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SUMMARY

This review focuses on the current knowledge of the genes responsible for non-syndromic hearing loss that can be useful for otoneurologi-
cal diagnostic purposes. From among a large number of genes that have been associated with non-syndromic hearing impairment, we se-
lected several best-known genes, including the COCH gene, GJB2, GJIB6 and SLC26A4, and we describe their role and effects of mutations
and prevalence of mutations in various populations. Next, we focus on genes associated with tinnitus. Important areas for further research
include assessment of genes potentially involved in pathophysiology of tinnitus and vertigo, which have traditionally been considered as be-
ing of otological aetiology, while advances in neuroimaging techniques have increasingly shifted studies toward neurological correlations.
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RIASSUNTO

La presente review tratta lo stato dell’arte nella conoscenza dei geni responsabili delle ipoacusie non sindromiche, che potrebbero risul-
tare utili a scopo diagnostico nell’ ambito della otoneurologia. Tra i diversi geni identificati in associazione ad un calo dell’udito di tipo
non sindromico, ne sono stati selezionati alcuni tra i pii noti, come il gene COCH, GJB2, GJB6 ¢ SLC26A4. Di questi vengono descritti
il ruolo, ’effetto delle mutazioni a carico e la prevalenza delle stesse mutazioni in diverse popolazioni. Successivamente ci si focalizza sui
geni associati al tinnito. Una valida area di ricerca per il futuro ¢é infatti data dall’identificazione di geni potenzialmente coinvolti nella
fisiopatologia del tinnito e della vertigine, condizioni tradizionalmente considerate di eziologia otologica, ma che, a seguito di un avanza-
mento delle tecniche di neuroimaging, si é sempre piu propensi a correlare con la sfera neurologica.
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Introduction literature, we selected genes which may be the starting

The inner ear consists of two organs that are evolutionar-
ily related and have a similar physiology: the cochlea and
the peripheral vestibular system (labyrinth). The cochlea
is involved in sound perception. The vestibular labirynth
consists of the sacculus and utriculus, which predomi-
nantly register linear accelerations, including gravity,
and the semicircular canals, which register rotary mo-
tions '. Due to the remarkable resemblance between both
parts of the inner ear, it seems logical that a number of
inner ear-specific genes will have both cochlear and ves-
tibular functions, and consequently, mutations in these
genes would be expected to lead to both auditory and
vestibular dysfunction. Of the many described in the
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point for rapid otoneurological diagnosis. We considered
both the impact of mutation on phenotype and differenc-
es in the frequency of mutations between populations.
For brevity, proposed genes are summarised in Table I.
In the first part of this review, we focus on the genes
considered responsible for non-syndromic hearing loss
that can be useful for otoneurological diagnostic pur-
poses. Next, we discuss the genes potentially involved in
the pathophysiology of vertigo and tinnitus, which have
traditionally been considered as being of otological aeti-
ology, while advances in neuroimaging techniques have
increasingly shifted studies toward its neurological cor-
relation.




Table I. Genes proposed for otoneurological diagnostic purposes.

Genes important for otoneurological diagnosis

Disorder

Non-syndromic hearing loss
with/without vestibular dysfunction

Non-syndromic hearing loss
Non-syndromic hearing impairment

Pendred syndrome, non-syndromic
hearing loss with/without EVA

Chronic tinnitus

Chronic tinnitus

References

Chenetal., 2013
Kim et al., 2016
Usami et al., 2003
Fransen et al., 2001
Kamarinos et al., 2001
Collin et al., 2006
de Kok et al., 1999
Street et al., 2005
Gallant et al., 2013

Zheng etal., 2015

del Castillo et al., 2002
Seeman et al., 2005

Miyagawa et al., 2014
Tsukada et al., 2015
Yang et al., 2009

Sand et al., 2010
Pawefczyk et al., 2012

Sand et al., 2011

Gene Gene function

COCH Cochlin

GJB2 Gap junction protein beta-2

GJB6 Gap junction protein beta-6

SLC26A4 Pendrin

KCNE1 Potassium voltage-gated channel subfamily E
member 1

KCNE3 Potassium voltage-gated channel subfamily E
member 3

KCNQ4 Potassium voltage-gated channel subfamily Q
member 4

KCTD12 Potassium channel tetramerisation domain

containing 12
GDNF Glial cel derived neurotrophic factor
BDNF Brain derived neurotrophic factor

Non-syndromic hearing loss

Kim et al., 2011
Uehara et al., 2015

Chronic tinnitus Sand et al., 2012a

Chronic tinnitus
Chronic tinnitus

Sand et al., 2012b
Sand et al., 2012b

Genes associated with hereditary hearing loss

Hearing impairment is the most common human commu-
nication disorder and hereditary causes play an important
role in its aetiology. Genetic hearing loss can be classified
into non-syndromic and syndromic hearing loss. Non-
syndromic hearing loss (NSHL) constitutes approximate-
ly 75% of cases of genetic hearing loss. To date, more
than 90 genes and 140 loci have been associated with
non-syndromic hearing impairment (Hereditary Hearing
Loss homepage, http://hereditaryhearingloss.org/main.
aspx?c=.HHH&n=86162). Non-syndromic deafness can
be autosomal dominant (DFNA), autosomal recessive
(DFNB), or X-linked (DFNX). Hearing loss can also be
caused by mutations in mitochondrial DNA (mtDNA) 2.
Balance problems are also relatively frequent, but consid-
erably less is known about the causes. However, it is com-
monly known that many hearing-impaired people also
suffer from vertigo. Moreover, it is now recognised that
many syndromes with genetic hearing impairment also
show dysfunction of the vestibular system 3.

COCH
One of the most common forms of DNFA hearing loss,
which is clinically characterised by late onset progressive

sensorineural hearing loss accompanied by vestibular dys-
function, are mutations at the DFNAO9 locus, localised to
chromosome 14q12-q13. Mutations at this locus result in
alterations in the cochlin protein, encoded by the COCH
gene *. Cochlin is a 550-amino acid extracellular protein
that consists of a signal peptide, LCCL domain and two
vWFA domains, and has been reported to be expressed
most abundantly in the inner ear °. Mutated forms of coch-
lin have been found to interfere with disulphide bonds and
correct protein folding, resulting in disturbances affecting
substantial cochlear functions . The first three nucleo-
tide changes cause missense mutations in COCH, result-
ing in amino acid substitutions of Val to Gly at codon
66 (p.V66G), Gly to Glu at codon 88 (p.G88E) and Trp
to Arg at codon 117 (p.W117R) were found in hearing-
impaired family by Robertson et al. 7. These residues are
localised in LCCL domain, in close proximity to a cluster
of cysteines, near the amino terminus of COCH 7. The
mutation p.Alal19Thr located in close spatial proximity
to W117 was found to be responsible for autosomal domi-
nantly inherited hearing loss accompanied by vestibular
symptoms in a Japanese population . The substitution of
conserved proline for a serine at position 51 of the pro-
tein (p.P51S) has been found in Dutch, Belgium and The
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Netherlands DFNA9 families ! °. Kamarinos et al. found
a mutation changing the isoleucine 109 to an asparagine
(ITO9N) in a family with DFNA9 deafness and vestibular
disorder from Australia '°. The highly conserved amino
acid glycine at codon 87 was found to be changed as two
separate mutations, p.G87W in the Dutch DFNA9 fam-
ily and p.G87V in a Chinese DFNA9 family °''. The
first mutations found outside of the LCCL domain was
p-C542F in exon 12, which is in the von Willbrand fac-
tor A2 (VWFA2) domain 2. Another mutation in vVWFA2
domain is 18 base pair deletion, resulting in an in-frame
deletion of 6 amino acids, p.11e399_Ala404del found in
family with sensorineural hearing impairment and tin-
nitus . The mutations in COCH gene are a frequent
cause of late onset hearing impairment, and would im-
ply COCH as a major gene for cochleovestibular impair-
ment. Coch—/— mice do not develop the degeneration and
hearing loss as observed in DFNAY patients, suggesting
that DFNA9-associated COCH mutations may be gain of
function in nature '*. Yao et al. proposed that misfolding
of mutant and WT cochlins in dimers and oligomers leads
to a toxic gain of function that is responsible for the cel-
lular degeneration and hearing loss in DFNA9 patients °.
Recently, a genotype-phenotype correlation was proposed
that individuals with vWFA domain mutations predomi-
nantly exhibit hearing loss, while individuals with LCCL
domain mutations have hearing loss accompanied by ves-
tibular dysfunction *16,

GJB2

The GJB2 gene encodes a protein called connexin 26
(Cx26), which is member of the connexin protein fam-
ily. Connexin proteins form channels called gap junctions,
which allow communication between adjacent cells. Un-
like typical ion channels, gap junction channels possess a
relatively large pore size and can allow passage of ions, cell
signaling molecules and small molecules up to ~ 1.5 kDa.
This direct intercellular communication pathway plays an
important role in embryonic and postembryonic develop-
ment, cancer suppression and many physiological and
pathological functions. Connexin mutations can cause
severe deafness, indicating that connexin gap junctions
play a critical role in hearing. The pathogenesis and deaf-
ness mechanisms underlying connexin mutation-induced
hearing loss — a common hereditary deafness have been
extensively summarised by previous reviews e.g. '7 —
More than 150 different GJB2 variants have been iden-
tified, including missense, nonsense and frameshift mu-
tation (the Connexin-deafness homepage, http://davinci.
crg.es/deafness). Moreover, the spectrum of GJB2 muta-
tions vary among different ethnic groups. For example,
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the GJB2 ¢.35delG mutation is the most common cause of
hearing loss worldwide and is identified frequently in Eu-
ropean, North African, Middle East Asian and American
populations, but rarely in South Asian, Southeast Asian,
or East Asian countries. The GJB2 c.235delC mutation is
one of the most common genetic causes of hearing loss in
East Asian countries (Japan, Korea, and China). In South
Asian countries (India, Pakistan, and Bangladesh) the
most common cause of hearing loss is GIB2 p.W24X mu-
tation, which is also found in Middle Eastern and East Eu-
ropean populations at a moderate frequency and at a low
frequency in Southeast Asian populations, but it was not
observed in African or East Asian populations. The GIB2
p-V37I mutation is the most common cause of hearing
loss in Southeast Asian and Oceanic countries (Thailand,
Malaysia, Indonesia and Taiwan). The GJB2 c.167delT
mutation is the most frequent variant in Ashkenazi Jewish
families '8 1°. Thus, knowledge of ethnic and regional dif-
ferences in the GJB2 mutation spectrum is very important
and could help guide genetic testing and assist in clinical
decision making.

GJB6

In addition to GJB2 (Cx26), multiple connexin genes,
GJB6 (Cx30), GIB3 (Cx31), GIC3 (Cx29) and GJA1
(Cx43), have been identified in the cochlea, but com-
pared to the extensive expression of Cx26 and Cx30, the
expression of other connexins in the cochlea is limited.
Mutations of these connexin genes can also cause hearing
loss. Del Castillo et al. (2002) identified a 342-kb dele-
tion in the GJB6 gene which is the second most frequent
(after the 35delG mutation in GJB2) genetic cause of non-
syndromic prelingual hearing impairment in the Spanish
population %. A multicentre study, involving 9 countries,
showed that the GJB6 deletion was present in most of the
screening populations, with higher frequencies in France,
Spain and Israel ?'. In the Czech population, the 342-kb
deletion in the GJB6 gene was identified in 1 of 13 pa-
tients with prelingual nonsyndromic sensorineural deaf-
ness who also carried 1 pathogenic mutation in the GIB2
gene and was not detected in 600 control chromosomes
from individuals with normal hearing >. Seeman et al.
(2005) concluded that the 342-kb deletion is very rare in
central Europe compared to reports from Spain, France
and Israel.

In contrast to the results of European and Asian popula-
tions mutations, neither GJB2 nor GJB6 are associated
with non-syndromic deafness in Africans **°. The data
indicate that the high frequency of GJB2 and GJB6 muta-
tions in non-syndromic hearing loss have evolved in Eura-
sian populations after their migration out of Africa, and




spread with population migrations due to founder effects,
and not to a putative ‘“‘protective’ variant in the genomic
structure in Africans . Therefore, both GJB2 and GJB6
should not be investigated routinely in clinical testing in
patients of African ancestry.

SLC26A4

The SLC26A4 mutations are the second genetic cause of
NSHL after GJB2 mutations. The SLC26A4 gene, en-
codes a transmembrane protein (pendrin) expressed in
thyroid gland, inner ear and kidney, where it is involved in
the transport of anions such as iodide, chloride and bicar-
bonate. Mutations in the SLC26A4 gene are known to be
responsible for a broad phenotypic spectrum, from typical
Pendred syndrome, characterised by hearing loss, goiter
and eventually hypothyroidism, with/without enlarged
vestibular aqueduct (EVA) or other inner ear malforma-
tions to non-syndromic hearing loss, called DFNB4, char-
acterised by hearing loss with/without EVA ?’. The preva-
lent of SLC26A4 mutations (90% in Pendred syndrome
and 78.1% in non-syndromic hearing loss associated with
EVA) indicates the importance of this gene in the patho-
physiology of this category of hearing impairment .
More than 170 mutations have been found in SLC26A4
gene (Pendred/BOR homepage, http://www.healthcare.
uiowa.edu/labs/pendredandbor/), and as in the case of
GJB2 different mutational spectrums among different
ethnic groups have been reported. Studies on NSHL have
revealed biallelic SLC26A4 mutations in 2% to 3.5% of
Caucasian patients, but in 5.5% to 12.6% of East Asian
patients. Moreover, the most common SLC26A4 muta-
tions found in the Asian population were quite different
from that found in the Caucasian population. The most
common mutations of SLC26A4 gene observed in the
East Asian, South Asian and Southeast Asian populations
were p.H723R, ¢.919-2A>G and p.V239D. These muta-
tions were not detected in the Caucasian population. The
c.1001+1G>A, p.V138F, p.T416P, p.L236P and p.G209V
mutations are prevalent in the Caucasian population '8,

Genetics of vestibular disorders

The most representative otoneurological vestibular dis-
ease located in the labyrinth is Meniere’s disease. Numer-
ous hypotheses have attempted to explain the aetiology
of the disease. However, the anamnesis usually confirms
the familiar history of Meniere’s disease. A genetic basis,
involving DTNA and FAM136A genes, is believed to be
responsible for familiar incidents of the disease . The
situation is complicated because Meniere’s disease is var-
iously expressed through pronounced cochlear or domi-
nated vestibular syndromes. Finally, 83 genes are sus-
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pected to be altered when balance and hearing symptoms
are present. Some of them, such as CRYM and OTOG,
are more specific for the vestibule, while others, such as
AQP1, COL11A2 and OTOS, are expressed much higher
in the cochlea; MYO6 and USHI1C are associated with
both hearing and vestibular defects *. Li et al. reported
on 15 genes that are strongly inferred with Meniere’s dis-
ease. The most important are CD4, NOTCH2 and IL6 3.
Eppsteiner and Smith suggested a special phenotype for
Meniere’s patients associated with DFNB1 *. Looking
at a biochemical cause of Meniere’s disease, a hypoth-
esis of disturbed ionic transport following rs3746951 and
rs487119 mutations has been taken into consideration *.
The most common vestibular disease according to oto-
neurological literature is benign paroxysmal positional
vertigo (BPPV). Its aetiology is correlated with head inju-
ry and sense organ degeneration in an advanced age. The
only treatment is canalith repositioning procedure, but its
success is varies individually. Tsai at al. reported on the
influence of miR-34a and Sirtuin 1 (SIRT1) gene expres-
sion on the effect of therapy 4. Canalith repositioning
decreased PPAR-y, PGC-1 and FoxO gene expressions
just after the procedure. After complete cure of BPPV, the
previously decreased expression increased together with
he ROS concentrations, pro-inflammatory cytokine con-
centrations and p53 levels 3.

Apart from vertigo originating from the labyrinth, the cen-
tral nervous system disorders are followed by dizziness or
vertigo. The migraine represents them. Vestibular migraine
is clinically difficult to confirm — it is not clear if it is real
vestibular migraine or if vestibular symptoms belong to aura
of regular migraine —. Nevertheless, the family penetrance
and interaction of genes are observed in vestibular migraine
or vestibular component of typical migraine. Until now, no
specific gene has been identified. Because migraine can be
associated with ataxia, the GBA2, TGM6, ANO10, SYT14,
KCNAT1 and CACNAT1A genes are destined as possible tar-
gets . Typical vestibular migraine as a subtype of migraine
seems to be connected with GWAS and endophenotypes of
MTDH, TRPMS8 and LRP1 genes *.

Up to the present moment, numerous dizziness and verti-
go patients are still not identified as suffering from special
vestibular disease. For these idiopathic cases, the name
of “recurrent vertigo” is accepted. For the future genetic
investigations, this group is the most interesting. Initially,
the regions 22q12 and 5pl5 are designated as potentially
responsible for vestibular pathology ¥7.

Tinnitus associated genes

Tinnitus, which affects approximately 40 million people
worldwide chronically, is currently the biggest challenge
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of otoneurological diagnostics. It is believed that every
individual over 20 has experienced tinnitus at least once.
The aetiology of tinnitus, defined as hearing sounds with
no audible sources in the environment is unknown, but
an established association with various forms of sensori-
neural hearing impairment and frequent precipitation by
noise exposure suggest substantial overlap with patholo-
gies of the inner ear, and related disorders of auditory in-
formation processing. The genetics of tinnitus and data
that suggests a complex or multifactorial genetic aetiol-
ogy has been discussed in recently published reviews 3.
While the underlying biological mechanisms are still in-
completely understood, research into the pharmacological
treatment of tinnitus has emphasised the role of cellular
ion regulation and transport *.

Annel genes

Voltage-gated ion channels directly control neural trans-
mission of auditory input. In the inner ear, sensory
neurons are surrounded by endolymph rich in KCI and
constantly recycle potassium for the generation of endo-
cochlear potentials. KCNEI, a potassium channel subu-
nit gene has been implicated in maturation defects of
central vestibular neurons, in Meniére’s disease, and in
noise-induced hearing loss *°. Sand et al. (2010) screened
201 Caucasian outpatients with a diagnosis of chronic
tinnitus for mutations in the KCNE1 gene. Although no
significant differences in KCNE1 coding allele frequen-
cies of control subjects and tinnitus patients were found,
Sand et al. (2010) hypothesised that primary chronic tin-
nitus could be a part of the phenotypic spectrum associ-
ated with KCNE1 . Pawetczyk et al. (2012) found that
mutations in the KCNEI gene contributed to tinnitus that
developed independently of hearing loss in a Polish popu-
lation *!. A prominent role of the KCNEI subunit in audi-
tory perception is underscored by degeneration of sensory
hair cells and deafness in KCNE1 knock-out animals
and deleterious effects of a spontaneous KCNEI null
mutation on hearing in mice *. Like KCNE1, KCNE3
is expressed in the mammalian inner ear and brain. Both
proteins interact to regulate trafficking, surface expression
and activation of another potassium channel, KCNH3, in
the cortex and in other parts of the central nervous sys-
tem. So far, a limited number of investigations has ad-
dressed sequence variations in KCNES3, a linkage hotspot
for autosomal recessive, non-syndromic hearing impair-
ment. In an association study involving 288 individuals,
no significant effect of KCNE3 on the risk for develop-
ing chronic tinnitus or predicting the severity of tinnitus
was noted. It is likely that mutations in KCNE3 alone
may not be indicative of tinnitus, but when mutations are
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present in either KCNE3 or the channel with which it is
interacting (e.g. KCNQI1) the biophysical properties of
the channel complex are significantly altered *°. An ex-
ample of coexistence are mutations in other K+ channel
gene, KCNJI10 that are associated with non-syndromic
hearing loss in carriers of SLC26A4 mutations with an
EVA/PS phenotype *. Dysfunctional channels and mu-
tations in the gene encoding the KCNQ4 subunit are a
hallmark of autosomal dominant deafness 2A 4. KCNQ4
is expressed in the outer sensory hair cells of the cochlea
and is responsible for recycling K+ ions after stimulation
of the hair cel . KNCQ4 mutations were identified in
European, American, Japanese, Taiwanese and Brazilian
families with non-syndromic hearing loss ' . So far, no
association has been found between mutations in KNCQ4
gene and tinnitus.

A well-established theoretical framework for tinnitus
has been provided by the disruption of GABAB recep-
tor signaling in animal models . A key role for GABAB
receptors has been confirmed by the effects of receptor
agonists on tinnitus symptomatology. An auxiliary subu-
nit that is closely associated with the carboxy terminus
of GABAB?2 receptors is KCTD12, a potassium channel
tetramerisation domain-containing protein. Co-assembly
of KCTD12 and GABAB2 changes the properties of the
GABAB !? core receptor by increasing agonist potency,
by altering G-protein signaling, and by promoting desen-
sitisation . A study involving 95 Caucasian outpatients
with a diagnosis of chronic tinnitus screened for muta-
tions in the KCTD12 gene revealed weak association with
tinnitus but KCTD12 genotype did not predict tinnitus
severity .

GDNF and BDNF

Glial cell-derived neurotrophic factor (GDNF) and brain-
derived neurotrophic factor (BDNF) play key roles in the
early development of the central auditory pathway and
the inner ear. Both have been successfully employed to
treat experimental forms of hearing loss and are likely to
operate in a broad spectrum of auditory phenotypes, in-
cluding phantom perceptions of sound. Although previous
research has suggested a role of variant BDNF in modu-
lating the genetic susceptibility to chronic tinnitus with
hearing impairment 2, a later study failed to observe any
major effects of individual BDNF or GDNF variants on
susceptibility to the phenotype *. The findings are com-
patible with minor, additive effects, which would appear
to be gender-sensitive according to subjective ratings of
symptoms, offering a possible explanation for distinct
patterns of central nervous activity in tinnitus *>.




Epilepsy related genes

Recent study has found that patients suffering from tin-
nitus have abnormal electrical activity of the cerebral
cortex 3%, The presence of abnormal electrical activity
of the cerebral cortex in patients with tinnitus, where an
important role seems to be played by hyperactivity and
epilepsy related activity, implies the assumption that tin-
nitus can be a substitute for epilepsy. Although the aetiol-
ogy of epilepsy is not yet fully recognised, it is known
that genetic factors play an important role. Research on
families suffering from epilepsy concerning a mendelian
inheritance mechanism have shown that the genetic basis
consists mainly of mutations in genes encoding subunits
of ion channels and receptors for neurotransmitters. They
do not, however, explain all cases. An example can be
generalised epilepsy with febrile seizure (GEFs +), which
essentially is a set of symptoms of epilepsy with differ-
ent phenotypes. In a family with GEFs + mutations have
been identified in the genes encoding subunits of sodium
channels (SCN1B, SCN2 and SCN1A) and GABA re-
ceptor subunit (GABRG?2 and GABRD), but in general
these mutations are responsible for only about 10% of
GEFs + . In rare cases, association studies indicated a
significant effect of mutations in the genes encoding subu-
nits of the GABA receptor (GABRG2 and GABRA1) and
chloride (CLCN2) and calcium channels (CACNA1H),
as well as in the gene encoding EFHCI calcium-binding
protein. Nevertheless, most epilepsy cases are determined
by multiple genes and the phenotypic effect is a result of
coexistence of many common sequence variants *. Ad-
vances in genomic technology research made in recent
years have created new opportunities to identify genetic
risk factors. Recent wide-genome association studies and
meta-analyses have identified new loci associated with
the risk of epilepsy, both in genes encoding ion channels
(e.g. 156732655, rs12987787 and rs11890028 located in
the SCNIA gene), as well as genes unrelated to “chan-
nelopathies™ (e.g. rs1044352 located in PCDH7 gene or
r$1939012 located in MMP8 gene) 3%, The detection of
the links between epilepsy and tinnitus is important to the
selection of effective treatment. A recent study has showed
that disorders characterised by neuronal hyperexcitability,
such as epilepsy and tinnitus are associated with a reduc-
tion in KCNQ2/3 channel activity. This reduction is due
to a shift in the voltage dependence of KCNQ2/3 channel
activation to more positive voltages (60). In vivo studies
demonstrated that anti-epileptic drugs that a shift in the
voltage dependence of KCNQ to more negative voltages
prevent the development of tinnitus %!,

It is alleged that epilepsy may also play a role in generat-
ing vestibular pathology ®. However, “vestibular epilep-
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sy” as the cause of vertigo is difficult to prove %. Family
history of epilepsy, previous head injuries and vestibular
symptoms intertwine with other epileptiform symptoms
that may indicate this specific form of epilepsy . Since
there is no specific test confirming the “vestibular epilep-
sy”, it seems that genetic research may give credence to
this diagnosis *.

There are also many other types of dizziness of which the
origin is unclear. Vertigo lasting seconds is often classi-
fied as benign paroxysmal positional vertigo. Such recog-
nition seems to be overused, in many cases tests (such as
Hallpike’s and roll-on) confirming the diagnosis are con-
troversial and the causes of dizziness remain unknown,
or at least uncertain. The situation is similar with regard
to dizziness that lasts for minutes or hours (without hear-
ing impairment) and often repeats itself. These symptoms
require a long diagnostic process involving many spe-
cialists. Vestibular hyperactivity observed during caloric
stimulation of the labyrinths is sometimes the only patho-
logical vestibular finding, in such case “channelopathy”
may be one of or the only suspected cause of dizziness .
Vestibular migraine seems to derive from this neuronal
conduction pathology .

Future prospects

The clinical heterogeneity of tinnitus and its associated
comorbidities makes the selection of patients for genomic
studies challenging. Improving the diagnosis of tinnitus
patients and their categorisation into a homogenous group
is essential to investigate the contribution of genetic fac-
tors to the development of the disease. New possibilities
for better understanding of the tinnitus are provided by
TINNET, a European research network created in 2014
(http://tinnet.tinnitusresearch.net/index.php). The strat-
egy of TINNET is to standardise and coordinate clinical,
neuroimaging and genetic assessment of tinnitus patients
and to aggregate data in a large-scale database in order
to identify tinnitus subtypes and their neurobiological
underpinnings. The genetics group (WG4) of TINNET
is working towards determining the genetic basis of tin-
nitus subtypes using next generation sequencing tech-
nologies and advanced tinnitus phenotyping strategies
that will circumvent tinnitus heterogeneity and help to
define tinnitus endophenotypes for genetic studies. This
will facilitate the development of new therapies and im-
prove the efficacy of currently available treatments . The
research aiming at verifying the coincidence of tinnitus
and vertigo with genetic predisposition to epilepsy opens
the possibility of preventing people from being exposed
to environmental factors triggering tinnitus, such as noise
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or ototoxic drugs. In the case of vertigo, this would make
it possible to eliminate or thoroughly monitor candidates
or professionals whose performance requires outstanding
sense of balance.

Additionally, this knowledge could help conduct genetic
testing and assist in clinical decision making. Genetic
confirmation of the epileptic etiology of tinnitus and ver-
tigo will enable the implementation of anti-epileptic treat-
ments for tinnitus and vestibular disturbances, which is
currently not a standard.
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