported abnormalities in
TNF-a [10ee, 17-20], IFNy [17], Iba-1 [21, 22], GFAP
[21, 22], IL-1P [10ee, 19, 20, 22], and microglia [22] in
animals with tinnitus. The observed inflammatory response
has been linked to the tinnitus behavioral phenotype
in rodents, in which impairments in gap detection
performance are dependent on TNF-a levels. This was
illustrated in a recent study, in which genetic knockout
of TNF-a in mice prevented noise-induced impairments
in gap detection performance compared to wild-type
controls [10ee]. In a separate experiment, TNF-a was
infused to the primary auditory cortex of normal-hearing
wild-type controls and TNF-a knockout mice resulting
in impaired gap detection in both TNF-a knockout and
wild-type control mice, thus confirming that the previous
absence of noise-induced tinnitus behaviors in knockout
mice was due to the lack of TNF-a [10ee]. Additionally,
the administration of TNF-a blockers alleviated tinnitus
behaviors in mouse models [10ee, 14, 15]. These studies
provide initial evidence that TNF-a, amongst other pro-
inflammatory cytokines, mediates the tinnitus phenotype.

Pro-inflammatory cytokines and microglial activation,
two defining features of neuroinflammation, appear to
depend on each other in noise-induced neuroinflammatory
responses. Pharmacological depletion of microglia
before noise exposure prevented noise-induced increases
of TNF-a expression and noise-induced tinnitus
behaviors [10ee]. Conversely, both genetic knockout and
pharmacological blockage of increased TNF-a after noise
exposure prevented noise-induced tinnitus behaviors and
microglial activation [10ee]. These suggest that microglia
activation requires an increase in TNF-a expression and
that microglial activation contributes to noise-induced
increased TNF-a expression. It is likely that noise-induced
hearing loss or other hearing loss-related disorders creates
a positive feedback loop of neuroinflammatory response,
consistent with existing literature showing that activated
microglia release pro-inflammatory cytokines and that pro-
inflammatory cytokines increasingly activate microglia
[23-25]. Additionally, other pro-inflammatory cytokines
such as IL-1p are also increased in experimentally induced
tinnitus [19] and known to stimulate microglia and the
expression of inflammatory mediators, including triggering
more release of its own expression [26]. This noise-induced
neuroinflammatory response likely contributes to the
excitatory—inhibitory synaptic imbalance associated with
tinnitus.

Neuroinflammation is an
inflammatory response within the
central or peripheral nervous system
to potentially harmful stimuli such
as toxins, injury, infection, disease,
or abnormal neural activity

Neuroinflammation

Microglia Microglial cells function as immune
cells responsible for maintaining
central nervous system health
through removing damaged
neurons and infections. When
activated, microglia release
various neurotrophic factors and
cytokines

Cytokines Cytokines are small proteins
released by cells that influence
cell signaling. Cytokines can
be pro-inflammatory cytokines
or anti-inflammatory and
include chemokines, interferons,
interleukins (IL), lymphokines,
and tumor necrosis factors (TNF)

Pro-inflammatory cytokines Pro-inflammatory cytokines such
as TNF-a, IL-1, IL-6, IL-8, and
IL-12 are secreted when exposed
to inflammatory stimuli. These
pro-inflammatory mediators
are involved in the recruitment
of inflammatory cells and can
produce systemic inflammatory
effects. Pro-inflammatory
cytokines are also involved in
many cellular activities, including
cell proliferation, signaling,
differentiation, and apoptosis

Anti-inflammatory cytokines Anti-inflammatory cytokines such
as IL-4, IL-6, IL-10, and TL-11 act
to limit the immune response and
suppress macrophage activation
and the production of TNF-a,

IL-1B, IL-6, IL-8, and IL-12

Pathophysiology

Pro-inflammatory cytokines such as TNF-a reportedly affect
excitatory and inhibitory synaptic function [27-29]. Studies
have shown that the neuroinflammatory response to acous-
tic trauma drives a synaptic imbalance, demonstrated by
increased excitatory and decreased inhibitory transmission
in the auditory pathway [10ee, 30]. The synaptic imbalance
likely plays a factor in the physiological mechanism of the
perceptual pathology of tinnitus.

Animal studies using genetic and pharmacological
manipulation of TNF-a provide evidence that
neuroinflammation affects neuronal functioning in hearing
loss and tinnitus. A study blocking TNF-a expression
prevented the synaptic abnormalities observed after
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noise-induced hearing loss (NIHL), indicating that TNF-a
expression is necessary for NIHL-induced synaptic imbalance
[10ee]. In addition to cortical aberrations, NIHL and
salicylate administration elevates auditory brainstem response
thresholds, a physiological signature of hearing loss [10ee,
14]. While both control and TNF-a knockout mice develop
hearing loss, accompanied by similar ABR thresholds, only
controls develop tinnitus, indicating that TNF-a is required
for tinnitus [10ee]. Altogether, manipulation and blockage
of neuroinflammatory markers provide support that pro-
inflammatory cytokines are required for both behavioral and
electrophysiological evidence of tinnitus.

While the exact mechanism is unknown, studies show
that pro-inflammatory cytokines regulate receptor activity,
thereby influencing excitatory and inhibitory neurotransmis-
sion [11e, 31-33]. For example, TNF-a can affect neuronal
function by increasing NMDA receptor localization and
decreasing GABA-A surface localization through endo-
cytosis at postsynaptic densities [11e, 27, 28]. Moreover,
increased NMDA receptor activity and decreased GABA-
A receptor activity results in increased calcium influx and
decreased chloride influx, respectively, influencing the
excitatory—inhibitory balance [11e]. These changes in recep-
tor expression and/or localization can lead to maladaptive
changes, resulting in the amplification of afferent input to
the central nervous system [11e, 31-33].

Consistent with cytokine-induced changes in excita-
tory and inhibitory neurotransmission, changes in cytokine
expression and receptor activity are observed in animals with
experimentally induced tinnitus [17, 18, 20, 30, 34-36]. Stud-
ies show an increase in NMDA receptor expression in animals
with salicylate-induced tinnitus, concomitant with increases in
TNF-a and IL-1B expression [17, 18, 20, 30]. Furthermore,
administration of a non-competitive NMDA receptor antago-
nist decreases NMDA receptor expression, resulting in attenu-
ated tinnitus behaviors in mice and decreased expression of
TNF-a [30]. Additionally, experimentally induced tinnitus
suppresses GABA-A-induced currents, which may contribute
to increased excitability within the auditory pathway [34, 35].
Elevation of central GABA levels, through administration of a
GABA agonist, attenuates tinnitus behaviors after noise expo-
sure in rats [36]. Therefore, it’s possible the pro-inflammatory
cytokine-induced neuroinflammatory response mediates the
excitatory—inhibitory imbalance in tinnitus through changes
in receptor expression.

Altogether, the highlighted research provides the initial
groundwork to support a new outlook in which neuroinflam-
mation drives the development of tinnitus. In this scope,
experimentally induced tinnitus via NIHL or salicylate
produces inflammation in the auditory pathway. Microglia
are then activated and release pro-inflammatory cytokines.
These cytokines further activate microglia, creating a posi-
tive feedback loop. Enhanced levels of pro-inflammatory
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cytokines regulate receptor surface localization in which
increased NMDA surface localization leads to increased
calcium influx, and GABA-A endocytosis leads to decreased
chloride influx and reduces inhibitory efficacy. These
changes in NMDA and GABA-A activity lead to increased
excitatory and decreased inhibitory synaptic activity in the
auditory pathway, leading to neural plastic changes causing
the tinnitus percept.

Translatability to Humans

Treatments targeting inflammation such as corticosteroids
have become the standard treatment for forms of hearing
loss and inner ear disorders [37]. However, the chance of
recovery from hearing loss can be dependent on a number
of factors including the severity of hearing loss, the presence
of additional symptoms (such as tinnitus or dizziness), and
the time of treatment [38]. Anti-inflammation interventions
may also provide relief in individuals with tinnitus; however,
this is inconclusive [39-41]. Shim et al. reported the onset
time of treatment as the most important and sole factor cor-
relating with the cure rate for acute subjective idiopathic
tinnitus, as observed by a reduction in tinnitus awareness
score to 0% [42].

Several conditions that are known to be associated with
neuroinflammation can increase the risk of tinnitus, further
supporting a potential role of neuroinflammation in the
development of tinnitus [4]. However, despite robust evi-
dence of a neuroinflammatory response in tinnitus animal
models as previously described, human studies show con-
flicting results. Studies show inconsistencies in IL-6 and
IL-10 expression in tinnitus participants. Additionally, both
studies observe no differences in TNF-a expression, which
is a persistent finding in several animal studies [43, 44].

Discrepancies between pro-inflammatory cytokine expres-
sion in animal and human studies could be due a number of
variables. One critical variable is the tissue type that the
inflammatory markers were measured in. In tinnitus rodent
models, changes in inflammatory markers were observed in
regions along the auditory pathway, such as the cochlea, coch-
lear nucleus, inferior colliculus, medial geniculate body, and
auditory cortex [10ee, 17-22]. In human studies, inflamma-
tory markers were measured in blood samples [43, 44]. It is
possible the inflammatory effect may only manifest along the
auditory pathway and is not reflected in blood.

Another critical variable that could account for conflicting
findings between human and animal studies is the time point
in which cytokine expression is measured. Pro-inflammatory
cytokine levels in animal studies were measured directly after
induction of tinnitus (i.e., acutely), whereas cytokine expres-
sion in human studies were measured long after tinnitus started
(i.e., chronically). This may suggest that neuroinflammation
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only plays a partial role in the acute phase of tinnitus. Overall,
further research is needed to delineate the mechanisms that
transitions tinnitus from acute to chronic. Below, we will high-
light parallels amongst pain and tinnitus pathologies, which
could provide an infrastructure for future studies to build upon
on the avenue to better treatments.

Pain and Tinnitus

Tinnitus and neuropathic pain share many similarities
in pathophysiology, affected brain areas, and an existing
perception of subjective sensations that may turn chronic
[45]. Changes in nociception occurs following inflammation
or injury in neuropathic pain, similar to how changes in the
auditory system may occur after noise exposure or hearing
loss-related neuroinflammation. Persistent inflammation leads
to a synaptic imbalance, as demonstrated by an increase in
excitatory transmission and decrease in inhibitory transmission,

and the central nervous system becomes sensitized [12, 45,
46]. Evidence suggests that pro-inflammatory cytokines
enhance excitability in both the sensory and auditory system,
likely driving the development of neuropathic pain and the
tinnitus percept, respectively [10ee,11e, 12, 31, 46].

Changes in gene expression provide additional support
in the development and maintenance of central sensitiza-
tion. Translational regulation of particular mRNA subsets
mediate changes in the immune and nervous system to
maintain persistent signaling observed in sensitization [47,
48]. Consistent with this, recent studies have identified a
protein involved in mRNA translation which likely medi-
ates the chronification of neuropathic pain. Phosphorylation
of elF4E, forming the e[F4F complex, is associated with
increased rates of translation initiation that impact a sub-
set of mRNAs involved in neural plasticity [49]. Regulation
of mRNA translation via inhibition of eIF4E phosphoryla-
tion reduces injury-induced neuronal hyperexcitability and
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Fig.1 Noise exposure or hearing loss-related disorders cause neu-
roinflammation in the auditory system, further increasing microglia
activation and pro-inflammatory cytokine release. Enhanced levels of
pro-inflammatory cytokines influence neurotransmission by driving
changes in receptor activity (i.e., increased NMDA surface localiza-
tion and GABA-A endocytosis resulting in increased calcium influx
and decreased chloride influx, respectively). These changes in NMDA
and GABA activity lead to increased excitatory and decreased inhibi-
tory synaptic activity in the auditory pathway, leading to hyperexcit-

ability. Changes in gene expression, via phosphorylation of elF4E,
may provide additional support in the maintenance of plasticity that
generates chronic tinnitus, mediating persistent tinnitus signaling.
Genetic or pharmacological interventions inhibiting eIF4E phospho-
rylation may prevent the development of chronic tinnitus. Current
methods to test this in animal models include mutation of eIF4E ser-
ine 209 which lacks the phosphorylation site for MNK1/2 on elF4E,
as well as MNKI1 inhibition using cercosporamide or genetic knock-
out of MNK 1/2

@ Springer



326

Current Otorhinolaryngology Reports (2022) 10:322-328

prevents the transition of acute to chronic pain in rodent
models that generate both neuropathic and certain types of
inflammatory pain [46, 50-52]. Furthermore, these stud-
ies provide compelling evidence that translation regulation
(via preventing eIF4E phosphorylation) may be a successful
therapeutic strategy for chronic neuropathic pain [53].

Translational Regulation May Provide Relief
for Chronic Tinnitus

The current perspective proposes that while neuroinflamma-
tion may mediate acute tinnitus, changes in gene expression
via phosphorylation of eIlF4E may contribute to the maladap-
tive plasticity that drives the chronification of tinnitus (Fig. 1).
Phosphorylation of eIF4E and subsequent local translation of
specific mRNAs may mediate changes in neuroplasticity that
maintains persistent afferent neuronal signaling in chronic tin-
nitus. We postulate that initial peripheral inflammation driven
by a hearing loss-related disorder or acoustic trauma likely
increases pro-inflammatory cytokines release that mediates
changes in receptor excitability, causing a synaptic imbalance.
Overtime, persistent inflammation may generate changes in
local translation, leading to the expression of genes that alter
the phenotype of the receptor long-term. Aberrant afferent input
may then drive changes in central nervous system activity and
connectivity, promoting the persistent tinnitus percept.

If true, potential anti-inflammatory treatments may fail
to provide relief in individuals experiencing chronic tin-
nitus. Instead, treatments inhibiting eIF4E activation may
yield greater relief, through the attenuation of the patho-
physiology believed to drive persistent tinnitus signaling.
Current animal models that genetically or pharmacologi-
cally inhibit eIF4E phosphorylation (i.e., MNK1/2 knockout
mice, eIF4ES2%2 mice, or administration of cercosporamide)
could provide a testbed of evaluation for future therapeutic
developments [47, 50-52]. Targeting this signaling pathway
as a therapeutic strategy may provide relief to individuals
suffering from chronic tinnitus. However, future research
is needed to delineate the role of eIF4E in chronic tinnitus.

Conclusion

Here, we propose a novel perspective in the chronification of
tinnitus. Emerging evidence from the tinnitus field reveals an
undeniable involvement of neuroinflammation, though the
exact mechanism remains to be elucidated. Recent results
suggest neuroinflammation may play a role in the acute
development of tinnitus.

Based on previous animal studies, findings suggest noise
exposure or hearing loss-related disorders generate an initial
neuroinflammatory response. This inflammatory response
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generates a positive feedback loop between cytokine expression
and microglial activation, subsequently modifying neuronal
functioning. Persistent inflammatory-induced changes in excita-
tory and inhibitory function thereby lead to hyperexcitability in
the auditory system and therefore the development of tinnitus.
In parallel to recent pain studies, we propose a specific signal-
ing pathway important in regulating persistent, chronic tinnitus.

Limitations within this review merit consideration.
Many animal studies found increased expression of multiple
inflammatory markers (i.e., IFNy, Iba-1, GFAP, IL-1p) after
experimentally inducing tinnitus [10ee, 17, 19-22]. However,
few studies genetically or pharmacologically modified pro-
inflammatory cytokine expression to investigate the direct effect
of inflammation on behavior and physiology [10ee, 14]. Because
of this, this review primarily explores the function of TNF-a. In
addition, few human studies investigated cytokine expression
in individuals with tinnitus and healthy participants [43, 44].
Lastly, other mechanisms likely influence neuronal function in
tinnitus. For example, parvalbumin neuron density was affected
after noise-exposed mice; however, this effect was dependent on
mouse strain and therefore not included in the review [54]. Further
research is needed to delineate the neural correlates of tinnitus.

While this review highlights evidence that supports a
proposed mechanism, the perspective itself is a simplified
theory of an otherwise complex and heterogeneous pathol-
ogy. Despite this, the current perspective can be used as an
infrastructure for future studies to identify novel therapeutic
targets. While efforts in controlling neuroinflammation may
only heed benefits in acute tinnitus, further research in trans-
lational regulation may target the chronic tinnitus signaling
pathway for relief.
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