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ABSTRACT
It has been identified that arginine vasopressin (AVP), vasopres-
sin receptor 2(V2R), and the aquaporin 2 (AQP2) signaling
pathway in the inner ear play important roles in hearing and
balance functions through regulating the endolymph equilibrium;
however, the contributions of this signaling pathway to the
development of motion sickness are unclear. The present study
was designed to investigate whether the activation of the AVP-
V2R-AQP2 signaling pathway in the inner ear is involved in the
induction of motion sickness and whether mozavaptan, a V2R
antagonist, could reduce motion sickness. We found that both
rotatory stimulus and intraperitoneal AVP injection induced
conditioned taste aversion (a confirmed behavioral index for
motion sickness) in rats and activated the AVP-V2R-AQP2
signaling pathway with a responsive V2R downregulation in the
inner ears, and AVP perfusion in cultured epithelial cells from rat
endolymphatic sacs induced similar changes in this pathway
signaling. Vestibular training, V2R antagonist mozavaptan, or
PKA inhibitor H89 blunted these changes in the V2R-AQP2

pathway signaling while reducing rotatory stimulus– or DDAVP
(a V2R agonist)-induced motion sickness in rats and dogs.
Therefore, our results suggest that activation of the inner ear
AVP-V2R-AQP2 signaling pathway is potentially involved in the
development of motion sickness; thus, mozavaptan targeting
AVP V2Rs in the inner ear may provide us with a new application
option to reduce motion sickness.

SIGNIFICANCE STATEMENT
Motion sickness affects many people traveling or working. In the
present study our results showed that activation of the inner ear
arginine vasopressin-vaspopressin receptor 2 (V2R)-aquaporin 2
signaling pathwaywas potentially involved in the development of
motion sickness and that blocking V2R with mozavaptan, a V2R
antagonist, was much more effective in reducing motion sick-
ness in both rat and dog; therefore, we demonstrated a new
mechanism to underlie motion sickness and a new candidate
drug to reduce motion sickness.

Introduction
Motion sickness is induced when humans encounter abnor-

mal vestibular and/or visual stimulation while traveling via
transport. Surveys have shown that up to 100% of ship
passengers become seasick on very rough seas (Kozarsky,
1998). Space motion sickness is experienced by 60%–80% of
space travelers during their first 2–3 days in microgravity in
spite of simulated training on the ground (Heer and Paloski,
2006). It is commonly accepted that the central nervous

system (CNS) mechanisms are involved in the development
of motion sickness, as explained by the sensory conflict theory,
but the exact underlying mechanisms are still unknown
(Taillemite et al., 1997; Warwick-Evans et al., 1998; Eisen-
man, 2009). Motion sickness is usually treated using pharma-
ceuticals that almost all have undesirable side effects (Herron,
2010), especially inhibitory effects on the CNS, which affect
people working at sea or in space. Therefore, it is necessary to
conduct further studies to elucidate the mechanisms under-
lying motion sickness and to find new targets for developing
new preventive drugs.
Increasing evidence suggests that plasma arginine vaso-

pressin (AVP) levels are markedly increased during motion
sickness (Kim et al., 1997; Horii et al., 2001; Lien et al., 2003)
and that intravenous or intracerebroventricular perfusion of
AVP can cause nausea or vomiting in humans and experi-
mental animals (Carpenter et al., 1984; Kim et al., 1997;
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Ikegaya and Matsuki, 2002; Lien et al., 2003; Liu et al., 2004;
Tatewaki et al., 2005). Therefore, AVP is considered to be an
etiologic hormone in the development of motion sickness
(Cheung et al., 1994; Kim et al., 1997). Kim et al. (1997)
considered that the central but not peripheral actions of AVP
might contribute to nausea and slow wave disruption induced
by circular vection. However, the exactmechanism underlying
these etiologic effects of AVP in motion sickness remains
unclear (Kim et al., 1997; Ikegaya and Matsuki, 2002; Lien
et al., 2003). AVP ismainly synthesized by the paraventricular
nucleus (PVN) and supraoptic nucleus and secreted into the
blood through their nerve endings in the neurohypophysis.
The results from Abe et al. (2011) and Xu et al. (2015) suggest
that PVN of the hypothalamus may be involved in the
induction of motion sickness by hypergravity and rotatory
stimuli. Some studies suggest that there are likely poly-
synaptic projections from the vestibular nucleus to the PVN
(Azzena et al., 1993; Markia et al., 2008). Additionally, the
responses of PVN neurons induced by vestibular stimuli also
suggest a pathway from the vestibular nucleus to PVN (Liu
et al., 1997; Abe et al., 2011). Vestibular stimuli increased the
expression of AVP in the PVN (Tighilet et al., 2009; Xu et al.,
2015) and the secretion of AVP into the blood (Kim et al., 1997;
Horii et al., 2001; Lien et al., 2003). Vasopressin receptor 1 in
the CNS is potentially involved in the development of motion
sickness (Cheung et al., 1992, 1994; Kim et al., 1997; Xu et al.,
2015). However, we do not knowwhether vasopressin receptor
2 (V2R) in the inner ear is also involved.
Motion sickness is somewhat similar to Meniere disease in

symptoms. Recent studies suggest that plasma AVP levels are
greatly increased in human subjects with Meniere disease,
which causes high aquaporin 2 (AQP2) expression in the inner
ears, especially in the endolymphatic sacs via the V2R-AQP2
signaling pathway. Increased endolymph production leads to
endolymphatic hydrops and overstimulation of the vestibular
end organs, eventually resulting in various symptoms, such as
vertigo, nausea, and vomiting (Takeda et al., 1995, 2003, 2010;
Maekawa et al., 2010). However, it is unclear whether the
AVP-V2R-AQP2 signaling pathway is also involved in the
development of motion sickness. We suppose that the un-
derlyingmechanism inmotion sickness may be in part similar
to that in Meniere disease; i.e., abnormal vestibular and/or
visual stimuli will induce AVP release from the PVN,
activation of the AVP-V2R-AQP2 signaling pathway in the
inner ears, and vestibular end-organ overactivity. Therefore,
the present study was designed to investigate the relationship
between the inner ear AVP-V2R-AQP2 signaling pathway and
motion sickness to uncover inner ear–related mechanisms of
motion sickness, identify new targets in this signaling path-
way, and testify the anti–motion sickness effects of mozavap-
tan, a V2R antagonist.

Materials and Methods
Experimental Design. We investigated whether activation of the

inner ear AVP-V2R-AQP2 signaling pathway is potentially involved in
the development of motion sickness andwhether blocking V2R ismore
effective in reducingmotion sickness.We adopted twomotion sickness
models using dogs and rats, respectively, to test the anti–motion
sickness effects of AVP V2R antagonist mozavaptan (OPC-31260).

Animals and Chemicals. Sprague-Dawley rats (b.wt. 200–220 g) of
both genders and pregnant dams were obtained from the Experimental

Animal Center of Nantong University, Nantong, China. Six male and
14 female beagle dogs (age 8.0–8.5 months, b.wt. 7.5–8.8 kg) were
purchased from Shanghai Jia-Gan Biologic Science and Technology
Co., Ltd., which was qualified and certified by the Shanghai Labora-
tory Animal Management Committee [SCXK (Hu) 2015-0005]. An
additional 12 beagle dogs (six males and six females, age 8.5–9
months, b.wt. 7.8–10.2 kg) were purchased for vestibular training
from Yangzhou Sifang Experimental Animal Technology Co., Ltd.,
which was qualified and certified by the Jiangsu Laboratory Animal
Management Committee [SCXK (Su) 2008-0006]. All procedures used
in this study were in accordance with our institutional guidelines,
which comply with the Animal Research: Reporting of In Vivo
Experiments guidelines and were approved by the Animal Care and
Use Committee of Nantong University, Nantong, China.

Adult rats were fed under 12-hour light/dark cycles (light, 08:00–20:
00 hour; darkness, 20:00–08:00 hour) at room temperature 22–24°C
with free access to standard rat chow and tap water. Beagle dogs were
housed in kennels at the Experimental Animal Center of Nantong
University. Dogs were fed under natural light/dark cycles at a tem-
perature of 16–26°C and 40%–70% relative humidity with free access
to tap water. Standard canine food was provided in the morning and
afternoon. The dogs were under the care of a licensed veterinarian.

Common inorganic salts were purchased in China. Culturemedium
was purchased from Invitrogen (Carlsbad). The following primary
antibodies were purchased: anti-V2R and monoclonal anti-GAPDH
from Merck Millipore (Temecula); monoclonal anti-b-actin from
Sigma-Aldrich (Saint Louis); anti-p-AQP2 Ser 256 from Abcam
Trading (Shanghai) Company Ltd. (China); anti-AQP2 and anti-
cytokeratin 7 from Santa Cruz Biotechnology, Inc. (Dallas); and
anti-PKA C-a, anti-p-PKA C-Thr 197, anti-CREB (48H2), and anti-
p-CREB Ser 133 from Cell Signaling Technology (Danvers). V2R
agonist desmopressin acetate (DDAVP), AVP, V2R antagonist moza-
vaptan (hydrochloride), poly-D-lysine, PKA inhibitor H89 dihydro-
chloride, cytosine b-D-arabinofuranoside, SDS, and other chemicals
except those indicated elsewhere were purchased from Sigma-Aldrich.

Motion Sickness–Provoking Rotatory Stimuli and Vestibu-
lar Training. Because they lack an emetic reflex, rats do not develop
the symptoms of nausea and vomiting. However, rats will produce
conditioned taste aversions (CTAs) after exposure to a vestibular
stimulus, which has been used as a behavioral index (“being sick”)
substitute for motion sickness in rats (Ossenkopp, 1983; Fox and
McKenna, 1988; Sutton et al., 1988; Gallo et al., 1999; Li et al., 2005).

The rotatory stimulator for use in small animals shown in our
previous study (Li et al., 2005) was manufactured according to the
report by Crampton and Lucot (1985). For the induction of CTA, rats
were rotated in the stimulator in alternating acceleration and de-
celerationmodes. The acceleration rate was 16°/s2 for 7.5 seconds with
a maximal velocity of 120°/s, and the deceleration rate was 48°/s2 for
2.5 seconds. The clockwise and counterclockwise rotations were
alternately repeated for a total time of 120 minutes. Before rotatory
stimulation, in addition to tap water, the rats were also supplied with
0.15% saccharin sodium solution (SSS) as a novel fluid for drinking for
48 hours. When the rotatory stimulation was completed, a supply of
0.15%SSSwasmaintained for 3 days. Intake volume of 0.15%SSS per
24 hours was measured. The rats with intake volume decreases less
than 10% were considered to be not susceptible to motion sickness. In
contrast, the rats with intake volume decreases more than 15% were
considered to be susceptible.

For the induction of motion sickness in beagle dogs, the animals
were rotated in the same way as with the rats. The clockwise and
counterclockwise rotations were alternately repeated until the
development of the first vomiting action. Before vomiting, saliva
dropping was seen commonly. Salivation and vomiting served as
the indices of motion sickness in the dogs. The same rotatory test
was repeated 1 week later. The latencies to salivation and vomit in
the two tests were averaged as control values. The dogs with
a vomit latency of 5–15 minutes were selected for further drug tests
and vestibular training.
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To perform the vestibular training, rats susceptible to motion
sickness identified after the above motion sickness–provoking rota-
tory stimulus (provoking test) were rotated once a day in the sameway
with the duration gradually increased from 10 to 60 minutes over
a month (10-minute increase per 5 days). For vestibular training with
the dogs, eight susceptible dogs were rotated similarly to the rats once
every 2 days for 3 months, and the rotation duration was increased
from 4 to 12 minutes with a 2-minute increase every 2 weeks.

At 1 week after the end of the vestibular training, the animals were
tested with the provoking test, and loss of CTA in the rat or
a significant extension of the vomit latency in the dog was considered
to be an acquisition of an adaption against this provoking test.

Drug Tests in the Dogs and Rats for Motion Sickness
Induced by Rotatory Stimuli. For drug tests onmotion sickness in
the dogs, 12 susceptible dogs were selected from 20 dogs, and a 6 � 6
Latin square design was used with one test every week. For example,
12 dogs were randomly allocated to six groups, including the control
group; groups receiving 0.018 and 0.036mg/kg scopolamine (a positive
control drug for anti-motion sickness); and groups receiving 0.9, 1.8,
and 3.6 mg/kg mozavaptan (an antagonist of V2R), with a total
observation time of 6 weeks. Rotatory stimulus was performed as
described above for 30 minutes or until vomiting was induced. The
drugs were orally administered 1 hour before the rotatory stimulus,
and control dogs were given an equal volume of solvent (0.2 ml/kg
normal saline).

To investigate whether the AVP V2R agonist promotes the in-
duction of motion sickness due to rotatory stimulus in the dogs, 15
beagle dogs were selected from 20 dogs and allocated to two groups
with vomiting latencies less or more than 10 minutes. In the following
3 weeks, each dog randomly received one treatment of control or 0.25
or 0.5 mg/kg DDAVP each week. Rotatory stimulus was described as
above for 30 minutes or until vomiting was induced. The V2R agonist
DDAVP was injected intramuscularly 1 hour before the rotatory
stimulus, and control dogs were given an equal volume of solvent
(0.1 ml/kg normal saline).

For the drug tests on motion sickness in rats, susceptible rats were
randomly allocated to three groups, including the control group and
groups receiving 2.5 and 5.0 mg/kg mozavaptan. Mozavaptan was
delivered via intraperitoneal injection 45 minutes before 2 hours of
rotatory stimulus, and the control rats received an equal injection
volume of solvent (2 ml/kg normal saline).

CTA Induction in the Rats via Intraperitoneal Injection of
AVP and V2R Agonist and Inhibition by V2R Antagonist. To
induce CTA in rats, AVP was intraperitoneally injected at doses of
100, 200, and 400 mg/kg. In addition to drinking water, 0.15% SSSwas
also supplied at the same time for the rats to drink for 2 days before
AVP injection and 2 days after AVP injection. Themean intake volume
of 0.15% SSS before and after AVP injection wasmeasured. To further
investigate whether the induction of CTA by AVP in rats is mediated
by V2R, a V2R agonist, DDAVP (0.45 and 0.9 mg/kg, i.p.), was used to
see whether it could also induce CTA. Similarly, the reduction in
0.15% SSS intake volume was measured after DDAVP injection.

Additionally, an antagonist of V2R, mozavaptan, was used to
determinewhether it could block the CTA-inductive effects of DDAVP.
Mozavaptan was intraperitoneally injected at doses of 3.2 and
6.4 mg/kg. Control rats were injected intraperitoneally with an equal
volume of solvent (2 ml/kg normal saline).

Middle Ear Injection through the Tympanic Membrane.
Middle ear injection of drugs through the tympanic membrane
(intratympanic injection) was performed under ether anesthesia
according to previous reports (Hunt et al., 1987; Takumida and
Anniko, 2006; Liu et al., 2016; Zou and Pyykko, 2016). Rats were
placed on a heating pad in a prone position, the tympanic membrane
was penetrated under an operating microscope at the upper edge of
the posterior upper quadrant with a 30-gauge needle, and a total of
50 ml of drug solution for each side was respectively injected into both
middle ear cavities. The animals received subsequent treatments
2 hours after the injections.

Epithelial Cell Culture of the Endolymphatic Sacs. Epithe-
lial cell culture of the endolymphatic sacs was conducted based on
other reports (Dahlmann and von During, 1995; Agrup et al., 2001;
Kumagami et al., 2009). Rat pups at 10 days after birth were used for
primary culture of the endolymphatic sac epithelial cells. After ether
anesthesia, the temporal bones from both sides were removed and
placed in a cold (4°C) endolymph-like solution containing 150mMKCl,
5 mM NaCl, 2 mM KH2PO4, 1 mM MgCl2, 3 mM glucose, 25 mM
HEPES, and 1 mg/ml of albumin. The endolymphatic sacs were
carefully isolated with the aid of a dissecting microscope. The
endolymphatic sacs were divided into small pieces, transferred to
culture dishes, and attached as explants to poly-lysine–coated cover
slips with the gentle pressure of a scalpel. The explants were cultured
for 5 days at 37°C in a humidified 5% CO2 incubator. The culture
medium used was Dulbecco’s modified Eagle’s medium with the
addition of 15% fetal calf serum, penicillin (85 IU/ml), streptomycin
(85mg/ml), and epithelial growth factor (100mg/ml). Half of the culture
medium was changed every 3 days. On day 6 in vitro, the explants
were digested with 0.125% trypsin, dispersed gently with a heat-
polished pipette, and then cultured with the above culture medium
containing Bromodeoxyuridine (0.1 mM). On day 11 in vitro, the
cultures were digested once more with 0.125% trypsin containing
EDTA∙4Na (190 mg/l; Gibco, Shanghai, China) and centrifuged at
1500 rpm for 4 minutes. The supernatants were discarded, and the
cells were resuspended with the above culture medium and seeded on
poly-lysine–coated cover slips or culture dishes. On days 15–16
in vitro, the cultured epithelial cells from the endolymphatic sac were
used for the following experiments. The cultured cells were identified
via the immunofluorescent observation of the following characteristic
markers: 1) cytokeratin-7 (a maker of epithelial cells), 2) AQP2, and 3)
V2R (Supplemental Fig. 1). A purity of .90% for the cultured
epithelial cells from the endolymphatic sacs was obtained.

Real-Time Quantitative Polymerase Chain Reaction. Rats
were decapitated under 10% chloral hydrate anesthesia (400 mg/kg,
i.p.), the temporal bones from both sides were removed and placed in
cold (4°C) PBS (0.1 M, pH 7.4), and the inner ears and endolymphatic
sacs were isolated under a dissecting microscope. The inner ears and
endolymphatic sacs or the cultured epithelial cells from the endolym-
phatic sacs were homogenized in Trizol reagent (Invitrogen), and total
RNA was purified. Potential DNA contamination was removed using
DNase and, 1 mg RNA was used for first-strand cDNA synthesis by
retrotranscription using oligo(dT) primers and the PrimeScript RT
Reagent Kit (Tiangen Biotech Co., Ltd, Beijing, China) according to
the manufacturer’s instructions. Real-time quantitative polymerase
chain reaction (qRT-PCR) was performed in a Rotor-Gene PCR
machine (RG-3000A; Corbett Research Proprietary Limited, New
South Wales, Australia), and the detailed cycling conditions were as
follows: 1) an initial denaturation step at 95°C for 5 seconds and 2) 45
cycles of a 95°C denaturation for 15 seconds, 55°C annealing for 30
seconds, and 72°C extension for 20 seconds. The amount of cDNA per
sample was determined using a SYBR Premix Ex Taq kit (Roche,
Basel, Switzerland). PCR reaction progression was assessed by
changes in the SYBR green dye fluorescence (Roche) attached to the
double-stranded DNA. All values were normalized to the housekeep-
ing gene b-actin or GAPDH. The following primer pairs were used for
qRT-PCR: 1) AQP2, forward, 59-TGAGTTCTTGGCCACGCTCCTTT-
39, and reverse, 59-ATGGAGAGGGCAGGGCTACC-39 and 2) V2R,
forward, 59-GCCACTGACCGCTTCCAT-39, and reverse, 59-CACCCC
ACTGCCATTTCC-39.

Western Blot Analysis. The inner ears and endolymphatic sacs
isolated from the rat temporal bones or the cultured epithelial cells
from the endolymphatic sacs were lysed in tissue or cell lysis buffer
containing phenylmethanesulfonyl fluoride (Beyotime, Nantong,
China), homogenized, and then centrifuged at 14,000 rpm for
20 minutes at 4°C. The protein contents of the supernatants were
determined spectrophotometrically using the bicinchoninic acid
method. Equal amounts of protein (40 mg per lane) from each sample
were loaded on a 10% SDS-PAGE, electrophoresed, and transferred
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onto polyvinyledene difluoride membranes (Merck Millipore). These
membranes were blocked in 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween-20 for 2 hours at room temperature and then
incubated overnight at 4°C with the primary antibodies against AQP2
(1:100), p-AQP2 (1:300), CREB (1:1000), p-CREB (1:1000), PKA (1:
1000), p-PKA (1:1000), V2R (1:100), b-actin (1:5000), or GAPDH (1:
5000). Finally, the membranes were incubated with a second antibody
(1:6000; Bioworld, Nanjing, China) conjugated with horseradish
peroxidase for 2 hours at room temperature, and the immunoreactive
bands were visualized by enhanced chemiluminescent agents (Pierce
Biotechnology, Rockford) and captured using a Tanon 5200 multi
system (Tanon, Shanghai, China). Expression level of each protein

was quantified using Image-J analysis software and normalized to the
b-actin, CREB, or GAPDH value in the same lane. The same samples
were repeatedly analyzed at least two times.

Immunofluorescent Observations. Rats were anesthetized
with 10% chloral hydrate (400mg/kg, i.p.) and perfused transcardially
with 200ml of normal saline containing sodium heparin (2000 IU) and
subsequently 500 ml of 4% paraformaldehyde in PBS (0.1 M, pH 7.4).
The temporal bones were then isolated, postfixed in 4% paraformal-
dehyde for 12 hours, and immersed in decalcification solution
containing 0.2 M EDTA-Na2 at 37°C for 28 days. After dehydration
with ethanol, the tissues were embedded in paraffin. Paraffin-
embedded tissueswere then sectioned at 5-mmthickness andmounted

Fig. 1. Induction of CTA, elevated plasma AVP levels, and activation of the V2R-AQP2 pathway in rat inner ear after rotatory stimulus. (A) Intake of
0.15% saccharin solution over five consecutive days by control rats without rotatory stimulus (n = 12). (B) Intake of 0.15% saccharin solution by rats
before and after rotatory stimulus (n = 12). (C) Changes in plasma AVP levels (n = 12). (D) Changes in cAMP contents (n = 8). (E)Western blot analysis for
active PKA subunit and p-PKA. (F and G) Mean values for active PKA and p-PKA expression (n = 8). (H) Western blot analysis for p-AQP2 and V2R. (I)
Mean values for p-AQP2 expression (n = 8). (J) Mean values for AQP2 mRNA levels measured by qRT-PCR (n = 8). (K) Mean values for AQP2 expression
measured by ELISA (n = 8). (L) Changes in V2R mRNA expression measured by qRT-PCR (n = 8) and V2R protein measured by Western blot analysis
(n = 8). *P , 0.05; **P , 0.01. ctl., control.
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on slides. Prior to immunostaining, selected paraffin sections were
dewaxed using xylenes. The sections were quenched in a 3% hydrogen
peroxide methanol solution, pretreated to promote antigen retrieval
through steaming with citrate buffer solution (pH 6.0, 95°C), and
incubated with 5% normal goat serum for 1 hour and then with
primary antibodies at different dilutions overnight at 4°C. The
cultured epithelial cells from the endolymphatic sacs were fixed with
4% paraformaldehyde at room temperature for 15 minutes and then
incubated with precooled methanol at 220°C for 8 minutes. After
incubation with 10% bull serum albumin for 1 hour, the cells were
incubated with primary antibodies at different dilutions overnight at
4°C. Simultaneously, a negative control was performed without each
primary antibody. For immunofluorescent observation of the target
molecule distribution in the inner ears or their expression in cultured
endolymphatic sac epithelial cells, tissue sections or cultured cells
were incubated with donkey anti-rabbit Alexa-488, donkey anti-mouse
Alexa-594, or donkey anti-rabbit Alexa-647 secondary antibodies (1:
1000; Jackson, West Grove) for 1–2 hours at room temperature. The
immunostained images were collected using a laser confocalmicroscope
(TCS SP8; Leica Microsystems, Wetzlar, Germany) at room tempera-
ture and processed with the software LASX 2.0.

ELISA. Blood was obtained within 30 minutes after the end of
rotatory stimulus from the cephalic vein of the anterior legs of dogs
and at different times after rotation from the left ventricle of rats
under 10% chloral hydrate anesthesia (400mg/kg, i.p.). Blood samples
(2 ml of each) from rats and dogs were all placed in test tubes
containing 200 mg of dried sodium heparin, shaken gently, and
centrifuged at 4000 rpm at 4°C for 5 minutes. The inner ears and
endolymphatic sacs were isolated from the rat temporal bones under
a dissecting microscope and homogenized in tissue lysis buffer (4°C).
The cultured endolymphatic sac epithelial cells were isolated and
homogenized in 0.1 M of HCl/cell lysis buffer (1:5, 4°C). The homoge-
nized tissues or cells were centrifuged at 4°C and 14,000 rpm for
15 minutes. The supernatants were then collected. All of these samples
were frozen and stored at 280°C for subsequent analyses. The AVP,
cAMP, and AQP2 contents were assayed in duplicate using an AVP
assay kit (R&D Systems, Minneapolis), a cAMP assay kit (R&D
Systems), and an AQP2 assay kit (CUSABIO, Baltimore), respectively,
according to the manufacturers’ guidelines.

Statistical Analysis. All data are presented as themean6S.E.M.
After the homogeneity of variance test, Student’s t test was used for
the comparison of two groups, two-way ANOVA was used for the
comparison of data from Latin design experiments, and one-way
ANOVA was used for the comparison of data from the other exprei-
ments with three or more groups, with the least significant difference
test for post hoc comparisons between two groups. Differences were
considered statistically significant at a level of P , 0.05.

Results
Rotatory Stimuli Induce CTA and Increase Plasma

AVP Levels in Rats and Change V2R-AQP2 Pathway
Signaling in the Inner Ear. The intake of 0.15% saccharin
sodium solution was not changed in rats over 5 days without
rotatory stimulus (Fig. 1A) but decreased in rats in the 3days after
rotation (Fig. 1B). Plasma AVP levels were immediately elevated
after rotation and then gradually recovered to basal levels in
6 hours (Fig. 1C). Meanwhile, the cAMP contents at 15 minutes
after rotation and the levels of active PKA subunit (PKAC-a) and
phosphorylated PKA (p-PKA C-Thr 197) 1 hour after rotation
increased in the inner ears (Fig. 1, D–G). Phosphorylated AQP2
(p-AQP2 Ser 256) levels were elevated at 1 hour after rotation
(Fig. 1, H and I), whereas at the same time, AQP2 expression
increased and was sustained for 3 hours after rotation (Fig. 1, J
and K). However, the expression of vasopressin V2R was
temporarily reduced 1 hour after rotation (Fig. 1L).

Immunofluorescent staining revealed that AQP2 was dis-
tributed in the rat inner ear structures with stronger expres-
sion in the basolateral membrane of basal cells of the vascular
stria and in the hair cells of the utricle macula and ampullary
crest (Fig. 2A). The expression of AQP2 in Reissner’s mem-
brane and the semicircular canal was much weaker and
disperse (Fig. 2A). AQP2 expression in these structures was
elevated 1 hour after rotatory stimulus in the rats (Fig. 2B).
Intraperitoneal Injection of AVP also Induces CTA in

the Rats and Changes V2R-AQP2 Pathway Signaling in
the Inner Ear. As shown in Fig. 3A, intraperitoneal injection
of AVP dose dependently induced a reduction of 0.15% SSS
intake, indicating that CTA could be evoked by AVP. After
AVP injection, the cAMP contents in rat inner ears were
elevated after 15 minutes (Fig. 3B), and the levels of PKA C-a
and p-PKA C-Thr 197 were also increased in 1 hour (Fig. 3,
C–E). The p-AQP2 Ser 256 andAQP2 levels were also elevated
after AVP injection (Fig. 3, F–J). The increase in the levels of
p-AQP2 and AQP2 was most prominent at 1 hour after AVP

Fig. 2. AQP2 distribution in rat inner ear structures and changes after
rotatory stimulus and systemic AVP treatment. (A) A control rat. (B) A rat
after rotatory stimulus. (C) A rat after systemic AVP treatment. *,
indication of the endolymph side. Blue, DAPI; Green, AQP2. Scale bar, 25
mm.
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injection, and both of them gradually recovered to control
levels within 6–12 hours after AVP treatment. However, the
expression of vasopressin V2R was reactively downregulated
at 1–3 hours after AVP injection (Fig. 3, H, K, and L).
Immunofluorescent observations revealed that AQP2 expres-
sion in the inner ear structures, including the vascular stria,
utricle macula, ampullary crest, Reissner’s membrane, and
semicircular canal, was markedly elevated 1 hour after the
systemic treatment of rats with AVP (Fig. 2C).
AVP Perfusion Changes V2R-AQP2 Pathway

Signaling in Cultured Epithelial Cells from Rat

Endolymphatic Sacs. Similar to the results obtained in
the in vivo experiments after AVP injection, in vitro treatment
of cultured epithelial cells from rat endolymphatic sacs with
AVP also induced increases in PKA C-a, p-AQP2 Ser 256,
AQP2, and p-CREB Ser 133 levels (Fig. 4, A–H), whereas the
expression of V2R was reactively downregulated 1–3 hours
after AVP treatment (Fig. 4I). Immunofluorescent observations
1 hour after AVP treatment also showed an increase in PKA C-
a, p-AQP2 Ser 256, and AQP2 levels; and high nuclear
expression of p-CREB Ser 133 and membrane redistribution
of AQP2 were also evident (Fig. 4J).

Fig. 3. Induction of CTA in the rats and changes in V2R-AQP2 signaling in the inner ear after systemic AVP treatment. (A) Intake of 0.15% saccharin
solution by the rats before and after AVP treatment (n = 12). (B) Changes in cAMP contents (n = 8). (C and D) Mean values for active PKA and p-PKA
expression (n = 8). (E) Western blot analysis for active PKA and p-PKA. (F) Mean values for p-AQP2 expression (n = 8). (G) Mean values for AQP2mRNA
levels measured by qRT-PCR (n = 8). (H) Western blot analysis for p-AQP2, AQP2, and V2R. (I and J) Mean values for AQP2 expression measured by
Western blot analysis and ELISA, respectively (n = 8). (K and L) Mean values for V2R expression measured by qRT-PCR and Western blot analysis,
respectively (n = 8). *P , 0.05; **P , 0.01. ctl., control.
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Vestibular Training Reduces Changes in V2R-AQP2
Pathway Signaling in the Inner Ear and Inhibits CTA
in Rats after Rotatory Stimulus. Amelioration of condi-
tioned taste aversionwas revealed by an increase in the intake
of 0.15% SSS after rotatory stimulus in trained rats compared

with untrained rats (Fig. 5A). Meanwhile, the initial rotatory
stimulus–induced increase in the expression of p-AQP2 Ser
256, AQP2, and p-CREB Ser 133 (Fig. 5, B–F) and decrease in
the expression of V2R (Fig. 5, G–I) in untrained rats were
remarkably blunted in the trained rats.

Fig. 4. Changes in V2R-AQP2 pathway signaling in cultured epithelial cells from rat endolymphatic sacs after AVP perfusion. (A) Western blot analysis
for active PKA, p-CREB, and CREB. (B) Mean values for active PKA expression (n = 6). (C) Mean values for p-AQP2 expression (n = 6). (D) Western blot
analysis for p-AQP2, AQP2, and V2R. (E) Mean values for p-CREB and CREB expression (n = 6). (F) Mean values for AQP2 mRNA levels measured by
qRT-PCR (n = 6). (G and H) Mean values for AQP2 expression measured by Western blot analysis and ELISA, respectively (n = 6). (I) Mean values for
V2R expression measured by qRT-PCR and Western blot analysis, respectively (n = 6). (J) Immunofluorescent images of active PKA, p-CREB, p-AQP2,
and AQP2 expression in cultured epithelial cells from rat endolymphatic sacs with or without 1 hour of AVP perfusion. *P , 0.05; **P , 0.01.
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Mozavaptan Blunts Changes in V2R-AQP2 Pathway
Signaling in the Inner Ear and Inhibits CTA in Rats
after Rotatory Stimulus. Similar to vestibular training,
when the rats were pretreated with the V2R antagonist
mozavaptan, conditioned taste aversion was also ameliorated
by an increase in the intake of 0.15% SSS after rotatory
stimulus compared with vehicle rats (Fig. 6A). Moreover, the
initial rotatory stimulus–induced increase in cAMP, PKAC-a,
p-AQP2 Ser 256, AQP2, and p-CREB Ser 133 levels was
significantly reduced after mozavaptan pretreatment (Fig. 6,
B–I).
Mozavaptan Blunts Changes in V2R-AQP2 Pathway

Signaling in Cultured Epithelial Cells from Rat Endo-
lymphatic Sacs after AVP Perfusion. Identical to the
in vivo experiments using the V2R antagonist in the rotatory
test, when cultured epithelial cells from rat endolymphatic
sacs were pretreated with the V2R antagonist mozavaptan,
the AVP-induced increase in cAMP, PKA C-a, p-AQP2 Ser
256, AQP2, and p-CREB Ser 133 levels (Fig. 7, A–G) and the
reactive decrease in the expression of V2R (Fig. 7H) were all
blunted, whereas mozavaptan itself did not obviously in-
fluence these variables (Fig. 7, A–H).
PKA Inhibitor Blunts the Influence of AVP on

p-CREB, AQP2, and p-AQP2 in Cultured Epithelial
Cells from Rat Endolymphatic Sacs. To identify whether
the effects of rotatory stimuli and AVP on the variables in
the V2R-AQP2 signaling pathway were mediated by PKA, we

used the PKA inhibitor H89. H89 dose dependently blunted
AVP-induced increases in AQP2 expression and AQP2 and
CREB phosphorylation levels (p-AQP2 Ser 256 and p-CREB
Ser 133), whereas H89 itself did not exert any significant
influences on these variables (Fig. 7, I–L).
Rotatory Stimulus Induces Motion Sickness and

Increased Plasma AVP Levels, but Both are Inhibited
in Dogs after Vestibular Training. Mozavaptan
Reduces, whereas the V2R Agonist Promotes, Motion
Sickness in Both Dogs and Rats. We also observed the
effects of vestibular training and mozavaptan in dogs to
further verify the above experiments in rats. We found an
increase in plasma AVP levels after the rotatory test (Fig. 8B);
however, vestibular training reduced the rotatory tes-
t–induced increase in AVP levels (Fig. 8B), extended the
vomiting latency (Fig. 8A), and increased the base plasma
AVP levels to some extent (Fig. 8B). Moreover, the V2R
antagonist mozavaptan extended the salivation and vomiting
latencies in dogs in a dose-dependentmanner (Fig. 8, C andD).
These results were similar to the anti–motion sickness effects
of scopolamine, a positive anti–motion sickness drug, and
were consistent with the anti–motion sickness results ob-
served in rats after mozavaptan treatment. In contrast,
treatment with the V2R agonist DDAVP before the rotatory
test shortened salivation and vomiting latencies in both
susceptible and insusceptible dogs in a dose-dependent man-
ner (Fig. 8, E and F). Moreover, identical to the actions of

Fig. 5. Changes in V2R-AQP2 pathway signaling in the inner ear and inhibition of rotatory stimulus–induced CTA in rats after vestibular training. (A)
Changes in the intake of 0.15% saccharin solution by rats with or without vestibular training (n = 7). (B) Mean values for p-AQP2 expression (n = 6). (C)
Mean values for p-CREB expression (/CREB, n = 6). (D) Western blot analysis for p-AQP2, CREB, and p-CREB. (E and F) Mean values for AQP2
expression measured by qRT-PCR and ELISA, respectively (n = 6). (G) Mean values for V2R mRNA levels measured by qRT-PCR (n = 6). (H) Western
blot analysis for V2R. (I) Mean values for V2R expression (n = 6). *P , 0.05; **P , 0.01. ctl., control; post-rot., postrotation.
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DDAVP in dogs, treatment of rats with DDAVP induced
a conditioned taste aversion to 0.15% SSS (Fig. 8G), which is
a confirmed behavioral index for motion sickness (Fig. 8G).
However, mozavaptan dose dependently blunted the motion
sickness–induced effects of DDAVP in rats after intraperito-
neal and intratympanic injections, respectively (Fig. 8H).

Discussion
The present study first identified that rotatory stimuli, or

AVP, activates the inner ear V2R-cAMP-PKA pathway. We
also found that AVP treatment of cultured epithelial cells from
the endolymphatic sac also activated the V2R-cAMP-PKA
pathway and facilitated membrane distribution of AQP2.
However, treatment with the V2R antagonist mozavaptan
blunted rotatory stimulus– and AVP-induced conditioned
taste aversion, a sign of motion sickness in rats. In addition,
mozavaptan reduced the changes in the V2R-PKA-AQP2
signaling pathway both in the inner ear of rats after rotatory
stimulus and in cultured epithelial cells from rat endolym-
phatic sacs after AVP perfusion. Similar to the rotatory
stimulus and systemic AVP treatment, systemic and intra-
tympanic treatments with the V2R agonist DDAVP also
promoted the development of motion sickness in both dogs
and rats, suggesting an involvement of inner ear V2R in the
development of motion sickness.
The rotatory stimulus–induced increase in cAMP-PKA-

AQP2 signaling in the inner ear might be related to the
increase in plasmaAVP concentrations.We found that plasma

AVP concentrations were elevated in dogs and rats after
rotatory stimulus and that vestibular training inhibited the
increase in plasma AVP concentrations in both dogs and rats
and blunted the increase in the V2R-PKA-AQP2 signaling in
the rat inner ear. Therefore, the present results suggest that
AVP activation of the V2R-PKA-AQP2 pathway in the inner
ear is potentially involved in the induction of motion sickness
and that V2Rmay serve as a new target for the development of
anti–motion sickness drugs.
Because there is a CREB binding site in the promoter region

of the AQP2 gene (Matsumura et al., 1997; Yu et al., 2009),
increased CREB phosphorylation in the nucleus after AVP
treatment or the increase in plasma AVP levels will induce
AQP2 gene transcription and elevate AQP2 expression in
kidney collecting duct principal cells, as determined by pre-
vious studies (Moeller and Fenton, 2012; Wilson et al., 2013).
In the present study, we found that p-CREB Ser 133 levels
were elevated in cultured epithelial cells from the endolym-
phatic sac after AVP perfusion. Therefore, the increasedAQP2
expression in the inner ears after rotatory stimulus or AVP
injection into the rats could be attributed at least partly to
AVP-V2R-cAMP-PKA-CREB pathway activity because inhib-
iting PKA with H89 reduced the levels of p-AQP2, p-CREB,
and AQP2.
Additionally, we noted in our experiments that both V2R

mRNA and protein expression levels were temporally reduced
after rotatory stimulus and AVP treatment. This is a potential
protective responsive expression downregulation that was
also observed after AVP treatment in the kidney and in the

Fig. 6. Changes in V2R-AQP2 pathway signaling in the inner ear and inhibition of rotatory stimulus–induced CTA in rats after systemic treatment with
the V2R antagonist. (A) Changes in the intake of 0.15% saccharin solution by rats after the systemic treatment with mozavaptan (OPC-31260), a V2R
antagonist (n = 10). (B) Changes in cAMP contents (n = 8). (C) Mean values for AQP2 expression measured by ELISA (n = 8). (D–F) Western blot analysis
for active PKA, p-AQP2, CREB, and p-CREB. (G–I) Mean values for active PKA, p-AQP2, and p-CREB expression, respectively (n = 8). *P , 0.05;
**P , 0.01.
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inner ear by other researchers (Terashima et al., 1998; Kitano
et al., 1999; Saito et al., 2001).
The effects of AVP that we observed in the V2R-PKA-AQP2

pathway in the inner ear are similar to those in renal cells
(Nielsen et al., 2002; Wilson et al., 2013; Pearce et al., 2015).
AVP plays an important role in renal water reabsorption by
regulating the membrane insertion and abundance of AQP2,
which is primarily mediated by V2R (Moeller and Fenton, 2012).
AQP2has to be phosphorylated for its steady-state localization in
themembrane (Kamsteeg et al., 2000;Moeller andFenton, 2012).
In the inner ear, AQP2 is found in membrane structures,

including the vascular stria, endolymphatic sac, Reissner’s
membrane, and Corti’s organ (Kumagami et al., 1998; Mhatre
et al., 2002; Taguchi et al., 2007; Nishioka et al., 2010;
Eckhard et al., 2012; Takumida et al., 2012). The AQP2
protein is expressed on the basal side of the basal cells from
the vascular stria, whereas V2Rs are expressed on the apical
side of the basal cells (Nishioka et al., 2010; Takumida et al.,
2012). AQP2 is also coexpressedwith V2R on epithelial cells in
the endolymphatic sac (Kumagami et al., 1998; Taguchi et al.,
2007; Takumida et al., 2012). We also found the AQP2
distribution in thesemembrane structures and V2R expression

Fig. 7. Inhibition of AVP-induced changes in V2R-AQP2 pathway signaling in cultured epithelial cells from rat endolymphatic sacs after perfusion with
the V2R antagonist and PKA inhibitor. (A) Changes in cAMP contents (n = 6). (B) Western blot analysis for active PKA, CREB, and p-CREB. (C) Mean
values for active PKA expression (n = 6). (D) Mean values for p-CREB expression (/CREB, n = 6). (E) Western blot analysis for AQP2, p-AQP2, and V2R.
(F and G) Mean values for p-AQP2 and AQP2 expression, respectively (n = 6). (H) Mean values for V2R expression (n = 6). (I) Western blot analysis for
AQP2, p-AQP2, CREB, and p-CREB expression in the presence of AVP and H89, a PKA inhibitor. (J–L) Mean values for p-AQP2, p-CREB, and AQP2
expression in the presence of AVP and H89 (n = 6). *P , 0.05; **P , 0.01.
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in the inner ear and endolymphatic sac in the present study.
Similar to the effects of AQP2 in the kidney, many reports
suggest that AQP2 is also involved in the inner ear fluid
homeostasis via V2R-mediated regulation of AVP (Kumagami
et al., 1998; Mhatre et al., 2002; Sawada et al., 2002; Taguchi
et al., 2007; Nishimura et al., 2009a; Nishioka et al., 2010;
Eckhard et al., 2012; Takumida et al., 2012). For example,
studies on the localization of AQP2 to the basal side of basal
cells together with other AQPs and other functional proteins
in the vascular stria suggest that AVP-AQP2–mediated water
transport might work actively in basal cells from the peri-
lymph toward endolymph, potentially helping form the endo-
lymph (Nishimura et al., 2009a; Nishioka et al., 2010). In
contrast, the localization of AQP2 on epithelial cells in the
endolymphatic sac also implied that AQP2 may participate in
the regulation of endolymph volume (Kumagami et al., 1998;
Taguchi et al., 2007; Eckhard et al., 2012; Takumida et al.,
2012). Studies by Kakigi et al. (2009) and Nishimura et al.
(2009b) indicated that the endolymphatic sac may have both
secretary and adsorptive functions in maintaining endolymph
homeostasis.
Gu et al. (2006) found an increase in AQP2 mRNA

expression in the rat inner ear after intraperitoneal injection
of AVP. Sawada et al. (2002) also found that AQP2 mRNA

levels in the cochlea and endolymphatic sac were significantly
elevated in rats after intraperitoneal injection of AVP. The
results from the present study are consistent with these two
reports. Beitz et al. (2003) considered that the physiologic
function of the vasopressin effect might be an effective short-
term protection on the endolymph volume during periods of
hypovolemia to maintain normal hearing and balance percep-
tion. In general, activation of the V2R-PKA-AQP2 pathway in
the inner ear and the resulting increase in AQP2 expression
and translocation after phosphorylation promotes the pro-
duction and reduces the resorption of endolymph. However,
whenAVP levels are pathologically increased over a prolonged
period of time, this will overactivate the V2R-PKA-AQP2
pathway in the inner ear, which ultimately leads to enlarge-
ment of the intrastrial space (Nishimura et al., 2009a)
followed by endolymphatic hydrops (Naftalin, 2001; Beitz
et al., 2003; Egami et al., 2013) and abnormal vestibular
sensation (Takeda et al., 1995, 2003, 2010; Maekawa et al.,
2010).
Rotatory stimulus–induced activation of the V2R-AQP2

system in the inner ear of rats followed by increased plasma
AVP levels was identical to that observed in rats after
systemic AVP application and in cultured epithelial cells from
the endolymphatic sac after in vitro perfusion of AVP in the

Fig. 8. Reduction in rotatory stimulus–induced motion sickness and plasma AVP elevation after vestibular training and V2R antagonist treatment in
dogs and the promotion of motion sickness by the V2R agonist in both dogs and rats. (A) Vomiting latency in dogs during rotatory stimulus (n = 8). (B)
Changes in AVP plasma levels in dogs (n = 8). (C and D) Salivation and vomiting latencies in dogs during rotatory stimulus after mozavaptan (OPC-
31260) and scopolamine treatments (n = 12). (E and F) Salivation and vomiting latencies in dogs during rotatory stimulus after intramuscular treatment
with DDAVP (n = 11 for susceptible group, n = 4 for insusceptible group). (G) Changes in the intake of 0.15% saccharin solution by rats after systemic
treatment with DDAVP (n = 12). (H) Inhibition by mozavaptan (OPC-31260), an AVP V2R antagonist, on CTA induced with DDAVP in rats after
systemic and intratympanic uses (n = 10). *P , 0.05; **P , 0.01. Ctl., control; Scopol., scopolamine.
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present study. These results were somewhat consistent with
studies in animals with experimental endolymphatic hydrops
and in patients with Meniere disease, suggesting that motion
sickness may have, at least in part, commonmechanisms with
Meniere disease. Thus, AVP may play a role in the inner ear
via V2R mediation to interfere with the endolymph equilib-
rium after rotatory stimulation.
Egami et al. (2013) found that administration of DDAVP,

a V2R agonist, exacerbated endolymphatic hydrops induced
by electrocauterization surgery of the endolymphatic sac in
guinea pig and caused temporary vestibular abnormalities
that are similar to the vertiginous attacks in patients with
Meniere disease. In contrast, Maekawa et al. (2010) found that
treatment with mozavaptan, a V2R antagonist, blocked AVP-
induced AQP2 translocation in cultured tissues from human
endolymphatic sacs. Egami et al. (2016) reported that the
systemic application of a low dose of OPC-41061 (tolvaptan),
another V2R antagonist, and topical application of this
antagonist reduced experimentally induced endolymphatic
hydrops. Reports by Takeda et al. revealed that treatment
with mozavaptan reduced endolymphatic hydrops induced by
surgical obliteration of the endolymphatic duct (Takeda et al.,
2006) and by electrocauterization surgery of the endolym-
phatic sac (Takeda et al., 2003), whereas it decreased AQP2
mRNA levels in both the cochlea and endolymphatic sac
(Takeda et al., 2003). In the present study, systemic or
intratympanic treatment with the V2R agonist DDAVP pro-
moted the development of motion sickness, whereas the V2R
antagonist mozavaptan reduced rotatory stimulus– and AVP-
induced motion sickness and inhibited the activation of the
V2R-PKA-AQP2 pathway in the inner ear in rats after
rotatory stimulus and in cultured epithelial cells from rat
endolymphatic sacs after AVP perfusion. Thus, blocking V2R
with an antagonist is expected to inhibit the effects of AVP in
the inner ear and prevent endolymph equilibrium imbalance,
demonstrating that this may become a useful strategy for
preventing motion sickness. V2Rs have been found to be
distributed mainly in the kidney, inner ear, vascular endo-
thelium, smooth muscle, and some glands (Juul et al., 2014);
therefore, targeting this relatively locally distributed receptor
with V2R antagonists to prevent motion sickness is advanta-
geous to avoid undesirable CNS side effects of the
existing drugs.
In conclusion, the present study further documents the role

of AVP in motion sickness. The study suggests that, besides
central vasopressin receptor 1, as reported previously, periph-
eral, inner ear V2R is also involved. Mozavaptan, a V2R
antagonist, improves symptoms in animal models of the
disease. V2R antagonism is a potential therapeutic approach
in motion sickness.
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