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In congenital vestibular disorders (CVDs), children develop an abnormal inner ear before

birth and face postnatal challenges to maintain posture, balance, walking, eye-hand

coordination, eye tracking, or reading. Only limited information on inner ear pathology

is acquired from clinical imaging of the temporal bone or studying histological slides of

the temporal bone. A more comprehensive and precise assessment and determination

of the underlying mechanisms necessitate analyses of the disorders at the cellular

level, which can be achieved using animal models. Two main criteria for a suitable

animal model are first, a pathology that mirrors the human disorder, and second, a

reproducible experimental outcome leading to statistical power. With over 40 genes

that affect inner ear development, the phenotypic abnormalities resulting from congenital

vestibular disorders (CVDs) are highly variable. Nonetheless, there is a large subset of

CVDs that form a common phenotype of a sac-like inner ear with the semicircular canals

missing or dysplastic, and discrete abnormalities in the vestibular sensory organs. We

have focused the review on this subset, but to advance research on CVDs we have

added other CVDs not forming a sac-like inner ear. We have included examples of animal

models used to study these CVDs. Presently, little is known about the central pathology

resulting from CVDs at the cellular level in the central vestibular neural network, except for

preliminary studies on a chick model that show significant loss of second-order, vestibular

reflex projection neurons.

Keywords: inner ear imaging, developmental balance disorders, vestibular system development, inner ear

abnormalities, animal models

INTRODUCTION

The vestibular system processes signals generated by vestibular hair-cell mechanoreceptors of
the inner ear in response to linear and angular acceleration to maintain posture, balance, and
spatial orientation. The mature inner ear is a complex labyrinth including many elaborate sensory
organs in a fixed configuration. However, inner ear malformation is not rare during development,
despite the evolutionary significance of the labyrinths for survival. Over 40 genes affect the
inner ear with many expressed during key developmental stages (1). A major hallmark of many
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CVDs is the formation of a malformed inner ear into a sac-
like structure with the semicircular canals missing or truncated
and the vestibular sensory organs relatively intact (Table 1).
A sac-like inner ear is observed in CHARGE syndrome (9,
11, 23), an acronym for a set of congenital malformations:
Coloboma (eye defects), Heart defects, choanal Atresia (nasal
passage defects), Retarded growth, Genital hypoplasia, and
Ear abnormalities. In addition, Waardenburg (15), Noonan
(16), Wildervanck (17), Goldenhar (18), and branchio-oto-
renal syndromes (BOR) (20) form a sac-like inner ear during
development. Epidemiological studies reveal that vestibular
disorders affect about 3.3 million children in the US alone
(5.3–10%) (24, 25). Due to the major role that the vestibular
system plays in daily living, vestibular symptoms can impose
life-altering disabilities that become a major healthcare burden.
CVD children may experience disorientation, confusion, and
fatigue while performing daily tasks, and severe challenges in
eye-hand coordination, eye tracking, and reading that may
lead to difficulties in physical and intellectual development
(26). Physical therapy is helpful to manage certain symptoms,
but does not counter poor visual acuity or balance deficits
experienced by patients with bilateral vestibular abnormalities
(27, 28). Although clinical testing of CVD patients detects gross
vestibular behavioral defects, testing is not sufficiently sensitive
to identify the cellular sites of the pathology, within the cristae,
maculae, or specific neuron subsets of the central vestibular
network. To this end, animal models offer the opportunity to
evaluate the origins of CVD dysfunction at the cellular level. The
cellular level of analysis may offer new insight into the type and
amount of vestibular adaptation necessary to restore function in
CVD patients.

This review is focused on two main CVD phenotypes that
result from gene mutation. The most common phenotype is the
sac-like inner ear with the vestibular sensory organs relatively
intact, whereas the less frequent phenotype forms more discrete
abnormalities, such as abnormal hair-cell stereocilia. Why are
there two main phenotypes? Since genes are known to be active
at specific stages of inner ear development, the time of gene
action determines the type of malformation. By reference to the
schedule for inner ear morphogenesis in a species, the time of
gene action can be predicted [chick (29–31)], [mouse (32)], and
[human (33–35)]. For example, the chick otocyst forms a sac-like
inner ear at embryonic day 4 (E4) (29). By E6, the superior and
posterior canals emerge, with lateral canal outgrowth 6 h later.
The vestibular sensory organs form before canal outgrowth, with
the superior and posterior cristae developing at E3–3.5, macula
sacculi and lateral cristae at E3.5–4, basilar papilla at E4, and
macula utriculi at E4.5 (30). Thus, a sac-like, inner ear pathology
results from gene mutation pin-pointed to E4–4.5 to produce a
sac-like inner ear with missing or truncated canals and macula
utriculi and cochlea development primarily affected. Regarding
CVDs that form defects in the stereocilia linkage, the mutation
must occur after vestibular hair cell formation that takes place
in the latter half of chick embryonic development: E10 for type
II hair cells and E15 for type I hair cells (36). Altogether, it is
intriguing that most CVDs result from mutation of genes acting
relatively early in gestation.

VESTIBULAR SYSTEM PATHOLOGY IN
CVD PATIENTS AND CLINICAL FINDINGS

Histological preparations of postmortem specimens have
provided the most comprehensive descriptions of human inner-
ear pathology in CVDs [e.g., (9)]. When inner ear structures are
imaged in the clinic, the configuration of the bony labyrinths
are demonstrated by computed tomography (CT), while gross
details of the membranous labyrinths, fluid-filled inner-ear
spaces, and vestibular nerves are seen using magnetic resonance
imaging (MRI). Dysfunction in the vestibular system of CVD
children can be investigated in the clinic by testing directly the
vestibular reflex pathways. For example, ocular and cervical
vestibular evoked myogenic potentials reveal utricular or
saccular dysfunction, while bithermic caloric tests, earth vertical
axis rotation, and head impulse tests demonstrate semicircular
canal pathology (27).

CVDs Forming a Sac-Like Inner Ear
Charge Syndrome
The vast majority of CVD cases in the literature are based on
evaluations of CHARGE syndrome patients, with most studies
containing one or a few patients. Like most CVDs, CHARGE
syndrome has a low incidence (1/10,000 births) [e.g., (37)].
CHARGE syndrome patients develop a sac-like inner ear with
the semicircular canals missing or truncated, and few defects in
the cristae ormaculae (9). Vestibular sensory organs contacted by
the anterior vestibular nerve tend to show more abnormalities,
with the utricular maculae often decreased in overall extent
(9). Also, the cochlea may be shortened or absent. In some
CHARGE syndrome patients, the auditory or vestibular ganglion
is small or absent (3, 13, 14). From vestibuloocular reflex
(VOR) testing, combined with CT and MRI imaging, CHARGE
syndrome patients present relatively normal otolith function, but
lack canal activity (11, 12, 38). Clinically, CHARGE syndrome
patients present with mild to profound hearing loss and balance
deficits (39).

Waardenburg Syndrome
With the incidence at 1/42,000, this syndrome is one of the
most common causes of congenital, syndromic deafness (40).
Although clinically and genetically heterogeneous, the disorder
is characterized by sensorineural hearing loss and pigmentation
deficits (15): Depending on symptoms, four subtypes are
identified, with vestibular deficits present in WS2 and WS4, and
SOX10 mutation linked to these two subtypes (41). Temporal
bone scans reveal deformed, highly variable semicircular canals,
enlarged vestibule, and small, flattened cochlea (15). All three
semicircular canals are truncated or absent. In one study, three
patients lacked all three semicircular canals, while two other
patients showed only unilateral canal loss (15). In another
study, the semicircular canals were absent bilaterally (42). While
vestibular dysfunction in Waardenburg syndrome is not well-
studied in the clinic, one study did show that patients missing
all three semicircular canals presented with complete loss of
vestibular function, while other patients with one hypoplastic
canal showed some vestibular function, suggesting that truncated
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TABLE 1 | Sac-like phenotype in human congenital vestibular disorders and animal models.

Syndrome Approach Inner ear

shape

Canals Cristae

Ampullae

Maculae Calyces VGs Cochlea Reference

CHARGE Human; n = 37; CT, MRI Sac Absent; superior

NM may be truncated

ND ND ND ND ND (2)

CHARGE Human; n = 1; CT,

histopathology

Sac Absent/

truncated

Ampullae

absent

Atrophy,

utricle, saccule

ND N ND Aud ganglion

reduced to 35%

(3)

CHARGE Human; n = 107; CT Sac Absent ND ND ND ND ND (4)

CHARGE Human; n = 42 Sac Absent ND ND ND ND Short (5)

CHARGE Human; n = 18; CT Sac Absent/truncated ND ND ND ND Short (6)

CHARGE Human; n = 4; CT Sac Absent ND ND ND ND ND (7)

CHARGE Human; n = 13; CT Sac Absent ND ND ND ND Short (8)

CHARGE Human; n = 1;

histopathology

Sac Absent Normal;

no ampullae

Utricle small;

saccule normal

ND ND Short;

no cochlea nerve

or ganglion

(9) case 1

CHARGE Human; n = 1; CT Sac Absent ND ND ND Short (10)

CHARGE Human; n = 12; CT Sac Absent ND ND ND ND ND (11)

CHARGE Human; n = 7;

CT; EVAR; OVAR

Sac Absent ND ND ND ND Short (12)

CHARGE Human, n = 1;

histopathology

Sac Absent No cristae

No ampullae

Utricle absent

saccule normal

ND Few

VG

Short (13)

CHARGE Human; n = 1;

histopathology

Sac Absent ND; no

ampullae

utricle small saccule

reduced

ND Few

VGs

Short (14) Case 4

Waardenburg Human; n = 151; CT; MRI Sac Absent or truncated ND ND ND ND Length normal;

width small and

flat

(15)

Noonan Human; n = 1; CT Sac Absent ND ND ND ND Short (16)

Wildervanck Human; n = 1; MRI Sac Absent, truncated post

canal

ND ND ND ND Short (17)

Goldenhar Human; n = 5; CT Sac Absent/truncated ND ND ND ND ND (18)

Goldenhar Human; n = 1; CT and MRI Sac Absent ND ND ND ND Short (19)

Branchio-oto-

renal

Human;

n = 32; MRI

Sac Absent ND ND ND ND Short (20)

Chd7 mutant Mouse; fast green: n = 16;

neuro-filament and f-actin;

n = 31

Variable Highly

variable/present/missing/

truncated

Superior and

lateral normal;

posterior

patch-like

normal present ND ND (21)

ARO/s Chicken; paint-fill, n = 25;

Nissl sections, n = 8

Sac Missing/truncated Sup crista

short A/P

utricle short A/P;

saccule normal

present VGs reduced

to 62%

Often missing (22)

A/P, anterior/posterior extent; CT, computed tomography; MRI, magnetic resonance imaging; ND, not done; VG, vestibular ganglion cells. The table was ordered by first listing human CVDs: CHARGE, Waardenburg, Noonan, Wildervanck,

Goldenhar, Branchio-oto-renal followed by animal models: mouse, chick. The most common phenotype found is listed for each reference.
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canals and a sac-like inner ear are capable of generating
and transmitting vestibular signals (15). In a case study of
22 Waardenburg patients, those patients with symptoms of
vertigo, dizziness or imbalance, showed abnormal VOR and
vestibulospinal tests (43).

Noonan Syndrome
Noonan syndrome (NS) is a relatively common genetic
disorder (incidence: 1/1,000 to 1/2,500) (44), producing
multiple abnormalities, including short stature, broad neck,
and developmental delays. NS results from an autosomal
dominant gene mutation that occurs in multiple loci. In a report
from a single NS patient, CT imaging revealed absence of the
semicircular canals and VOR testing showed no measurable
vestibular function (16).

Wildervanck Syndrome
Wildervanck syndrome, also called cervico-oculo-acoustic
syndrome, is a rare congenital disorder (incidence, 1/1,000,000;
Orphanet), characterized by fusion of the cervical vertebrae,
oculomotor dysfunction causing horizontal gaze paralysis, and
congenital deafness. Wildervanck syndrome almost exclusively
affects females, since the hemizygous male is lethal (45). In a
study of one Wildervanck syndrome patient, both inner ears
lacked all three semicircular canals, with the vestibule missing on
one side (17). Recurrent attacks of dizziness are experienced in
some Wildervanck patients.

Goldenhar Syndrome
Goldenhar syndrome, also known as oculo-auriculo-vertebral
syndrome, is a congenital disorder (incidence, 1/3,500 to
1/5,600) (46) in which the patients present with diverse
malformations, with the most characteristic features ocular
anomalies, such as microphthalmia, external, middle,
and inner ear malformation, and vertebral defects. Less
attention has been paid to the inner ear malformations
in this syndrome. One study of 21 patients showed that
33% of patients presented with inner ear malformations,
including cochlear hypoplasia, underdeveloped or missing
semicircular canals, enlarged vestibular aqueduct, and enlarged
internal auditory meatus (46). Other studies report a variable
number of semicircular canals in one or both ears (18, 19).
Since conductive and sensorineural hearing deficits are
prominent in Goldenhar patients, clinics have focused on
managing their hearing loss rather than addressing the
vestibular defects.

Branchio-Oto-Renal Syndrome
BOR syndrome (incidence, 1/40,000; Orphanet) is an autosomal
dominant congenital disorder, resulting from mutation of
SIX1 or EYA1 genes that affect development of the ear,
kidney, and neck [for review, see (47)]. There is considerable
variability in the presence, type, and severity of the clinical
abnormalities, but hearing loss is the most prevalent symptom
(48). CT and MRI of the temporal bone reveal inconsistent
inner ear abnormalities, but cochlea hypoplasia or dysplasia,
vestibular aqueduct enlargement, and absence or hypoplasia
of the semicircular canals are reported most often (49, 50).

Evidence of cochleovestibular nerve malformation is also found
(51), but no descriptions are provided on the condition
of the vestibular sensory organs or vestibular symptoms
in patients.

CVDs Forming Diverse Vestibular Inner Ear
Defects
Enlarged Vestibular Aqueduct Syndrome
Enlarged vestibular aqueduct syndrome (EVA) is a common
congenital inner ear disorder (incidence, 1/100–1,300) (52, 53).
Diagnosis is made primarily from CT and MRI scans that show
an enlarged vestibular aqueduct or enlarged endolymphatic duct
and sac, with no abnormalities apparent in the semicircular
canals or vestibular sensory organs (54). EVA primarily
produces mild to profound sensorineural hearing loss
accompanied by mild imbalance or episodic vertigo (54).
In a study of 106 patients, 45% presented with vestibular
symptoms (55).

Otogelin Disorder
Otogelin is an extracellular, N-glycosylated protein composing
the fibrillar network linking the tectorial membrane to the
outer hair cells and anchoring otoconia and cupula to the
underlying neuroepithelium (56). Mutation of the gene encoding
otogelin causes autosomal-recessive, non-syndromic, moderate
hearing loss associated with severe imbalance, delayed motor
development, and dizziness (57, 58). CT scans do not reveal inner
ear abnormalities.

Usher Syndrome
Usher syndrome is the leading cause of combined visual and
hearing loss, with vestibular function abnormal in certain
genotypes (59). The syndrome is clinically and genetically
diverse, with a low incidence of 1.6–4.4/10,000 (60). Hearing
and vestibular dysfunction result from defective tip linkages
connecting the hair-cell stereocilia that prevents sensory
transduction (61). There are three types of Usher syndrome.
Type 1 patients have profound hearing loss and severe balance
deficits resulting in delays in sitting and walking. Type
2 patients show moderate-to-severe hearing loss that may
be accompanied by balance deficits. Type 3 patients show
progressive hearing loss, retinal degeneration, and unpredictable
vestibular dysfunction.

Pejvakin Disorder
PJVK is a protein expressed in hair and supporting cells of
the inner ear and spiral ganglion neurons that has been shown
to be necessary to maintain stereocilia structure in outer hair
cells (62). In mice, PJVK mutation is linked to an autosomal
recessive, non-syndromic hearing loss and balance deficits (63).
Variability in PJVK mutations underlies the diverse phenotypes
in these patients. Clinical reports routinely describe the nature
of the hearing loss, but do not report on balance defects in
these patients.
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CVD ANIMAL MODELS

CVD Animal Models Forming a Sac-Like
Inner Ear Phenotype
Charge Syndrome
Since most CHARGE syndrome patients show heterozygous
mutation of the chromodomain helicase DNA binding protein
7 gene CHD7, animals with heterozygous Chd7 mutation
are a popular research model (64). At present, there are
two animal models commonly used to study CHARGE
syndrome, Chd7 mutant mice and Chd7 mutant zebrafish. The
Chd7 gene influences many downstream genes involved in
inner ear development (65) that may explain the diversity
of inner ear phenotypes. At present, the downstream
genetics of CHARGE syndrome are not sufficiently known
to generate a mutant animal model with a consistent inner
ear phenotype.

Chd7 mutant mice show diverse semicircular-canal
malformations (21). The superior canal is often normal,
while the lateral canal is absent or has a reduced diameter
in diverse configurations (21). The posterior canal often has
a reduced diameter. The lateral ampullae may have a small
width. The cristae and maculae may develop abnormal shapes.
Beside the normal saddle-shape, the lateral cristae may have
a smaller width and the posterior cristae may appear with
round-patch-like or flattened epithelium that lacks calycine
endings and vestibular afferents. Like CHARGE syndrome
patients, vestibular ganglia are small in Chd7 mutant mice (66).
Finally, Chd7 mutant mice may form a small ocular lens and
display cerebellar hypoplasia (67, 68). Since the visual system
and cerebellum interact intimately with the vestibular system,
their pathology makes it difficult if not impossible to sort out the
origin of vestibular deficits in Chd7 mutant mice. Chd7 mutant
mice perform rapid, bidirectional circling movements, indicating
bilateral defects in the lateral canal (21).

Chd7 mutant zebrafish primarily show defects in the otoliths,
forming either asymmetric otoliths or one irregular otolith (69).
The general size and shape of the semicircular canals are also
abnormal. Thus, Chd7 mutation in zebrafish does not mirror the
inner ear phenotype found in CHD7 patients.

Waardenburg Syndrome
Various gene mutations can produce WS, including mutation of
PAX3, MITF, EDNRB, EDN3, and SOX10 genes [for review, see
(15, 70)]. For example, the panda pig is used to study MITF-M
expression, which is mutated in WS type 2. Unlike the human
disorder, this model loses vestibular hair cells in the saccule,
without defects in the utricle or cristae (70).

Noonan Syndrome
NS belongs to a group of clinically-related developmental
disorders that result from mutations in the RAS signaling
pathway [for review, see (71)]. While there are studies using RAS
mutant mice to study NS, vestibular inner ear abnormalities have
not been evaluated [e.g., (71, 72)].

Wildervanck Syndrome
No studies have been reported on an animal model to study
this disorder.

Goldenhar Syndrome
The gene ZYG11B, thought to be defective in Goldenhar
syndrome, is under study in zebrafish (73).

BOR Syndrome
Six1 heterozygous mutant mice have been used to study inner
ear malformation in BOR syndrome (74). Unlike the human
disorder, the mutant mouse model lacks all the sensory organs
in the inner ear, along with a malformed saccule, no posterior
ampulla, and truncated or missing posterior semicircular canal.

A Universal Model for the Sac-Like Inner Ear

Phenotype
The chick has a long and distinguished history in biomedical
research as a model to study inner ear and central nervous
system development. To further advance understanding of the
sac-like inner ear pathology in CVD patients, we designed and
implemented a CVD animal model by surgically rotating the
developing inner ear, or otocyst, in 2-day-old chick embryos (E2)
(22, 75). The right otocyst can be readily accessed in E2 chick
embryos in ovo for microsurgical manipulation (Figure 1A).
Anterior-posterior axis Rotation of the Otocyst 180◦ produces
a sac-like inner ear on the right side, called the “ARO/s chick.”
This model is reproducible in 85% of cases, forming a sac-
like inner ear that mirrors the common inner ear pathology
found in many CVD patients. Thus, the ARO/s chick develops
without introducing genetic mutations that affect other targets
beside the inner ear. Altogether, the ARO/s chick offers a
highly tractable model to study the deterministic connections
between the malformed inner ear and vestibular neural circuitry
abnormalities/plasticity. Like CVD children, ARO/s hatchlings
experience balance and walking problems (Figure 1B).

By E13, the chick semicircular canals, vestibular sensory
organs, and certain vestibular nuclei neurons have differentiated
so that they provide identifiable experimental targets (29, 76, 77).
The membranous labyrinths can be imaged using opaque paint
to view canal size and cochlea configuration compared to the
normal counterparts (75). ARO/s chicks form a sac-like inner
ear with the semicircular canals missing or truncated (22). Nissl-
stained, serial tissue sections show that the vestibular sensory
organs associated with the anterior vestibular nerve are more
often affected in ARO/s chicks (22), like CVD patients (9). In
preliminary studies of the vestibular ganglion (VG), VG cell
number is reduced to 62% on the rotated side compared to the
non-rotated side, with vestibular ganglion cell number on the
non-rotated side similar to controls (78). The advantages of the
ARO/s chick model include a reliable source of embryos with
well-characterized phenotype, utility of the non-rotated inner ear
as an internal control, and lack of pathology in related neural
systems that could convolute the analysis and interpretation of
the effects of the sac-like inner ear pathology on vestibular neural
circuitry development. In addition, the tangential vestibular
nucleus (TN) is a major vestibular nucleus whose principal cells
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FIGURE 1 | (A) E2 chick in ovo viewed through a shell window under a stereo dissecting microscope (Zeiss Discovery.V8) after otocyst rotation. Fast green dye was

injected to improve otocyst visibility. After tearing open the chorion (Ch) and amnion with forceps, the otocyst was cut free from the surrounding epithelium with a

tungsten needle (10µm tip diameter; curved tip) and glided posteriorly along the epithelial surface before rotating it 180◦ in the anterior-posterior and dorsal-ventral

axes. The rotated otocyst was returned to the epithelial slot. Note that the endolymphatic duct (ED) normally situated on the dorsal surface of the otocyst is located on

the ventral surface after rotation. The shell window was sealed with tape and the egg reincubated at high humidity (70%) without egg turning (75). E, eye; h, heart. (B)

Five-day-old hatchling ARO/s chick. Note the widened base of the feet after performing the righting reflex, indicating stress placed on the balance system (22).

are vestibular reflex neurons. In E13 ARO/s chicks, the number
of principal cells on the rotated side was reduced to 35% of
the normal number in control chicks (22). This indicates that
the sac-like inner ear pathology produces major developmental
abnormalities in the downstream vestibular reflex pathways.
Finally, the vestibular behaviors observed in 5-day-old hatchling
(H5) ARO/s chicks are consistent with a unilateral vestibular
deficit (79). ARO/s chicks with a right, sac-like inner ear tilt
their head to the right, but do not display eye deviations or
nystagmus at rest. However, after performing the righting reflex,
ARO/s hatchlings stumble and close their eyes, in contrast to the
normal hatchlings. After performing the righting reflex, ARO/s
hatchlings stand with a widened base, suggesting balance deficits
(Figure 1B) (22).

CVD Animal Models Forming Diverse
Vestibular Inner Ear Abnormalities
EVA Syndrome
Mutation of SLC26A4 gene in mice results in profound hearing
loss, vestibular abnormalities, and enlarged endolymphatic
spaces throughout the inner ear (80). In the utricle and saccule,
the maculae are degenerated with the near complete absence
of the otoconia. Unlike the human disorder, macular hair
cells in the mouse model continue to degenerate as postnatal
development progresses.

Otogelin
Rock solo AN66 is a zebrafish mutant of the glycoprotein
otogelin (81). It is interesting that balance and postural

deficits present in young mutant larvae later disappear
with no permanent vestibular deficits, unlike the
human disorder.

Usher Syndrome
Ush 1c mutant mice are defective for harmonin-b, a
protein located in the tip links of hair-cell stereocilia (61).
Vestibular sensory evoked potentials are absent, indicating
malfunction primarily in the utricular macula (82). In
another Usher 1 mutant mouse model, SANS, the defect
occurs in a protein involved in stereocilia differentiation
and VOR testing reveals that canal and otolith activity are
absent (83).

Pejvakin Syndrome
Several Pjvk-mutant mice models have been produced that
show phenotypic variability (62). In studies of Pjvk-flox
mutation, pejvakin was found to be localized to the base of
the stereocilia rootlets in cochlear outer hair cells (63). Mice
develop normal rootlets, but the stereociliary bundles and
mechanotransduction are defective, resulting in deafness. In
a study using Pjvk G292R mutant mice, progressive hearing
loss occurs, with vestibular dysfunction indicated by head
tilt, circling behavior, and abnormal swimming and balance
(62). Fluorescence microscopy shows that the vestibular hair
cells are intact, but the vestibular ganglion neurons are
lost progressively.
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DISCUSSION

Benefits and Limitations of CVD Animal
Models
Animal models offer living, non-human subjects to understand
human disease without compromising human life. Often,
animal models are genetically engineered. Despite ortholog gene
mutations, most animal models do not accurately replicate
the human pathology because disease phenotypes result from
complex interactions between genes and environment. Indeed,
a phenotype does not result from disrupting one gene, but
a cascade of genes whose dosage of alleles may vary [for
review (84)]. Nonetheless, many advantageous drugs, treatments,
and cures for human diseases have resulted from using
animal models.

Animal models are most advantageous when they share the
same cause and symptoms for a disease as the patients with
the disease. Alternately, there are animal models that share
the same symptoms, but not the same etiology, for example,
the ARO/s chick. ARO/s chicks are formed by microsurgical
manipulation of the otocyst rather than genetic mutation,
but subsequent development of the animal model produces a
similar sac-like inner ear phenotype with minimally-disrupted,
vestibular sensory organs that parallels the human phenotype
found in many CVDs. Finally, human genetic disorders show
considerable variability in the presence, type, and severity
of the abnormalities, even among family members with the
same mutation, so that a specific mutation is not associated
with a similar clinical presentation [e.g., (85)]. This holds
true for animal models, as seen in the diversity of inner
ear phenotypes found in Chd7 mutant mice used to study
CHARGE syndrome.

Is There an Optimal Window for
Therapeutic Intervention?
Genetic testing for potential inherited mutations can be
performed early in fetal development so that therapeutic
intervention can be initiated prenatally, possibly before vestibular
dysfunction emerges (86). The time for treatment depends
on the time when the pathology appears, which can be
assayed in an animal model and then extrapolated to the
equivalent human gestational age. Treatment delivered locally
in the postnatal inner ear avoids potential toxic effects
of systemic delivery [e.g., (83)]. In addition, our chick
model offers easy access to the embryonic inner ear in ovo
without compromising continued development. The fluid-
filled, developing inner ear also provides a suitable vehicle to
inject drugs prenatally to determine whether balance can be
rescued. After hatching, balance can be tested in the ARO/s
hatchling (22).

What Is the Underlying Pathophysiology of
CVDs?
Why is canal function lost on clinical VOR testing of
CVD children? Canal sensation relies on endolymph fluid
movement in the canal to convert angular head movements
into displacement of the stereocilia on the apical surface of

the vestibular hair cells. Endolymph displacement on head
movements depends on key geometric features of the canals
to maintain mechanical sensitivity, including canal radius and
canal length (87). During Xenopus development, rotatory
head movements generate signals in the crista only after the
semicircular canals have acquired a minimal diameter, despite
the presence of functional activity in other components of
the vestibular reflex circuitry, including the hair cells, central
vestibular pathways, and extraocular eye muscles (88). Blocking
individual semicircular canals, or “canal plugging,” is an approach
that was used to determine the role of individual canals (89).
At low rotational frequencies (<2Hz), endolymph movement is
reduced greatly in a plugged canal, with only minimal hair-cell
stimulation in the blocked canal, but normal function preserved
in the other canals and otoliths (90, 91). At present, canal
plugging is a surgical approach performed on patients to alleviate
vestibular symptoms resulting from canal dehiscence. To what
extent does the sac-like inner ear, with or without truncated
canals, affect vestibular signaling? Does synaptic plasticity in the
peripheral or central vestibular neural circuitry impact vestibular
signaling in CVD patients? These are some questions for animal
models to address that may translate into clinical practice.

There have been no systematic studies of connectivity
in the peripheral or central vestibular neural circuitry of
CVD animal models. The ARO/s chick is now available to
interrogate the anatomical and functional modifications, since
the model is reproducible and recapitulates salient features
found in CVD patients (22, 75). Developmental studies have
been performed on normal and vestibular ganglionectomized
chicks at critical pre- and post-natal ages (76, 77, 79, 92–
95). TN principal cells offer a structurally-uniform subset of
vestibular reflex projection neurons to determine whether the
orderly ingrowth of the canal and otolith fibers occurs and
whether passive and active membrane properties emerge within
the normal time frame during ARO/s chick development. Is
normal synaptic transmission conserved in principal cells of
ARO/s chicks, or do major changes occur in the spontaneous
excitatory and inhibitory synaptic events (93–95)? VOR testing
using Earth vertical axis rotation for canal function and static
tilting platform for otolith function has been performed on
animal models and offers a powerful research tool to evaluate
potential therapeutic intervention (96, 97). Altogether, the
outcome of animal model experiments could provide novel
insights into the consequences of CVDs on the development,
maintenance, and plasticity of the vestibular neural circuitry that
will modify our thinking on how to treat the disorders. This
includes insights into whether the neural circuitry may benefit
from vestibular implant technology or specific pharmacological
treatments (28, 98–100).

AUTHOR CONTRIBUTIONS

KP is responsible for the conception of the review. KP, NB,
JH, MB, and AP are responsible for the design of the review
and contributed to manuscript revision, read, and approved the
submitted version. KP and NB are responsible for writing the

Frontiers in Neurology | www.frontiersin.org 7 September 2021 | Volume 12 | Article 708395

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peusner et al. Congenital Vestibular Disorders

first draft of the review. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported in part by NIH grant R01 DC019369
(KP), The George Washington University School of Medicine

and Health Sciences Research Funds (KP), Robert Vincent

Research Fellowship of the Columbian College of Arts and

Sciences of The George Washington University (NB), Centre
National de la Recherche Scientifique (MB), Université de Paris
(MB), IdEx Université de Paris ANR-18-IDEX-0001 (MB), and
Intellectual and Developmental Disabilities Research Center
[NICHD Grant U54-HD090257 (AP)].

REFERENCES

1. Wu DK, Kelley MW. Molecular mechanisms of inner ear

development. Cold Spring Harb Perspect Biol. (2012) 4:a008409.

doi: 10.1101/cshperspect.a008409

2. Tawfik KO, Leader BA, Walters ZA, Choo DI. Relative preservation of

superior semicircular canal architecture in CHARGE syndrome. Otolaryngol

Head Neck Surg. (2019) 160:1095–100. doi: 10.1177/0194599818824306

3. Chen JX, Nourmahnad A, O’Malley J, Reinshagen K, Nadol JB, Quesnel

AM.Otopathology in CHARGE syndrome. Laryng Invest Otolaryngol. (2019)

5:157–62. doi: 10.1002/lio2.347

4. Legendre M, Abadie V, Attié-Bitach T, Philip N, Busa T, Bonneau D, et al.

Phenotype and genotype analysis of a French cohort of 119 patients with

CHARGE syndrome. Am J Med Genet C Semin Med Genet. (2017) 175:417–

30. doi: 10.1002/ajmg.c.31591

5. Vesseur AC, Verbist BM, Westerlaan HE, Kloostra FJJ, Admiraal RJC,

Ravenswaaij-Arts CMA, et al. CT findings of the temporal bone in CHARGE

syndrome: aspects of importance in cochlear implant surgery. Eur Arch

Otorhinolaryngol. (2016) 273:4225–40. doi: 10.1007/s00405-016-4141-z

6. Husu E, Hovea HD, Farholt S, Bille M, Tranebjærg L, Vogel I, et al.

Phenotype in 18 Danish subjects with genetically verified CHARGE

syndrome. Clin Genet. (2013) 83:125–34.

7. Shin CH, Hong HS, Yi B-H, Cha J-G, Park S-J, Kim D-H, et al. CT and MR

imagings of semicircular canal aplasia. J Korean Soc Radio. (2009) 61:9–15.

8. Morimoto AK, Wiggins RH, Hudgins PA, Hedlund GL, Hamilton B,

Mukherji SK, et al. Absent semicircular canals in CHARGE syndrome:

radiologic spectrum of findings. Am J Neuroradiol. (2006) 27:1663–71.

9. Haginomori SI, Sando I, Miura M, Casselbrant ML. Temporal bone

histopathology in CHARGE Association. Ann Otol Rhinol Laryngol. (2002)

111:397–401. doi: 10.1177/000348940211100503

10. Martin DM, Sheldon S, Gorski JL. CHARGE association with choanal

atresia and inner ear hypoplasia in a child with a de novo chromosome

translocation t (2;7) (p14; q21.11). Am J Med Genet. (2001) 99:115–9.

doi: 10.1002/1096-8628(2000)9999:999<00:aid-ajmg1126>3.0.co;2-8

11. Abadie V, Wiener-Vacher S, Morisseau-Durand M-P, Poree C, Amiel J,

Amanou L, et al. Vestibular anomalies in CHARGE syndrome: investigations

on and consequences for postural development. Eur J Pediatr. (2000)

159:569–574. doi: 10.1007/s004319900409

12. Wiener-Vacher SR, Amanou L, Denise P, Narcy P, Manach Y. Vestibular

function in children with the CHARGE association. Arch Otolaryngol Head

Neck Surg. (1999) 125:342–7. doi: 10.1001/archotol.125.3.342

13. Guyot, J.-P., Gacek RR, DiRaddo P. The temporal bone anomaly in

CHARGE association. Arch Otolaryngol Head Neck Surg. (1987) 113:321–4.

doi: 10.1001/archotol.1987.01860030097017

14. Wright CG, Meyehoff WL, Brown OE, Rutledge JC. Auditory and temporal

bone abnormalities in CHARGE association. Ann Otol Rhinol Laryngol.

(1986) 95:480–6. doi: 10.1177/000348948609500509

15. Elmaleh-Bergès M, Baumann C, Noël-Pétroff N, Sekkal A, Couloigner V,

Devriendt K, et al. Spectrum of temporal bone abnormalities in patients with

Waardenburg syndrome and SOX10 mutations. Am J Neuroradiol. (2013)

34:1257–63. doi: 10.3174/ajnr.A3367

16. Naficy S, Shepard NT, Telian SA. Multiple temporal bone anomalies

associated with Noonan syndrome. Otolaryngol Head Neck Surg. (1997)

116:265–7. doi: 10.1016/S0194-5998(97)70339-5

17. Abu-Amero KK, Kondkar AA, Alorainy IA, Khan AO, Al-

Enazy LA, Oystreck DT, et al. Xq26.3 microdeletion in a male

with Wildervanck syndrome. Ophthalmic Genet. (2014) 35:18–24.

doi: 10.3109/13816810.2013.766218

18. Bisdas S, Lenarz M, Lenarz T, Becker H. Inner ear abnormalities in

patients with Goldenhar syndrome. Otol Neurotol. (2005) 26:398–404.

doi: 10.1097/01.mao.0000169796.83695.56

19. Lemmerling MM, Vanzieleghem BD, Mortier GR, Dhooge IJ, Kunnen

MF. Unilateral semicircular canal aplasia in Goldenhar’s syndrome. Am J

Neuroradiol. (2000) 21:1334–6.

20. Kemperman MH, Koch SM, Kumar S, Huygen PL, Joosten FB, Cremers

CW. Evidence of progression and fluctuation of hearing impairment

in branchio-oto-renal syndrome. Int J Audiol. (2004) 43:523–32.

doi: 10.1080/14992020400050067

21. Adams ME, Hurd EA, Beyer LA, Martin DM. Defects in vestibular sensory

epithelia and innervation in mice with loss of Chd7 function: implications

for human CHARGE syndrome. J Comp Neurol. (2007) 504:519–32.

doi: 10.1002/cne.21460

22. Lilian SJ, Seal HE, Popratiloff A, Hirsch JC, Peusner KD. A new model for

congenital vestibular disorders. J Assoc Res Otolaryngol. (2019) 20:133–49.

doi: 10.1007/s10162-018-00705-z

23. Sando I, Orita Y, Miura M, Balaban CD. Vestibular abnormalities

in congenital disorders. Ann N Y Acad Sci. (2001) 942:15–24.

doi: 10.1111/j.1749-6632.2001.tb03731.x

24. Li C-M, Hoffman HJ, Ward BK, Cohen HS, Rine RM.

Epidemiology of dizziness and balance problems in children in the

United States: a population-based study. J Pediatr. (2016) 171:240–7.

doi: 10.1016/j.jpeds.2015.12.002

25. Rine RM, Dannenbaum E, Szabo J. 2015 section on pediatric knowledge

translation lecture: pediatric vestibular-related impairments. Pediatr Phys

Ther. (2016) 28:2–6. doi: 10.1097/PEP.0000000000000226

26. Blake KD, Hartshorne TS, Lawand C, Dailor AN, Thelin JW. Cranial nerve

manifestations in CHARGE syndrome. Am J Med Gen A. (2008) 146A:585–

92. doi: 10.1002/ajmg.a.32179

27. Janky K, Givens D. Vestibular, visual acuity and balance outcomes in children

with cochlear implants: a preliminary report. Ear Hear. (2015) 36:e364–e72.

doi: 10.1097/AUD.0000000000000194

28. Guyot J-P, Peres Fornos A. Milestones in the development

of a vestibular implant. Curr Opin Neurol. (2018) 32:145–53.

doi: 10.1097/WCO.0000000000000639

29. Bissonnette JP, Fekete DM. Standard atlas of the gross anatomy of the

developing inner ear of the chicken. J Comp Neurol. (1996) 368:620–

30. doi: 10.1002/(SICI)1096-9861(19960513)368:4<620::AID-CNE12>3.0.

CO;2-L

30. Wu DK, Oh SH. Sensory organ generation in the chick inner ear. J Neurosci.

(1996) 16:6454–2. doi: 10.1523/JNEUROSCI.16-20-06454.1996

31. Bok J, Chang W, Wu DK. Patterning and morphogenesis of the vertebrate

inner ear. Int J Dev Biol. (2007) 51:521–33. doi: 10.1387/ijdb.072381jb

32. Morsli H, Choo D, Ryan A, Johnson R, Wu DK. Development of the mouse

inner ear and origin of its sensory organs. J Neurosci. (1998) 18:3327–35.

doi: 10.1523/JNEUROSCI.18-09-03327.1998

33. O’Reilly R, Grindle C, Zwicky EF, Morlet T. Development of the

vestibular system and balance function: differential diagnosis in

the pediatric population. Otolaryngol Clin N Am. (2011) 44:251–71.

doi: 10.1016/j.otc.2011.01.001

34. Toyoda S, Shiraki N, Yamada S, Uwabe C, Imai H, Matsuda T, et al.

Morphogenesis of the inner ear at different stages of normal human

development. Anat Rec. (2015) 298:2081–90. doi: 10.1002/ar.23268

Frontiers in Neurology | www.frontiersin.org 8 September 2021 | Volume 12 | Article 708395

https://doi.org/10.1101/cshperspect.a008409
https://doi.org/10.1177/0194599818824306
https://doi.org/10.1002/lio2.347
https://doi.org/10.1002/ajmg.c.31591
https://doi.org/10.1007/s00405-016-4141-z
https://doi.org/10.1177/000348940211100503
https://doi.org/10.1002/1096-8628(2000)9999:999<00:aid-ajmg1126>3.0.co;2-8
https://doi.org/10.1007/s004319900409
https://doi.org/10.1001/archotol.125.3.342
https://doi.org/10.1001/archotol.1987.01860030097017
https://doi.org/10.1177/000348948609500509
https://doi.org/10.3174/ajnr.A3367
https://doi.org/10.1016/S0194-5998(97)70339-5
https://doi.org/10.3109/13816810.2013.766218
https://doi.org/10.1097/01.mao.0000169796.83695.56
https://doi.org/10.1080/14992020400050067
https://doi.org/10.1002/cne.21460
https://doi.org/10.1007/s10162-018-00705-z
https://doi.org/10.1111/j.1749-6632.2001.tb03731.x
https://doi.org/10.1016/j.jpeds.2015.12.002
https://doi.org/10.1097/PEP.0000000000000226
https://doi.org/10.1002/ajmg.a.32179
https://doi.org/10.1097/AUD.0000000000000194
https://doi.org/10.1097/WCO.0000000000000639
https://doi.org/10.1002/(SICI)1096-9861(19960513)368:4$<$620::AID-CNE12$>$3.0.CO;2-L
https://doi.org/10.1523/JNEUROSCI.16-20-06454.1996
https://doi.org/10.1387/ijdb.072381jb
https://doi.org/10.1523/JNEUROSCI.18-09-03327.1998
https://doi.org/10.1016/j.otc.2011.01.001
https://doi.org/10.1002/ar.23268
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peusner et al. Congenital Vestibular Disorders

35. Chacko LJ, Wertjanz D, Sergi C, Dudas J, Fischer N, Eberharter T, et al.

Growth and cellular patterning during fetal human inner ear development

studied by a correlative imaging approach. BMC Dev Biol. (2019) 19:11.

doi: 10.1186/s12861-019-0191-y

36. Masetto S, Perin P, Malusa A, Zucca G, Valli P. Membrane properties of

chick semicircular canal hair cells in situ during embryonic development.

J Neurophysiol. (2000) 83:2740–56. doi: 10.1152/jn.2000.83.5.2740

37. Basson MA, van Ravenswaaij-Arts C. Functional insights into chromatic

remodeling from studies on CHARGE syndrome. Trends Genet. (2015)

31:600–11. doi: 10.1016/j.tig.2015.05.009

38. Joshi VM, Shantanu KN, Kishore GR, Reddy KJ, Kumar

ECV. CT and MRI imaging of the inner ear and brain

with children with congenital sensorineural hearing loss.

Radiographics. (2012) 32:683–98. doi: 10.1148/rg.3231

15073

39. Hartshorne N, Hudson A, MacCuspie J, Kennert B, Nacarato T, Hartshorne

T, et al. Quality of life in adolescents adults with CHARGE syndrome. Am J

Med Genet. (2016) 170A:2012–21. doi: 10.1002/ajmg.a.37769

40. Asher JJ, Friedman TB. Wardenburg Syndrome. Newsletter of the National

Institute of deafness and other communication disorders hereditary hearing

impairment resource registry. NIDCD-HHIRR. (1996) 5:1–4.

41. Hao QQ, Li L, ChenW, Jiang QQ, Ji F, SunW, et al. Key genes and pathways

associated with inner ear malformation in SOX10 p.R109W mutation pigs.

Front Mol Neurosci. (2018) 11:181. doi: 10.3389/fnmol.2018.00181

42. Sznajer Y, Coldea C, Meire F, Delpierre I, Sekhara T, Touraine RL. A

de novo SOX10 mutation causing severe type 4 Waardenburg syndrome

without Hirschsprung disease. Am J Med Genet A. (2008) 146A:1038–41.

doi: 10.1002/ajmg.a.32247

43. Black FO, Pesznecker SC, Allen K, Gianna C. A vestibular phenotype

for Waardenburg syndrome? Otol Neurol. (2001) 22:188–94.

doi: 10.1097/00129492-200103000-00012

44. MendezHM,Opitz JM.Noonan syndrome: a review.Am JMedGenet. (1985)

21:493–506. doi: 10.1002/ajmg.1320210312

45. Rihani FB. Cervico-oculo-acoustic (Wildervanck) syndrome: clinic

radiological findings. BMJ Case Rep. (2013) 2013:bcr2013009065.

doi: 10.1136/bcr-2013-009065

46. Hennersdorf F, Friese N, Lowenheim H, Tropitzsch A, Ernemann U, Bisdas

S. Temporal bone changes in patients with Goldenhar syndrome with special

emphasis on inner ear abnormalities. Otol Neurotol. (2014) 35:826–30.

doi: 10.1097/MAO.0000000000000278

47. Lindau TA, Cardoso ACV, Rossi NF, Giacheti CM. Anatomical changes and

audiological profile in branchio-oto-renal syndrome: a literature review. Int

Arch Otorhinolaryngol. (2014) 18:68–76. doi: 10.1055/s-0033-1358659

48. Morisada N, Nozu K, Iijima K. Branchio-oto-renal syndrome:

comprehensive review based on nationwide surveillance in Japan. Pediatr

Int. (2014) 56:309–14. doi: 10.1111/ped.12357

49. Ceruti S, Stinckens C, Cremers CW, Casselman JW. Temporal bone

anomalies in the branchio-oto-renal syndrome: detailed computed

tomographic and magnetic resonance imaging findings. Otol Neurotol.

(2002) 23:200–7. doi: 10.1097/00129492-200203000-00016

50. Propst EJ, Blaser S, Gordon KA, Harrison RV, Papsin BC.

Temporal bone findings on computed tomography imaging in

branchio-oto-renal syndrome. Laryngoscope. (2005) 115:1855–62.

doi: 10.1097/01.mlg.0000177032.98386.20

51. Kari E, Llaci L, Go JL, Naymik M, Knowles JA, Leal SM, et al. A de novo

SIX1 variant in a patient with a rare nonsyndromic cochleovestibular nerve

abnormality, cochlear hypoplasia and bilateral sensorineural hearing loss.

Mol Genet Genom Med. (2019) 7:e995. doi: 10.1002/mgg3.995

52. Kodama A, Sando I. Postnatal development of the vestibular aqueduct and

endolymphatic sac. Ann Otol Rhinol Laryngol. (1982) 91:3–12.

53. Pinto JA, Junior FCM, Marqui ACS, Perfeito DJ, Ferreira RDP,

Silva RH. Enlarged vestibular aqueduct syndrome: report of 3 cases

and literature review. Rev Bras Otorrinolaryngol. (2005) 71:386–91.

doi: 10.1016/S1808-8694(15)31342-2

54. Ralli M, Nola G, Sarvoli L, Ralli G. Unilateral enlarged vestibular aqueduct

syndrome and bilateral endolymphatic hydrops. Case Rep Otolaryngol.

(2017) 2017:6195317. doi: 10.1155/2017/6195317

55. Zalewski CK, Chien WW, King KA, Muskett JA, Baron RE,

Butman JA, et al. Vestibular dysfunction in patients with enlarged

vestibular aqueduct. Otolaryngol Head Neck Surg. (2015) 153:257–62.

doi: 10.1177/0194599815585098

56. Simmler M-C, Cohen-Salmon M, El-Amrauoui A, Guillaud L, Benichou JC,

Petit C, et al. Targeted disruption of Otog results in deafness and severe

imbalance. Nat Genet. (2000) 24:139–43. doi: 10.1038/72793

57. Schraders M, Ruiz-Palmero L, Kalay E, Oostrik J, del Castillo FJ, Sezgin O,

et al. Mutations of the gene encoding otogelin are a cause of autosomal-

recessive nonsyndromic moderate hearing impairment. Am J Hum Genet.

(2012) 91:883–9. doi: 10.1016/j.ajhg.2012.09.012

58. Yariz KO, Duman D, Seco CZ, Dallman J, Huang M, Peters TA, et al.

Mutations in OTOGL, encoding the inner ear protein otogelin-like, cause

moderate sensorineural hearing loss. Am J Hum Genet. (2012) 91:872–82.

doi: 10.1016/j.ajhg.2012.09.011

59. Mathur PD, Yang J. Usher syndrome and non-syndromic deafness: functions

of different Whirlin isoforms in the cochlea, vestibular organs, and retina.

Hear Res. (2019) 375:14–24. doi: 10.1016/j.heares.2019.02.007

60. KimberlingWJ, HildebrandMS, Shearer AE, JensenML, Halder JA, Trzupek

K, et al. Frequency of Usher syndrome in two pediatric populations:

implications for genetic screening of deaf and hard of hearing children.Genet

Med. (2010) 12:512–6. doi: 10.1097/GIM.0b013e3181e5afb8

61. Michalski N, Michel V, Caberlotto E, Lefèvre GM, van Aken AFJ, Tinevez

JY, et al. Harmonin-b, an actin-binding scaffold protein, is involved in the

adaptation of mechanoelectrical transduction by sensory hair cells. Pflugers

Arch. (2009) 459:115–30. doi: 10.1007/s00424-009-0711-x

62. Kazmierczak M, Kazmierczak P, Peng AW, Harris SL, Shah P, Puel JL,

et al. Pejvakin, a candidate stereociliary rootlet protein, regulates hair cell

function in a cell-autonomous manner. J Neurosci. (2017) 37:3447–64.

doi: 10.1523/JNEUROSCI.2711-16.2017

63. Cheng YF, Tsai YH, Huang CY, Lee YS, Chang PC, Lu YC, et al. Generation

and pathological characterization of a transgenic mouse model carrying a

missense PJVKmutation. Biochem Biophys Res Commun. (2020) 532:675–81.

doi: 10.1016/j.bbrc.2020.07.101

64. Lalani SR, Hefner MA, Belmont JW, Davenport SLH. Charge syndrome. In:

GeneReviews (Internet), Adams MP, Ardinger HH, Pagon RA, Wallace SE,

Bean LJH, Mefford HC, et al. (eds) Seattle, WA: GeneReviews (2006) p. 1–23.

65. Vuorela P, Ala-Mello S, Saloranta C, Penttinen M, Pöyhönen M,

Huoponen K, et al. Molecular analysis of the CHD7 gene in CHARGE

syndrome: identification of 22 novel mutations and evidence for a

low contribution of large CHD7 deletions. Genet Med. (2007) 9:690–4.

doi: 10.1097/GIM.0b013e318156e68e

66. Hurd EA, Poucher HK, Cheng K, Raphael Y, Martin DM. The ATP-

dependent chromatin remodeling enzyme CHD7 regulates pro-neural gene

expression and neurogenesis in the inner ear.Development. (2010) 137:3139–

50. doi: 10.1242/dev.047894

67. Gage PJ, Hurd EA, Martin DM. Mouse models for the dissection of CHD7

functions in eye development and the molecular basis for ocular defects

in CHARGE syndrome. Invest Ophthalmol Vis Sci. (2015) 56:7923–30.

doi: 10.1167/iovs.15-18069

68. Feng W, Kawauchi D, Körkel-Qu H, Deng H, Serger E, Sieber L, et al.

Chd7 is indispensable for mammalian brain development through activation

of a neuronal differentiation program. Nat Commun. (2017) 8:14758.

doi: 10.1038/ncomms14758

69. Patten SA, Jacobs-McDaniels NL, Zaouter C, Drapeau P, Albertson RC,

Moldovan F. Role of Chd7 in zebrafish: a model for CHARGE syndrome.

PLoS One. (2012) 7:e31650. doi: 10.1371/journal.pone.0031650

70. Du Y, Ren LI, Jiang Qq, Liu Xj, Ji F, Zhang Y, et al. Degeneration of

saccular hair cells caused by MITF gene mutation. Neural Dev. (2019) 14:1.

doi: 10.1186/s13064-019-0126-0

71. Kang M, Lee YS. The impact of RASopathy-associated mutations on

CNS development in mice and humans. Mol Brain. (2019) 12:96.

doi: 10.1186/s13041-019-0517-5

72. Hernández-Porras I, Fabbianob S, Schuhmachera AJ, Aicher A,

Cañamero M, Cámara JA, et al. K-RasV14I recapitulates Noonan

syndrome in mice. Proc Natl Acad Sci U S A. (2014) 111:16395–400.

doi: 10.1073/pnas.1418126111

Frontiers in Neurology | www.frontiersin.org 9 September 2021 | Volume 12 | Article 708395

https://doi.org/10.1186/s12861-019-0191-y
https://doi.org/10.1152/jn.2000.83.5.2740
https://doi.org/10.1016/j.tig.2015.05.009
https://doi.org/10.1148/rg.323115073
https://doi.org/10.1002/ajmg.a.37769
https://doi.org/10.3389/fnmol.2018.00181
https://doi.org/10.1002/ajmg.a.32247
https://doi.org/10.1097/00129492-200103000-00012
https://doi.org/10.1002/ajmg.1320210312
https://doi.org/10.1136/bcr-2013-009065
https://doi.org/10.1097/MAO.0000000000000278
https://doi.org/10.1055/s-0033-1358659
https://doi.org/10.1111/ped.12357
https://doi.org/10.1097/00129492-200203000-00016
https://doi.org/10.1097/01.mlg.0000177032.98386.20
https://doi.org/10.1002/mgg3.995
https://doi.org/10.1016/S1808-8694(15)31342-2
https://doi.org/10.1155/2017/6195317
https://doi.org/10.1177/0194599815585098
https://doi.org/10.1038/72793
https://doi.org/10.1016/j.ajhg.2012.09.012
https://doi.org/10.1016/j.ajhg.2012.09.011
https://doi.org/10.1016/j.heares.2019.02.007
https://doi.org/10.1097/GIM.0b013e3181e5afb8
https://doi.org/10.1007/s00424-009-0711-x
https://doi.org/10.1523/JNEUROSCI.2711-16.2017
https://doi.org/10.1016/j.bbrc.2020.07.101
https://doi.org/10.1097/GIM.0b013e318156e68e
https://doi.org/10.1242/dev.047894
https://doi.org/10.1167/iovs.15-18069
https://doi.org/10.1038/ncomms14758
https://doi.org/10.1371/journal.pone.0031650
https://doi.org/10.1186/s13064-019-0126-0
https://doi.org/10.1186/s13041-019-0517-5
https://doi.org/10.1073/pnas.1418126111
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peusner et al. Congenital Vestibular Disorders

73. Tingaud-Sequeira A, Trimouille A, Marlin S, Lopez E, Berenguer M,

Gherbi S, et al. Functional genetic analyses of ZYG11B provide evidences

for its involvement in OAVS. Mol Genet Genom Med. (2020) 8:e1375.

doi: 10.1002/mgg3.1375

74. Zheng W, Huang L, Wei ZB, Silvius D, Tang B, Xu PX. The role of Six1 in

mammalian auditory system development. Development. (2003) 130:3989–

4000. doi: 10.1242/dev.00628

75. Seal HE, Lilian SJ, Popratiloff A, Hirsch JC, Peusner KD. Implementing

the chick embryo model to study vestibular developmental disorders. J

Neurophysiol. (2019) 122:2272–83. doi: 10.1152/jn.00434.2019

76. Shao M, Hirsch JC, Peusner KD. Maturation of firing pattern in

chick vestibular nucleus neurons. Neuroscience. (2006) 141:711–26.

doi: 10.1016/j.neuroscience.2006.03.061

77. Shao M, Hirsch JC, Peusner KD. Emergence of action potential generation

and synaptic transmission in vestibular nucleus neurons. J Neurophysiol.

(2006) 96:1215–26. doi: 10.1152/jn.00180.2006

78. Peusner K, Jain V, Shaw Z, Hirsch J, Popratiloff A. The chick embryo model

for biomedical research on congenital vestibular disorders. Int Soc Dev

Neurosci Abst. (2021) 1–10.

79. Aldrich EM, Peusner KD. Vestibular compensation after ganglionectomy:

ultrastructural study of the tangential vestibular nucleus and behavioral

study of the hatchling chick. J Neurosci Res. (2002) 67:122–38.

doi: 10.1002/jnr.10076

80. Everett LA, Belyantseva IA, Noben-Trauth K, Cantos R, Chen A, Thakkar

SI, et al. Targeted disruption of mouse Pds provides insight about the inner-

ear defects encountered in Pendred syndrome. Hum Mol Genet. (2001)

10:153–61. doi: 10.1093/hmg/10.2.153

81. Roberts R, Elsner J, Bagnall MW. Delayed otolith development does not

impair vestibular circuit formation in zebrafish. J Assoc Res Otolaryngol.

(2017) 18:415–25. doi: 10.1007/s10162-017-0617-9

82. Vijayakumar S, Depreux FF, Jodelka FM, Lentz JJ, Rigo F, Jones TA, et al.

Rescue of peripheral vestibular function in Usher syndrome mice using a

splice-switching antisense oligonucleotide.HumMol Genet. (2017) 26:3482–

94. doi: 10.1093/hmg/ddx234

83. Emptoz A, Michel V, Lelli A, Akil O, Boutet de Monvel J, Lahloua G, et al.

Local gene therapy durably restores vestibular function in a mouse model

of Usher syndrome type 1G. Proc Natl Acad Sci U S A. 114:9695–700.

doi: 10.1073/pnas.1708894114

84. Haordouin SN, Nagy A.Mousemodels for human disease.Clin Genet. (2000)

57:237–44. doi: 10.1034/j.1399-0004.2000.570401.x

85. Chang EH, Menezes M, Meyer NC, Cucci RA, Vervoort VS, Schwartz

CE, et al. Branchio-Oto-Renal syndrome: the mutation spectrum in

EYA1 and its phenotypic consequences. Hum Mutat. (2004) 23:582–9.

doi: 10.1002/humu.20048

86. Hastings ML, Brigande JV. Fetal gene therapy and pharmacotherapy to

treat congenital hearing loss and vestibular dysfunction. Hear Res. (2020)

394:107931. doi: 10.1016/j.heares.2020.107931

87. Rabbitt RD. Semicircular canal biomechanics in health and disease. J

Neurophysiol. (2019) 121:732–55. doi: 10.1152/jn.00708.2018

88. Lambert FM, Beck JC, Baker R, Straka H. Semicircular canal size

determines the developmental onset of angular vestibuloocular

reflexes in larval Xenopus. J Neurosci. (2008) 28:8086–95.

doi: 10.1523/JNEUROSCI.1288-08.2008

89. Ewald JR. Physiologische Untersuchungen Uber das Endorgan des Nervus

octavus. Weisbaden: Verlag-Bergmann (1892).

90. Carey JP, Miglicaccio AA, Minor LB. Semicircular canal function before

and after surgery for superior canal dehiscence. Otol Neurootol. (2007)

28:356–64. doi: 10.1097/01.mao.0000253284.40995.d8

91. Sadeghi SG, Goldberg JM, Minor LB, Cullen KE. Effects of canal plugging

on the vestibuloocular reflex and vestibular nerve discharge during

passive and active head rotations. J Neurophysiol. (2009) 102:2693–703.

doi: 10.1152/jn.00710.2009

92. Popratiloff A, Peusner KD. Otolith fibers and terminals in chick vestibular

nuclei. J Comp Neurol. (2007) 502:19–37. doi: 10.1002/cne.21273

93. Shao M, Popratiloff A, Yi J, Lerner A, Hirsch JC, Peusner KD. Adaptation of

chicken vestibular nucleus neuron to unilateral vestibular ganglionectomy.

Neuroscience. (2009) 161:988–1007. doi: 10.1016/j.neuroscience.2009.04.027

94. Shao M, Hirsch JC, Peusner KD. Plasticity of spontaneous excitatory and

inhibitory synaptic activity in morphologically defined vestibular nuclei

neurons during early vestibular compensation. J Neurophysiol. (2012)

107:29–41. doi: 10.1152/jn.00406.2011

95. Shao M, Reddaway R, Hirsch JC, Peusner KD. Presynaptic GABAB

receptors decrease neuro-transmitter release in vestibular nuclei neurons

during vestibular compensation. Neuroscience. (2012) 223:333–54.

doi: 10.1016/j.neuroscience.2012.07.061

96. Beraneck M, Bojados M, Le Seach A, Jamon M, Vidal P-P.

Ontogeny of mouse vestibulo-ocular reflex following genetic or

environmental alteration of gravity sensing. PLoS One. (2012) 7:e40414.

doi: 10.1371/journal.pone.0040414

97. Simon F, Pericat D, Djian C, Fricker D, Denoyelle F, Beraneck M. Surgical

techniques functional evaluation for vestibular lesions in the mouse:

unilateral labyrinthectomy (UL) unilateral vestibular neurectomy (UVN). J

Neurol. (2020) 267(Suppl. 1):51–61. doi: 10.1007/s00415-020-09960-8

98. Strupp M, Brandt T. Current treatment of vestibular, ocular motor

disorders and nystagmus. Ther Adv Neurol Disord. (2009) 2:223–39.

doi: 10.1177/1756285609103120

99. Lewis RF. Vestibular implants studied in animal models: clinical

and scientific implications. J Neurophysiol. (2016) 116:2777–88.

doi: 10.1152/jn.00601.2016

100. Boutros PJ, Schoo DP, Rahman M, Valentin NS, Chow MR, Ayiotis AI, et al.

Continuous vestibular implant stimulation partially restores eye-stabilizing

reflexes. JCI Insight. (2019) 4:e128397. doi: 10.1172/jci.insight.128397

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Peusner, Bell, Hirsch, Beraneck and Popratiloff. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 10 September 2021 | Volume 12 | Article 708395

https://doi.org/10.1002/mgg3.1375
https://doi.org/10.1242/dev.00628
https://doi.org/10.1152/jn.00434.2019
https://doi.org/10.1016/j.neuroscience.2006.03.061
https://doi.org/10.1152/jn.00180.2006
https://doi.org/10.1002/jnr.10076
https://doi.org/10.1093/hmg/10.2.153
https://doi.org/10.1007/s10162-017-0617-9
https://doi.org/10.1093/hmg/ddx234
https://doi.org/10.1073/pnas.1708894114
https://doi.org/10.1034/j.1399-0004.2000.570401.x
https://doi.org/10.1002/humu.20048
https://doi.org/10.1016/j.heares.2020.107931
https://doi.org/10.1152/jn.00708.2018
https://doi.org/10.1523/JNEUROSCI.1288-08.2008
https://doi.org/10.1097/01.mao.0000253284.40995.d8
https://doi.org/10.1152/jn.00710.2009
https://doi.org/10.1002/cne.21273
https://doi.org/10.1016/j.neuroscience.2009.04.027
https://doi.org/10.1152/jn.00406.2011
https://doi.org/10.1016/j.neuroscience.2012.07.061
https://doi.org/10.1371/journal.pone.0040414
https://doi.org/10.1007/s00415-020-09960-8
https://doi.org/10.1177/1756285609103120
https://doi.org/10.1152/jn.00601.2016
https://doi.org/10.1172/jci.insight.128397
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Understanding the Pathophysiology of Congenital Vestibular Disorders: Current Challenges and Future Directions
	Introduction
	Vestibular System Pathology in CVD Patients and Clinical Findings
	CVDs Forming a Sac-Like Inner Ear
	Charge Syndrome
	Waardenburg Syndrome
	Noonan Syndrome
	Wildervanck Syndrome
	Goldenhar Syndrome
	Branchio-Oto-Renal Syndrome

	CVDs Forming Diverse Vestibular Inner Ear Defects
	Enlarged Vestibular Aqueduct Syndrome
	Otogelin Disorder
	Usher Syndrome
	Pejvakin Disorder


	CVD Animal Models
	CVD Animal Models Forming a Sac-Like Inner Ear Phenotype
	Charge Syndrome
	Waardenburg Syndrome
	Noonan Syndrome
	Wildervanck Syndrome
	Goldenhar Syndrome
	BOR Syndrome
	A Universal Model for the Sac-Like Inner Ear Phenotype

	CVD Animal Models Forming Diverse Vestibular Inner Ear Abnormalities
	EVA Syndrome
	Otogelin
	Usher Syndrome
	Pejvakin Syndrome


	Discussion
	Benefits and Limitations of CVD Animal Models
	Is There an Optimal Window for Therapeutic Intervention?
	What Is the Underlying Pathophysiology of CVDs?

	Author Contributions
	Funding
	References


