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Introduction

Meniere’s disease (MD) is a well-known inner ear disease 
characterized by symptoms of recurrent vertigo lasting for 
hours and fluctuating hearing loss with tinnitus or ear fullness 
[1]. The prevalence has been estimated as 190 per 100,000 
people in the United States, increasing markedly in the elder-
ly [2]. Endolymphatic hydrops (ELH) has been postulated to 
be the pathological origin of MD [3,4], as structures bound-
ing the scala media by the Reissner’s membrane are enlarged 
into the scala vestibuli. Although the association between ELH 
and MD is well known, the mechanism through which ELH 
produces symptoms and its association with the progression 
or treatment of MD remain unknown. Animal models of 
ELH could provide a basic scientific understanding of MD 
[5], and because the first model (with surgical obliteration of 
endolymphatic duct for ELH) was the guinea pig [6], consid-
erable methods have been introduced to develop an appropri-

ate animal model for MD. 
According to Salt and Plontke review [3], either acute or 

chronic models were classified as models of ELH. Acute 
models could be created by cerebrospinal fluid pressure ma-
nipulation, injection into the scala media, stimulation of low 
frequency sound, or gel injection into the cochlear apex. For 
the creation of chronic ELH models, surgical ablation of the 
endolymphatic sac (ES) or systemic medication such as aldo-
sterone, systemic vasopressin (VP), or lipopolysaccharide 
(LPS) were used in vestibular research. These animal models 
introduced for ELH till date show the dilation of the scala 
media with low frequency hearing loss; however, they do not 
exactly reflect the fluctuating hearing loss or vertigo character-
ized in patients with MD [7]. Because they were developed 
for ELH research 10 years after the review, the comparison 
of animal models will provide enough background to reflect 
the molecular and cellular pathophysiologies occurring in the 
ELH of the inner ear. In this review, we divided the currently 
available animal models into different types to resemble the 
pathophysiology of MD, and we outlined some of the more re-
cently used methods.
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Requirement for an Animal Model 
for Meniere’s Disease

Research on MD faces several significant challenges. The 
inner ear system is highly complex; the cochlear and vestibu-
lar organs are connected, and the extent of involvement in 
each organ varies, resulting in hearing loss or equilibrium dis-
orders. Since the pathophysiology of MD has not yet been 
elucidated, and no accurate objective diagnosis method has 
been provided, it is difficult to generate an animal model that 
accurately reflects the disease. Previous ELH models, such as 
the ‘‘endolymphatic sac ablation’’ model [8] and the ‘‘systemic 
vasopressin’’ model [9,10], are not representative of acute at-
tacks of MD, because they can only represent the chronic end 
stage of disease with permanent hearing loss and vestibular dys-
function. It is also necessary to develop a method for the quan-
titative analysis of the changes in vestibular function before 
and after an acute attack of hydrops, as well as imaging. 

The ablative surgery of the vestibular organ could be per-
formed occasionally among patients diagnosed with intracta-
ble MD or temporal bone tumors. In addition to the complex-
ity of the inner ear, any molecular-chemical analysis of the 
inner ear is compromised because the removal of intact hu-
man cochlear and vestibular organs for functional character-
ization, even post-mortem, is difficult as it is embedded within 
the hardest temporal bone in the body [11]. This unavailability 
of the membranous labyrinth from the human inner ear has 
caused hearing research to lag [12]. There are many techni-
cal difficulties in processing the human temporal, which keep 
hair cells in the cochlear and vestibule intact bone, to preserve 
the morphology. The need for animal models of ELH to ap-
ply the molecular and genetic findings of human inner ear 
are of the utmost importance. 

Pathophysiologic Considerations 
of Animal Models for Meniere’s Disease

Endolymphatic hydrops
The cochlea, a coiled bony structure approximately 35 mm 

long, has three chambers: scala vestibuli, scala media, and 
scala tympani. The membranous labyrinth in the cochlea in-
cludes the scala media containing the endolymphatic fluid. 
The role of ES in the cochlea is well recognized as fluid ab-
sorption for endolymphatic homeostasis [13]. ES with the 
layers of dura mater is connected to the endolymphatic duct 
placed within the bony vestibular aqueduct. ES removes the 
endolymph via longitudinal flow. The euvolemic state of the 
endolymph has an important role for endolymph homeostasis. 
The endolymphatic volume allows ion homeostasis such as 

potassium in the endolymph through the microstructures of 
spiral vascularis and sensory hair cells [14]. The use of a system-
ic β-adrenergic agonist such as isoproterenol increases endo-
lymph pressure and decreases lumen potential of ES. Salt and 
Plontke [3] showed that after sac ablation, the effects of iso-
proterenol on endolymph pressure and electrolyte potential 
were suppressed. Surgical destruction, or the addition of an 
immune mediator to the ES, has been successfully used in 
guinea pigs to generate animal models. Immunoglobulins 
such as IgG, IgM, and IgA have been found in ES [15]. An im-
mune reaction from these components of the immune system 
may induce inflammation in the inner ear and disturb the cir-
culation of endolymphatic fluid. Schuknecht and Gulya [16] 
suggested that the Reissner’s membrane rupture (potassium 
rich endolymph) secondary to endolymphatic duct distention 
was responsible for the clinical manifestation of MD. Toxic-
ity due to a potassium influx into perilymph on hair cell and 
spiral ganglion could cause episodic vertigo and result in 
long-term impairment in hearing and vestibular function. The 
cochlear hydrops usually dilatates the Reissner’s membrane 
toward the scala vestibuli. Saccular hydrops, the second most 
common site next to cochlear hydrops, might distend into the 
stapes footplate, inducing stapedial fixation. The abnormal 
function of other microstructures of the membranous laby-
rinth may be involved in development of ELH. The obstruc-
tion of the endolymphatic duct may result in distention of 
ELH, leading to potassium rich endolymph [14]. The endo-
lymphatic sinus is well known as an endolymph volume regu-
lator by detecting even minor changes in endolymph pressure 
compared to that of perilymph [17]. Thus, dysfunction of ES 
might increase endolymph, and displaced sinus walls into the 
ES might occlude the opening of endolymphatic ducts [3]. 

Hormonal mechanisms
Endolymph homeostasis can be affected by various hor-

mones. Indeed, studies on antidiuretic hormone (ADH), epi-
nephrine, aldosterone, the aquaporin system, and ion chan-
nels demonstrated associations with the pathophysiology of 
MD. ADH, which acts on the vasopressin-2 receptor (V2R) 
related with aquaporin-2 channels (AQP-2), suppresses wa-
ter reabsorption in ES, resulting in ELH. Aoki, et al. [18] re-
ported a significant increase in ADH concentration during a 
Meniere’s attack. V2R has been expressed at high concentra-
tions in ES of the human inner ear. Kitahara, et al. [19] dem-
onstrated that mRNA expression of V2R in ES is upregulated 
in patients with MD. Because high potassium in the scala me-
dia plays the most important role in the generation and main-
tenance of the endocochlear potential, epinephrine, a modulator 
of potassium secretion by marginal cells, affects the increase 
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of endolymph volume in and the dilation of the intraosseous 
portion of the sac [20]. The systemic dosing of aldosterone also 
increases the rate of endolymph production, leading to an in-
crease in Na-K ATPase levels in the lateral wall of the co-
chlea [2]. 

Allergies and autoimmunity
A recent study demonstrated that airborne and food aller-

gies were found in 59.2% and 40.3% of patients with MD, 
respectively [21]. It is thought that circulating antigens or im-
mune complexes can enter the periphery of ES and fenestrat-
ed blood vessels, stimulating mast cell degranulation. Hista-
mines, known as vasoactive mediators, can make blood 
vessels of the sac pharmacologically vulnerable [15]. Circu-
lating immune complexes in MD patients were reported, 
varying from 21% to 96% [22]. Endothelial injury due to el-
evated complexes increases the permeability of the capillar-
ies surrounding the ES, and this results in acute ELH or rup-
ture of the Reissner’s membrane [23]. The application of LPS 
to the scala media is known to induce a severe immune reac-
tion in the inner ear. We demonstrated that an immune chal-
lenge of the cochlea using LPS can lead to moderate-to-severe 
hearing loss and confirmative ELH in guinea pigs [24]. 

Genetic predisposition
Genetic predisposition is observed in 2.6-12% of patients 

with MD [25]. Though several studies have identified human 
leukocyte antigen associations, none have been proven [25]. 
Teggi, et al. [26] showed that adducin changes can increase 
Na-K ATPase activity, and induced hyperosmolarity in the 
scala media might result in pathologic hydrops. Furthermore, 
the PTPN22 1858C/T genotype can provide differential sus-
ceptibility to bilateral MD [27], whereas it has been reported 
that the longer alleles of (CA)17-20 poly (ADP-ribose)-poly-
merase 1 (a nuclear enzyme that contributes to both neuronal 
death and survival under stress conditions) and host cell fac-
tor C1 on the X chromosome haplotype block (related to her-
pes virus replication within neurons) are protective against 
bilateral MD [27]. 

Animal Models 
of Endolymphatic Hydrops

Surgical methods
Surgical animal models accurately reflect the pathology of 

MD progress by showing dilatation of the scala media. In 1965, 
Kimura and Schuknecht [6] created an ELH model in a guinea 
pig via surgical ablation of the endolymphatic duct and ES by 
electrocauterization. The prolonged malabsorption of endo-

lymph induced by ablation of ES led to the development of 
ELH. Many investigators followed this surgical procedure 
because it reliably produces the histological dilatation of ELH 
and moderate-severe hearing loss in a chronic phase. The origi-
nal intradural technique had limitations of significant surgi-
cal morbidity and intensive animal care. Dunnebier, et al. [28] 
developed mild ELH by completely removing the extra-osse-
ous part of ES (extradural technique) around the sigmoid si-
nus. The obstruction of venous outflow to the sigmoid sinus 
might induce fibrosis in the most distal portion of the ES. Al-
though studies with surgical models of guinea pig have pro-
vided valuable insights into the pathophysiology of ELH, they 
only showed that secondary ELH was different from sponta-
neous ELH. In secondary ELH, ES is non-functional, and fluc-
tuating vestibular symptoms were also not reproducible [24].

In addition to inducing hydrops in animals with surgical 
sac ablation, there have been some attempts for combining 
medication with the surgical removal of ES. By enhancing se-
cretion of K+ into endolymph, aldosterone with partial sac ab-
lation may exacerbate the dysfunction of endolymphatic cir-
culation in a few animals. Egami, et al. [29] suggested injecting 
the modified surgical animal model with additional desmo-
pressin to accelerate the development of ELH. The guinea pig 
model with an injection of desmopressin 1-4 weeks after the 
ablation of ES showed episodes of imbalance along with spon-
taneous nystagmus. Because the water homeostasis of the in-
ner ear fluid is partly regulated by the VP-AQP-2 system, 
desmopressin (V2R agonist) was used in the animal model 
for ELH to examine V2R effects of VP in the inner ear. How-
ever, surgical ablation could be not a straightforward model 
of ELH because MD patients have an intact ES [30] and sur-
gical ablation of animal models was still not physiologically a 
case of MD; it was also destructive. Although they showed 
acute moderate-severe hearing loss and histologic change of 
hydrops, these surgical animal models did not show episodic 
vestibular symptoms or fluctuating hearing loss.

Medication methods
To compensate for the problems of surgical ablations, “over-

production” models have been developed with long-term ad-
ministration of VP or aldosterone, injection of cholera toxin, 
and various methods to induce autoimmune disease in the in-
ner ear. V2R, which regulates water movement by controlling 
the expressions of the aquaporin channel, has been found in 
inner ear tissues, including the lateral wall and ES [29,30] 
(Table 1). ES of patients with MD have higher levels of VP 
receptors as well as levels of systemic VP. Takeda, et al. [9] 
administered OPC-31260 (V2R antagonist) at 400 μU/kg/
min and 1,000 μU/kg/min (high concentrations) for 1 week 
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using an osmotic mini-pump in guinea pigs as a model for hy-
drops. The administration of OPC-31260 into the cochlea could 
aid in recovery of ELH caused by ES ablation [31]. Com-
pared to the guinea pig, mice certainly have several advan-
tages as a future animal model in inner ear research because 
a number of antibodies in mice are available and they pro-
vide more technical advantages for genetic investigation. 
The continuous administration of VP in C57BL6 and CBA/J 
strains of mice for MD was performed at a rate of 50 μg/100 
g/day for 14-30 days without any surgery [31]. They initially 
reported the development of hydrops after more than 2 
weeks. However, they did not show reversible vestibular 
dysfunction such as early irritable nystagmus or late paralytic 
nystagmus. Katagiri, et al. [32] succeeded in inducing ELH 
in CBA/J mice by injecting 1 mg LPS, which reduces the ab-
sorption of endolymph in ES, intratympanically once daily for 
5 days and 100 mg/100 g/day aldosterone, which increases the 
production of endolymph, intraperitoneally for 5 days with an 
additional 1:10,000 epinephrine or 3% sodium nitroprusside, 
which reduces inner ear blood flow, 24 h after the last injec-
tion. They also reported that latanoprost, a selective agonist 

for the FP prostanoid receptor, might inhibit the development 
of ELH caused by VP.

Recently, some research used the dynamic immune system 
in the cochlea to induce an adaptive immune response in ES. 
LPS as a toxin extracted from Escherichia coli is well known 
to cause an immune response or inflammation in the inner ear. 
We had previously injected LPS directly into the scala media 
of guinea pigs and monitored functional and morphological 
changes over a period of 6 weeks [24]. We noticed severe 
ELH with minimal cellular infiltration in the cochlea follow-
ing a 0.01% LPS injection that lasted at least 6 weeks (Fig. 1). 
Higher concentrations of 0.05% and 0.1% LPS could induce 
moderate-severe hearing loss and histological hydrops of ES, 
including endolymphatic duct with severe cellular infiltration. 
High concentrations of K+ in the endolymph fluid led to im-
mune cell apoptosis in the scala media. Thereafter, a rapid ef-
flux of K+ by LPS could increase the survival of immune cells 
in the scala media thereby clearing antigens.

Genetic methods
Because rodents are similar to humans in terms of genetics, 
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Fig. 1. Histopathologic images for 
endolymphatic hydrops in a new 
guinea pig model with immune reac-
tions for Meniere’s disease by lipo-
polysaccharide at all time points (A-
C: scala media, D-F: endolymphatic 
duct).
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anatomy, and physiology as well as because of availability, 
ease of manipulation, and low cost, they are often preferred for 
hearing research. Since the introduction of X-linked hypophos-
phatemic studies in rickets, genetic defect models of PhexGy 
and PhexHyp with a non-functional phosphate-regulating gene 
and similar homology to endopeptidases located on the X chro-
mosome (PHEX) might be studied for MD [33,34]. The tar-
get gene, encoding the PHEX protein, is a zinc-metalloendo-
peptidase located in the cell membrane of chondrocytes and 
osteoblasts to maintain the health of bone mineralization. 
Megerian, et al. [34] showed that the PHEX murine model 
(Hyp-Duk/Y) served as viable model to reproduce spontane-
ous, progressive hearing loss and vestibular impairment for 
MD. A positive relationship between the degree of ELH and
hearing threshold was reported with an elevated summation
potential/action potential ratio of electrocochleography (ECo-
chG). Sheykholeslami, et al. [35] reported that compared to 10 
adult normal mice (P60–P90), the Hyp-Duk/Y mice had ei-
ther absent or elevated cervical vestibular evoked myogenic
potential (cVEMP) with a threshold of a 60 dB normal hear-
ing level. Although the PHEX mutation is not seen in patents
of MD, the PHEX murine model (Hyp-Duk/Y) certainly can

serve as a viable mouse model that develops typical impaired 
hearing and balance symptoms for MD [36]. Future studies 
will enable the PHEX mouse to be a key animal model to hear-
ing research for MD. 

Confirmation methods in animal models of 
endolymphatic hydrops

Several efforts have been made to visualize enlarged space 
of ELH via three-dimensional fluid-attenuated inversion re-
covery, magnetic resonance imaging (MRI), ECochG, cVEMP, 
and videonystagmography in animal models. However, the 
gold standard for diagnosis of ELH in animal models still 
remains confirmation of audiometry and histology after the 
section of cochlea. Because it is so difficult for animals to re-
spond to the sound stimulation properly when checking hearing 
thresholds, the auditory brainstem response (ABR) has provid-
ed more qualitative and quantitative information for hearing 
thresholds, including the function of the auditory nerve and 
brainstem in the animal models [37]. The compound action 
potential (CAP; wave I of the ABR) is routinely used in hear-
ing research [38,39]. We reported an abrupt recovery of CAP 
thresholds, SP/CAP ratio, cochlear microphonic distortion, 

Fig. 2. Visualization of endolym-
phatic space (blue color) by light 
sheet fluorescence microscopy af-
ter injecting fluorescein isothiocya-
nate dextran and artificial endolymph 
into the scala media in several views 
(A-G).

A

E

C

F

D

G
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and low-frequency modulated distortion product otoacoustic 
emissions (DPOAEs) in the development of acute hydrops by 
injecting artificial endolymph into the scala media of guinea 
pigs [4]. Many reports in the literature state that ECoG is at 
least as sensitive as ABR [40]. 

Imaging technology, including MRI, might be developed as 
a critical tool for evaluating ELH in animal models for MD. 
In a recent study, ELH in mice was assessed using a high res-
olution 9.4 T field strength MRI [41]. Furthermore, light sheet 
fluorescence microscopy (LSFM) can be used as a means to 
obtain highly resolved 3D visualization of endolymphatic flu-
id movements; this has enabled researchers to examine the 
entire inner ear of experimental animals, en bloc, with sub-
cellular resolution. We introduced fluorescein isothiocyanate 
dextran (FITC-dex) and artificial endolymph into the scala 
media of anesthetized guinea pigs via a glass micropipette 
(Fig. 2) [41]. When more than 2.5 mL of FITC-dex was inject-
ed into the scala media, FITC-dex was observed in the SSCs, 
utricle, and endolymphatic duct. The LSFM visually demon-
strated the mechanism of endolymph volume regulation in 
patients with MD.

Conclusions

Our understanding about animal models will lead to scien-
tific improvements in the development of treatments for MD. 
Animal models for ELH have provided us with a medium 
for studying the mechanical pathophysiology of hearing loss 
and vestibular dysfunction. Although surgical ablation of ES 
showed acute hearing loss and histologic changes of hydrops, 
they rarely showing episodic vestibular symptoms, which is a 
limitation of the procedure. 

Further morphological and pathophysiological investiga-
tions for new animal models of MD need to be conducted. 
Though MD unfortunately remains an idiopathic disease, hy-
drops models in the fields of allergy, immunology, endocrinol-
ogy, and genetics will provide multiple approaches for thera-
peutic options for patients with MD in the future.
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