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Research interest in understanding tinnitus has increased severalfold in the last
decade to find a cure for this auditory disorder. Hyperacusis can also accompany
tinnitus, although the mechanisms involved in hyperacusis and tinnitus are
different. Millions of people suffer from some degree of tinnitus with hearing
loss. Tinnitus is believed to be a form of sensory epilepsy, spawning neuronal
hyperactivity from the cochlear nucleus and inferior colliculus of the auditory
brainstem region. Cannabis has been used for recreation, medicinal purposes,
and served as an entheogen from time immemorial. With the current and
increasing global medical and recreational cannabis legalization, there is renewed
enthusiasm for the use of cannabinoid drugs, and the role of the endocannabinoid
system (ECS) in several health disorders including tinnitus which is associated
with COVID-19. The ECS signaling pathways have been proposed to affect
the underlying pathophysiology of tinnitus. Cannabinoid receptors (CBRs) have
been found in the auditory system, raising interest in ECS signaling in hearing
and tinnitus. However, previous studies mostly in animal models of tinnitus
did not investigate the involvement of CB2Rs but focused on CB1R-based
responses, which suggested that CB1R ligands had no effect and may even be
harmful and worsen tinnitus. With new molecular techniques and transgenic
approaches used to dissect the complexity of the ECS, the role of ECS/CB2R
neuroimmunological function in the auditory system and tinnitus is emerging. This
perspective proposes the role of emerging neuroimmune crosstalk of the ECS in
sound-sensing structures of the auditory system as a potential pharmacogenomic
therapeutic target using cannabinoid CB2R ligands in tinnitus in the era of the
COVID-19 pandemic.
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Introduction

Tinnitus can be induced by disruption of the complex network of neuroimmune
peripheral and central auditory pathways and may be accompanied by hyperacusis—a
hypersensitivity to noise, although the mechanisms involved in hyperacusis and tinnitus
are different. Tinnitus can disrupt the quality of life of some patients and is the perception
of “source-less” noise in the ear(s) when no external sound is present. There are two
types of tinnitus, and most people with tinnitus perceive a wide variety and range of
sounds that could be static or high-pitch tones such as ringing, hissing, buzzing, grinding,
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whooshing, screeching, sirens, clicking dial tones, and even music.
Such subjective tinnitus characterized by “phantom” sounds is most
common due to inner ear damage and loss of sensory hair cells
and receptors in the cochlea, disrupting neuronal plasticity and
auditory transduction (1). Unlike the subjective form of tinnitus in
which only the individual can hear the sound, in objective tinnitus
(somatosounds), someone nearby can hear the sound, which
can be detected by stereoscopic clinical examination. Objective
tinnitus is a rare type that is less common and is predominantly
due to peripheral vascular abnormalities, such as physiological
disorders that affect nerves, muscles, or blood vessels. Furthermore,
spontaneous otoacoustic emissions (SOAE) have been described as
another form of “objective tonal tinnitus”, as distortion-product
otoacoustic emission amplitudes are reduced in patients with
tinnitus (2).

Sensorineural hearing loss (SNHL) can co-occur with tinnitus
in both or the affected ear due to reduced sound transmission
to hearing nerves in the brain. However, genomewide association
studies (GWAS) and transcriptome-wide analysis studies (TWAS)
in mice and humans do not correlate but have been reported that
both hearing loss and tinnitus are polygenic disorders (3). In any
case, tinnitus can be characterized by its intensity and frequency
content that is gradual or instant onset, could be mild to severe,
temporary or persistent, and permanent (4).

Pathophysiology of tinnitus

The pathophysiology of tinnitus remains challenging, unclear,
and poorly understood, and its diagnosis and treatment are
complicated by its polygenic nature, with different associated
mechanisms in the auditory pathways (3). This is because
increased somatization and functional changes in auditory and
non-auditory areas are involved in the pathophysiology of tinnitus
(5, 6). The global variable prevalence of tinnitus is 5-43% (6),
which is influenced by many factors, including age, gender and
race/ethnicity, exposure to intense sound, or acoustic trauma. This
prevalence has been associated with socioeconomic, lifestyle habits
(loud music noise), and anthropometric characteristics in human
populations (7). Such a global wide range of prevalence data has
been associated with a lack of a simple definition of tinnitus
(6). Noise-induced hearing loss, which may be accompanied by
tinnitus and hyperacusis, causes inflammation because of the
immune system’s response to injury or infection in the central
auditory pathway. Tinnitus can be induced under stressful or
emotionally depressing situations where there is no presence of
an auditory insult. In these conditions, tinnitus may disappear
when the emotional factors become normal. However, tinnitus with
noise-induced hearing loss seems to be permanent in most cases.

In addition, the worldwide prevalence of tinnitus is reported
to have increased by the COVID-19 pandemic (8). In some
cases, it appears that tinnitus associated with COVID-19 infection
does not differ from the pathophysiology of tinnitus before the
COVID-19 infection. However, there are inconsistent results, as
reported in older adults, that the hearing difficulties may be a
misperception due to wearing masks (9). Not surprisingly, the
quality of life may be impacted significantly by tinnitus, which
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can induce irritability, anxiety, pain, depression, and mood swings.
Tinnitus can also co-occur with diseases like otosclerosis, where
the stapes have reduced mobility due to the calcification of the
footplate in the middle ear (10). In addition to aging, noise,
trauma, stress, depression, and several medications can also cause
tinnitus (11). In Meniere’s disease, a condition where there is an
overproduction of endolymph causing pressure in the cochlea,
tinnitus has been observed. Ototoxic drugs, including salicylates,
other NSAIDs, and benzodiazepines can trigger the most common
type of high-pitch tinnitus, especially when administered at high
dosages for a prolonged time. Other than noise-induced tinnitus,
several clinical studies report that pressure on the acoustic nerve
can result in tinnitus most commonly observed in one ear. There
is evidence of a physiological mechanism for tinnitus in unilateral
sporadic vestibular schwannoma, characterized by tiny growths on
the vestibule-cochlear nerve (12). These tiny growths on the myelin
sheath on the acoustic nerve induce pressure, thereby causing
tinnitus. The audiogram in those patients shows sensory loss due
to cochlear involvement (12).

While the causes of tinnitus are not completely understood,
some of the common causes are known, with an established
dogma, that tinnitus can be characterized as a syndromic
symptom, indicating some underlying causes from various
pathologies. Tinnitus may accompany many different health
disorders such as epilepsy, neuropathic pain, anxiety, and stress
that are known to be responsive to cannabinoids (13). However,
accumulating evidence from animal and clinical studies suggests
that auditory brain regions are involved in the maintenance
of tinnitus-generating neural activity triggered by damage to
the cochlea (1, 4) and cochlear synaptopathy. Therefore, the
emerging neuroimmunological basis of tinnitus from animal and
epidemiological studies, and psychoacoustic measures in humans,
support a new paradigm-shifting concept of tinnitus heritability
with single nucleotide variants that have been reported in tinnitus
patients but not in individuals without tinnitus (14, 15). This
new evidence that tinnitus is a complex polygenic disorder
coupled with the growing knowledge of the neuroimmunological
basis of alteration in the auditory neuraxis may unravel new
pharmacogenomic therapeutic targets in silencing tinnitus. The
relationship between cannabis use and tinnitus is complex with
the ECS expressed in the auditory system playing a regulatory role
in the cochlear nucleus. Regular cannabis use is associated with
tinnitus in some patients (16), although no dose-response between
cannabis use and tinnitus has been established. However, in their
studies Ghosh et al. (17) demonstrated a protective role of the
ECS/CB2R system, requiring a CB2R agonist boost in maintaining
normal hearing in the rat model of cisplatin-induced hearing loss.

The impact of the COVID-19 pandemic on
tinnitus

The global pandemic of COVID-19 caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remains
a widespread infection with initial fever, fatigue, cough, dyspnea,
anosmia, and ageusia symptoms and some with cerebrovascular-
neurological dysfunction (18-20). Several studies and reviews have
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now documented the initial gateway through respiratory cells and
spread to other organ systems leading to many disorders including
audiovestibular, neuropsychiatric, and neurological manifestations
(8, 9, 18, 20-30). COVID-19 and the evolving variants of
the SARS-CoV-2 virus, some with viral escape mechanisms for
immune evasion from vaccines and immunity from previous
infection (31), with long-term sequelae and long haulers symptoms,
are associated with the audio-vestibular manifestation of COVID-
19 post-viral syndromes (32, 33). Evidence is provided by the
detection of the SARS-CoV-2 virus isolated from the mastoid
and middle ear and the detection of otolaryngological symptoms,
including tinnitus in COVID-19 patients and COVID-19 decedents
(27-29, 34). Hospitalized and non-hospitalized COVID-19 patients
continue to experience poor life quality some with neurologic
and emotional symptoms and tinnitus, although infrequent after
vaccination (18, 28-30, 35). However, new-onset tinnitus has been
reported in the absence of hearing changes after infection with
COVID-19 (26). It should be pointed out that some studies indicate
that anxiety and stress from the pandemic contribute to tinnitus
(22). Nevertheless, auditory-related symptoms accompany viral
infections, such as mumps, measles, meningitis and Guillain-Barre
syndrome, tinnitus, and other diverse audio-vestibular symptoms,
have been reported in some COVID-19 patients, and coronaviruses
can damage the nerves that carry information to and from the brain
(27, 28).

Evaluation of post-COVID-19 anamneses is beginning to
reveal wide-ranging relapsing-remitting long-haulers syndrome
including otolaryngological symptoms and other neurologic
manifestations such as “brain fog”, memory, and attention
problems. The multifactorial etiologies of SARS-CoV-2 long-
haulers symptoms and dysautonomia may be due to “a neuro-
immune inflammatory cytokine storm” with no current treatment
for long-term post-COVID-19 symptoms that may be more
common in women. Long-hauler COVID-19 patients continue
to experience lingering symptoms including tinnitus, dizziness or
vertigo (24, 25), and vestibular cochlear manifestation in COVID-
19 cases (23) even after the virus is gone. Thus, the viral immune
evasion from vaccines and antibody resistance can impede COVID-
19 vaccines due to the evolution of resistant SARS-CoV-2 variants
(36). Understanding the immunological memory of SARS-CoV-
2 infection that induces inflammation due to immune response
and “cytokine storm” (19) provides a basis for investigating the
use of cannabis in quelling the cytokine storm and whether ECS
components could be potential therapeutic targets in tinnitus. This
is supported by cannabinoid-induced immunomodulation that has
been linked to viral infections. Together with the identification of
inflammation and that neuroinflammation mediates noise-induced
tinnitus in rodent models, the presence of ECS in the auditory
system provides a basis for further studies on the evaluation
of ECS/CB2Rs neuroimmune signaling in tinnitus, especially as
COVID-19 exacerbates tinnitus in some patients.

While respiratory and cardiovascular disorders have been
identified as the first initial disease manifestation of COVID-19,
tinnitus and other audiovestibular symptoms occur and affect
life activities post-COVID. Research has shown that the ECS is
widely distributed and involved in peripheral and central auditory
pathways in mice and human subjects. Furthermore, several
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studies and trials indicate that cannabinoids play a useful role in
suppressing inflammation in many diseases. Therefore, our rapidly
expanding knowledge that neuroinflammation is emerging as a
key component in the effects of CB2Rs warrants investigation of
the neuroimmune activity of ECS/CB2Rs and the possible use of
CB2R ligands in tinnitus with or without COVID-19 infection.
Although the pathophysiological model for the origin of tinnitus
from animal studies and possible treatment plans are questioned,
more studies demonstrate the applicability of models and link
these positive results to patient care (37-39). However, it appears
that the continuation of more controlled dose-specific studies is
needed to confirm the usefulness of cannabinoids as a treatment
for tinnitus. It is believed that profound reorganization happens
in the brain as a response to any noise assault. When there is
an intense sound exposure resulting in damage to the hair cells
in the basal part of the cochlea, the auditory pathway, the brain
produces abnormal nerve signals to compensate for the missing
output perhaps by activation of inflammatory cytokines (40). There
is increasing evidence for the CB2R being present in inner hair cells
(IHC), outer hair cells (OHC), pillars structures of the organ of corti
(OC), stria vascularis (SV), and spiral ganglia (SG) of the basilar
membrane in the cochlear nerve (17). In general, neural activities
are controlled by CBI1R, which is abundant in the brain. However,
CB2R is predominantly visible in the immune cells and modulated
by inflammatory cytokines. In the case of noise trauma, cytokines
are believed to be triggering inflammation, causing auditory neural
hyperactivity—a leading cause of tinnitus (40).

The maladaptive lesion-induced hyperactivity in the central
auditory pathway provides an opportunity for us to explore
using our conditional knockout (cKO) animal models. We believe
that significant progress has been made in understanding the
neuroimmunological mechanisms of cannabinoid therapy and
provides a basis to explore its efficacy in unexplored CB2R ¢KO
mouse models of tinnitus. Such studies will provide us clues to
the role of TH1 and TH2 cytokines in the induction of tinnitus.
However, controlled clinical trials are needed to prove the efficacy
of blocking neuroinflammatory cytokines as possible drug targets
for tinnitus. As we learn more about the ECS and with the
increasing global use of cannabis, our rapidly expanding knowledge
may uncover the neuroimmunological basis of the protective and
pharmacotherapeutic potential of CB2R cannabinoid ligands in the
peripheral and central auditory pathways associated with tinnitus
that require more studies and trials.

Gosh et al. (17) concluded by studying a rat model that the
activation of CB2R in the cochlea reduced the damage of sensory
cells (THC and OHC) caused by noise trauma. We hypothesize that
the lesser the damage to sensory cells, the greater the possibility
of reducing the phantom perception of tinnitus. In addition, we
propose that the protective role of CB2R will control tinnitus
perception by blocking inflammatory cytokines. Therefore, we
conceptualize that by activation of either CB2R directly, or by
identifying and suppressing inflammatory cytokines in the auditory
nerve, fibers can become attractive targets for tinnitus treatment.
Furthermore, the available studies on the pathophysiology of
tinnitus and other audiovestibular disorders caused by COVID-19
are not well understood; therefore, more studies are required to
investigate the role of CBD (41) and the ECS components as

frontiersin.org


https://doi.org/10.3389/fneur.2023.1148327
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bhat et al.

potential neuroimmune therapeutic targets in tinnitus and other
vestibular disorders.

Endocannabinoid system components as
potential therapeutic targets in tinnitus

With the current and increasing global medical and recreational
cannabis legalization, there is renewed enthusiasm for the use of
cannabinoid drugs in several health disorders including tinnitus (1,
13, 42). The ubiquitous ECS consists of enzymes for the synthesis
and degradation of endocannabinoids that activate cannabinoid
receptors (CB1Rs and CB2Rs) and other candidate receptors
(19). The ECS is involved in maintaining neural and/or immune
homeostasis in all cells and tissues in mammalian biology and
is widely distributed in auditory neuraxis. There is increasing
attention on the use of cannabinoids in otolaryngologic pathologies
as they may alleviate nausea, vomiting, and pain, but their use
in vertigo and tinnitus is controversial (13, 42). However, the
functional role and mechanism of ECS involvement in the auditory
system tonotopic organization from the cochlea to the central
auditory centers have not been completely characterized and
mapped. Nevertheless, some studies have found components of the
ECS in the primary transducing key sound-sensing structures in the
inner ear and central auditory pathways that have been traditionally
associated with the neural basis of the genesis of tinnitus. ECS
signaling pathways have been proposed to affect the underlying
pathophysiology of tinnitus (43). To understand the therapeutic
potential of cannabinoids in tinnitus, it is essential to study the
relationship between cannabis and the role of components of ECS
in signaling pathways associated with tinnitus. This is because
the ECS is crucial in brain development and involved in the
formation of synapses, synaptic plasticity in the auditory system,
and regulation of neurotransmission by retrograde signaling. In
retrograde signaling, the excitation of a postsynaptic neuron
triggers the synthesis of anandamide and/or 2-AG that travels back
to the presynaptic membrane and binds to CB receptors to reduce
neurotransmitter activities. Neural hyperactivity has long been
associated with tinnitus and the distribution of components of ECS
in the auditory system where molecules of exogenous cannabinoids
can interact to control neural hyperactivity has been mapped in the
cochlear nucleus and inferior colliculus (40).

Interestingly, many previous studies mostly in animal models
of tinnitus did not investigate the involvement of CB2Rs but
focused on CBIR-based responses, which suggested that CB1R
ligands had no effect and may even be harmful and worsen
tinnitus (1, 13). With new molecular techniques and transgenic
approaches used to dissect the complexity of the ECS, the
role of ECS/CB2R neuroimmunological function in the auditory
system and tinnitus is being explored. The diverse and complex
interactions of the ECS with physiological systems depend on
their cellular and tissue distribution patterns throughout the body
with similar, differential and sometimes opposing roles of the
CB1Rs and CB2Rs. There are limited therapeutic approaches for
subjective tinnitus with no efficacious drug treatment, or with
some treatments reducing the persistence for some, but none is
effective for everyone. Since there is no known cure for tinnitus,
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there is intensive research to search for novel therapies and
targets. Hence, there is renewed interest in investigating the use
of cannabis formulations or their components in many disorders
including tinnitus. This is because of the anecdotal evidence that
tinnitus patients are self-medicating with the easy access and
legalization of cannabis and cannabinoid products for relief from
the “phantom sounds”. As reviewed by Perin et al. (13), the
association between tinnitus and marijuana use in humans has
been studied with mixed results. Investigators have extensively
studied the origin of tinnitus by focusing on the areas of peripheral
and central auditory pathways and some non-auditory regions of
the brain (37, 44). While there are no controlled human studies
on the effects of cannabis on tinnitus, the implications related
to reducing tinnitus-using cannabinoids have been evaluated in
animal models of tinnitus (1). Among phytocannabinoids, the best
researched are delta-9-tetrahydrocannabinol (A°-THC), which is
the major active component in marijuana responsible for the
psychoactive effect, and cannabidiol (CBD), a non-intoxicating
phytocannabinoid that is gaining intense focus and research for
use in several disorders. Successful use of CBD with approval by
the US FDA for the treatment of some rare forms of pediatric
epilepsies in children 2 years and older and several trials and
studies are underway for other psychiatric disorders. However, the
use of cannabinoids to alleviate tinnitus stemming from long-term
intense noise exposure is less documented and investigated. CBD
appears to be a multi-target drug, and the molecular mechanisms
of action of CBD in many psychiatric disorders are of major
research interest. The effect of exogenous cannabinoids with a
ratio of 1:1 of CBD and THC on tinnitus induced in rats with
noise exposure was examined (1, 40). The results agree with
the hypothesis that cannabinoid receptors can reduce neural
hyperactivity. The role of ECS in hearing abilities was measured
in CB1R-knockout mice and compared to those of wild-type mice,
and the results suggest that CB1R is involved in auditory processing
and lays the groundwork for future physiological experiments (45).
However, there is not much information on the role of CB2R
and tinnitus and we will be attempting to delineate the molecular
mechanism using cannabinoid receptor floxed mouse lines that we
have generated using Cre-LoxP recombinant technology (46) to
evaluate the functional role of ECS/CB2R neuroimmune axis in a
tinnitus model.

Neuroinflammation, cytokines, and neural
hyperactivities in tinnitus: role of
ECS/CB2Rs

Several studies indicate that cannabinoids play a useful role
in suppressing inflammation in many diseases. Accumulating
evidence suggests that the ECS is involved in the regulation
of cell proliferation, differentiation, and survival with different
outcomes from pluripotent stem cells to differentiated immune
cells (47). The ECS exerts an extensive effect on human
physiology and is a key regulator of the immune system via
CB2Rs. An enhanced role of CB2Rs is well documented in
regulating non-neural progenitor cells, hematopoiesis, and
bone remodeling. Immune cells such as NK cells, monocytes/

frontiersin.org


https://doi.org/10.3389/fneur.2023.1148327
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bhat et al.

10.3389/fneur.2023.1148327

Tectorial
membrane

Auditory
X Nerve
%

Basilar
membrane

inner

hair cells halr cells

B Corti Cell Types

W Hair cells
Pillar cells

W Deiters’ cells

¥ Hensen's

cels

W Boeticher's cells

Tectorial membrane Claudius' cells

N Border celis
Inner sulcus cells

= Basilar membrane
Afferent and efferent nerve fibres |{illll

CBIR

FIGURE 1
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B-cell development (47).

further demonstrate the intricate role of CB2R in

Neuroinflammation is an important factor in maintaining
homeostasis in the central nervous system against external or
internal injury. Furthermore, neuroinflammation is emerging as a
key component in the effects of CB2Rs expressed in macrophages,
microglia, and neurons (Figure 1), which are key regulators of
the immune system (48). Neuroinflammation in sound-processing
regions of the brain triggers tinnitus in the mouse model with
noise-induced hearing loss, especially in the dorsal cochlear nucleus
that has traditionally been associated with the genesis of tinnitus.
For example, neurophysiological changes in the auditory cortex
were investigated by exposing mice to 8000 Hz tone at 114 dB
SPL for 2h (38, 49). The absence of auditory brainstem response
at 50 dB indicated moderate hearing loss. Thus, due to the
noise insult neuroinflammation related to the nervous system was
evident. They observed that there were elevated levels of pro-
inflammatory cytokines/ interleukins, such as IL-1 §, IL-18, TNF-a,
and that noise-induced neuroinflammatory response resulted in
excitatory-to-inhibitory synaptic balance and caused tinnitus (38).
Furthermore, the pharmacological blockade of TNF-a reduced
tinnitus. Similar results were reported when rats were injected
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with salicylate (11). We have identified several B-cell cytokines,
some acting as autocrine signals, others as paracrine, or even
others as juxtacrine like IL-15, in B-cell lines, suggesting the
role of B-cell cytokines in disease progression (50). Although
the exact cytokines and mechanisms influencing tinnitus remain
unknown, further research using mouse models with cell-specific
deletion of CB2R could provide insights into the role of ECS/CB2R
in understanding the therapeutic potential of cannabinoid-based
treatments by modulating the precise cytokines. We also propose
to address the role of CB2R and the associated biochemical
changes in the auditory cortex by exposing high-frequency sound
to the CB2R cKO, DAT-Cnr2, and Cx3crl-Cnr2 transgenic mice
that were created in Dr. Onaivi’s laboratory (46, 48). With brain
inflammation associated with tinnitus, ECS/CB2R is a promising
potential target to treat neuroinflammation and other diseases
including tinnitus. However, a lack of understanding of its
complex signaling in cells and tissues complicates the therapeutic
exploitation of CB2R as a drug target. We propose studies that
will provide insights into the molecular effects of how noise
and drug-induced tinnitus could influence the CB2R, thereby
revealing the specific cytokine pathways as potential therapeutic
targets. Furthermore, pharmacological approaches using CB2R
agonist/antagonist as well as CB1R and CB2R mixed agonists like
WINS55212-2 will provide a direct role and involvement of the ECS
in tinnitus.
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Discussion

Conclusion and future perspectives

Tinnitus has been well known for millennia, yet
pathophysiology is poorly understood, despite progress in
technological advances, neuroimaging studies, and various models
that have not yielded effective treatment for the subjective type of
tinnitus. As suggested by others a paradigm shift may be necessary
for tinnitus including neuroimaging approaches to recognizing the
effects from specific regions across canonical networks beyond the
auditory resting state network (51), and the quantum tunneling
ion model. Many facets of tinnitus including the pathophysiology,
and objective detection are poorly defined, and currently, there is
no sufficient high-level evidence to support effective therapeutic
approaches in tinnitus. However, several studies including the
quantum tunneling ion model, and lack of objective measures
and heterogeneity make tinnitus difficult to treat, but customized
acoustic therapy to target known individualized neural pathways
is emerging (52). While the current hypothesis on the mechanism
of tinnitus is on aberrant activity in the central nervous system
with little or no success in therapeutic outcomes, attention to the
role of gut microbiota dysbiosis, neuroinflammatory mediators,
plasma metabolomics biomarkers along with audiological and
vestibular symptoms following SARS-CoV-2 infection may provide
further insight in the gut-brain axis crosstalk in understanding
the pathophysiology and identifying therapeutic targets in tinnitus
(Figure 1). Therefore, future directions may aid in the development
of cannabinoid medications for tinnitus with continuous global

medical and recreational legalization.
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