12 N. Mizuno et al. / European Journal of Pharmacology 677 (2012) 5-14

A B
200 | 3HA-A, receptor

200 HA-TPo receptor

C

200 | 3HA-A, receptor

180 180 180 ' /HA-TPo receptor
160 160 _ 160 K
S 140 S 140 S 140
£ 120 £ 120 E 120
= 100 M = 100 - 10?)
aQ 80 Q 80 Q 8
S 60 1 8 60 1 S 60
= 40 U46619 = 40 = 40

20 201 U46619 20 U46619

0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (sec) Time (sec) Time (sec)

D E F

%gg 3HA-A, receptor ?gg HA-TPo, receptor fgg 3HA-A, receptor
160 160 160 /HA-TPo receptor
% 140 = 140 % 140
£ 120 E 120 g 120
= 100 E — 100
~ 80 L 80 & 80
S S 60 e Y B w0l

40 ) 40 T = ap T

28 CPA 20 CPA 20 CPA

0 0-
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (sec) Time (sec) Time (sec)

G H |

%gg 3HA-A, receptor fgg HA-TPa receptor %gg 3HA-A, receptor
160 160 __ 160 - /HA-TPo receptor

140 = 140 S 140
£ 120 E 120 2 120
7 100 T 100 ) 100 +
% 80 4 % 80 - &80
O 60 O 60 O 60

40 40 - i 40 1

28 | U46619 + CPA 28 U46619 + CPA 28 _ U46619 + CPA

0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (sec) Time (sec) Time (sec)

Fig. 7. Mobilization of Ca® * evoked by the indicated agents in HEK293T cells transfected with the adenosine A, receptor and/or TP« receptor. Cells were transfected with 3HA-A,
receptor and G (A, D, G), HA-TPw receptor and G, (B, E, H), and 3HA-A, receptor/HA-TP« receptor and Gy, (C, F, 1). Cells were loaded with fura 2-AM and stimulated with the fol-
lowing agents at the times indicated by the arrows: (A, B, C) 1 uM U46619; (D, E, F) 1 uM CPA; (G, H, I); 1 1M U46619 and 1 M CPA. The results are representative of two similar

experiments.

notable effect of both agonists. Previously, heterodimerization be-
tween TP« and prostaglandin [, receptors in HEK293T cells cotrans-
fected with both receptors facilitated TP« receptor-mediated cyclic
AMP generation (Wilson et al., 2004).

Stimulation of the adenosine A; receptor activates ERK1/2 phos-
phorylation via G;-derived [>y subunits (Dickenson et al., 1998).
ERK1/2 was activated not only by {>y subunits but also by G,, G, and
Gy2,13 pathways (Honma et al., 2006; Nakahata, 2008; Norum et al.,
2003). Therefore, both adenosine A; and TP« receptors could individ-
ually activate ERK1/2 via various pathways. We examined whether
adenosine A, receptor/TP« receptor-coexpression affects ERK1/2
activation, and found that costimulation with both receptor agonists
induced the synergistic, not additive, activation of ERK1/2 in adeno-
sine A; receptor/TPa receptor-coexpressing cells as compared with
the results obtained in adenosine A; receptor or TP« receptor
alone-expressing cells. This suggests that the formation of hetero-
oligomers between adenosine A; and TP« receptors could alter
receptor functions. In addition, in adenosine A, receptor and TP«
receptor-coexpressing cells, stimulation with the adenosine A, recep-
tor agonist or TPax receptor agonist did not induce synergistic activa-
tion of ERK1/2. Namely, costimulation with both these receptor
agonists on receptor-coexpressing cells was needed for the synergis-
tic activation of ERK1/2. In adenosine A, receptor/TPa receptor-
coexpressing cells, each concentration of U46619 in combination
with 1pM and 0.1 uM CPA induced greater ERK1/2 activation than

the combination including 1 nM CPA. And the synergistic facilitation
of ERK1/2 activation was significantly suppressed by DPCPX, but not
by SQ29548. These results suggest that the stimulation of adenosine
A, receptors is important in this synergistic facilitation in receptor-
coexpressing cells. Also, inhibition of G; and G, by PTX and
YM-254890 suppressed ERK1/2 activation induced by costimulation
with both agonists as well as the suppression by DPCPX. The synergis-
tic ERK1/2 activation induced by both agonists in these receptor-
coexpressing cells may have diverse pathways including G; and G,
Although we found that the adenosine A, receptor and TP« receptor
form a heterooligomer, and that their ligands synergized the produc-
tion of cAMP and the activation of ERK1/2, we could not demonstrate
that the synergism was caused by the receptor heterooligomerization.
The possibility that the synergism might be induced by interaction of
different types of G protein coupled to these receptors was not de-
nied. Further exploration is needed to clarify the precise molecular
mechanism in detail.

In conclusion, we showed that the adenosine A; receptor and TP«
receptor formed a hetero-oligomer in HEK293T cells. Furthermore,
the coexpression of these receptors affected receptor signal re-
sponses. Namely, the accumulation of cyclic AMP and activation of
ERK1/2 were markedly enhanced by costimulation especially with
different concentrations of both receptor agonists in coexpressing
cells as compared with that in cells expressing either of these recep-
tors alone. Many neurotransmitters are released from presynaptic
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Fig. 8. Mobilization of Ca* ~ evoked by indicated agonists and antagonists in HEK293T cells transfected with the adenosine A, receptor and/or TP« receptor. Cells were transfected
with the 3HA-adenosine A, receptor and G, (A, D), HA-TPa receptor and G, (B, E), 3HA-adenosine A, receptor/HA-TP receptor and Gy (C,F). Cells were loaded with fura 2-AM and
stimulated with the following agents at the times indicated by the arrows: (A, B, C) 3 M SQ29548 and costimulated 1 uM U46619 and 1 M CPA; (D, E, F) 10 UM DPCPX, 1 pM

U46619 and 1 M CPA. The results were representative of two similar experiments.

regions simultaneously. Currently, many drugs are developed on the
assumption that G protein-coupled receptor functions as a monomer-
ic form. If G protein-coupled receptor forms an oligomer under
certain pathological conditions, targeting of the oligomer may expand
the potential for drug discovery. The present results suggest the reg-
ulation of signal transduction via G protein-coupled receptor
heterodimers with different concentrations of neurotransmitters.
The physiological role of G protein-coupled receptor oligomerization
is still not fully understood. To identify the cells which have the re-
ceptor hetero-oligomerized of adenosine A, and prostanoid TPx re-
ceptors would be required to clarify the physiological roles.
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Cochlear hair cells convert sound vibration into electrical potential,
and loss of these cells diminishes auditory function. In response to
mechanical stimuli, piezoelectric materials generate electricity,
suggesting that they could be used in place of hair cells to create
an artificial cochlear epithelium. Here, we report that a piezoelec-
tric membrane generated electrical potentials in response to sound
stimuli that were able to induce auditory brainstem responses in
deafened guinea pigs, indicating its capacity to mimic basilar
membrane function. In addition, sound stimuli were transmitted
through the external auditory canal to a piezoelectric membrane
implanted in the cochlea, inducing it to vibrate. The application of
sound to the middle ear ossicle induced voltage output from the
implanted piezoelectric membrane. These findings establish the
fundamental principles for the development of hearing devices
using piezoelectric materials, although there are many problems
to be overcome before practical application.

cochlear implant | hearing loss | mechanoelectrical transduction |
traveling wave | regeneration

he cochlea is responsible for auditory signal transduction in the
auditory system. It responds to sound-induced vibrations and
converts these mechanical signals into electrical impulses, which
stimulate the auditory primary neurons. The human cochlea
operates over a three-decade frequency band from 20 Hz to 20
kHz, covers a 120-dB dynamic range, and can distinguish tones that
differ by <0.5% in frequency (1). It is relatively small, occupying
avolume of <1 cm?, and it requires ~14 pW power to function 2).
The mammalian ear is composed of three parts: the outer,
middle, and inner ears (Fig. 14) (3). The outer ear collects sound
and funnels it through the external auditory canal to the tympanic
membrane. The cochlea consists of three compartments: scala
vestibuli and scala tympani, which are filled with perilymph fluid,
and scala media, which is filled with endolymph fluid (Fig. 1C).
The scala vestibuli and scala tympani form a continuous duct that
opens onto the middle ear through the oval and round windows.
The stapes, an ossicle in the middle ear, is directly coupled to the
oval window. Sound vibration is transmitted from the ossicles to
the cochlear fluids through the oval window as a pressure wave that
travels from the base to the apex of the scala vestibuli through
the scala tympani and finally to the round window (Fig. 1B). The
scala media are membranous ducts that are separated from the
scala vestibuli by Reissner’s membrane and separated from the scala
tympani by the basilar membrane. The pressure wave propagated
by the vibration of the stapes footplate causes oscillatory motion of
the basilar membrane, where the organ of Corti is located. The
organ of Corti contains the sensory cells of the auditory system;
they are known as hair cells, because tufts of stereocilia protrude
from their apical surfaces (Fig. 1D). The oscillatory motion of the
basilar membrane results in the shear motion of the stereociliary
bundle of hair cells, resulting in depolarization of hair cells.
The cochlea amplifies and filters sound vibration by means of
structural elements, especially the basilar membrane, and through

18390-18395 | PNAS | November 8, 2011 | vol. 108 | no. 45

an energy-dependent active process of fine-tuning that is largely
dependent on the function of the outer hair cells. The location of
the largest vibration in the basilar membrane depends on the
frequency of the traveling wave (Fig. 1E) (4, 5). The width,
thickness, and stiffness of the basilar membrane vary along the
length of the cochlear spiral. Because of this variation in me-
chanical impedance, high-frequency sounds amplify the motion of
the basilar membrane near the base of the cochlea, whereas low-
frequency sounds amplify its motion near the apex (Fig. 1E). Hair
cells within a frequency-specific region are selectively stimulated
by basilar membrane vibration according to the traveling wave
theory. The mechanical filtering of sound frequency by structural
elements of the cochlea allows it to function as a highly sophis-
ticated sensor. Additional details of cochlear macro- and micro-
mechanics can be found in the review by Patuzzi (6).

Both inner and outer hair cells are arranged in four rows along
the entire length of the cochlear coil (Fig. 1D). The single row of
inner hair cells plays a central role in transmission of sound stimuli
to the auditory primary neurons, whereas the three rows of outer
hair cells amplify and filter sound vibration. The outer hair cells are
capable of somatic electromotility driven by the molecular motor
protein prestin, which is located in the outer hair cell membrane
(7). The electromotility of outer hair cells contributes to the fine-
tuning to sound frequency (8-11). The stereocilia also play a role in
signal amplification in amphibians. Active hair bundle motions
correlated with transduction channel gating resonate with the
stimulus and enhance basilar membrane movement. A more de-
tailed description of the mechanisms of cochlear amplification can
be found in the review by LeMasurier and Gillespie (12).

Sensorineural hearing loss (SNHL) is a common disability
caused by loss of hair cells (13, 14). Most cases of SNHL are
irreversible, because mammalian hair cells have a limited ca-
pacity for regeneration (15, 16). The loss of outer hair cells
diminishes the fine-tuning of the cochlea to sound frequency.
The loss of inner hair cells results in profound hearing impair-
ment because of lack of transmission of auditory signals from the
cochlea to the central auditory system. At present, therapeutic
options for profound SNHL are limited to cochlear implants,
which have partially restored the hearing of more than 120,000
patients worldwide (17). A cochlear implant has both external
and internal parts. The former includes microphones, speech
processors, and transmitters, and the latter includes receivers,
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Fig. 1. Anatomy of the mammalian cochlea. (A) Schematic drawing of the
human auditory system. AN, auditory nerve; Co, cochlea; EAC, external auditory
canal; In, incus; Ma, malleus; OW, oval window; RW, round window; St, stapes;
TM, tympanic membrane. (B) Schematic drawing of a cochlear coil. Sound
vibrations transmitted to the cochlea fluid in the scala vestibule (SV) through
the OW travel up from the basal turn to the apical turn (red lines) and then back
to the basal turn (blue lines) in the scala tympani (ST). (C) Schematic drawing of
a cochlear duct. The ST and SV are filled with the perilymph. The scala media
(SM), which is separated from the ST by Reissner’s membrane (RM) and sepa-
rated from the ST by the basilar membrane (BM), is filled with the endolymph.
The organ of Corti (OC) is located on the BM. Spiral ganglion neurons (SGNs) are
located in the modiolus of the cochlea. (D) Schematic drawing and scanning
EM of the organ of Corti. One row of inner hair cells (IHCs) and three rows of
outer hair cells (OHCs) are arranged along the entire length of the cochlear coil.
(E) Schematic drawing of traveling wave theory. Low-frequency sounds vibrate
the BM in the apical portion of a cochlea, whereas high-frequency sounds
provoke vibration in the basal portion of a cochlea. (F) Schematic drawing
showing the vibration of the BM and a piezoelectric membrane (PE) implanted
in the ST of a cochlea in response to sound stimuli.

stimulators, and electrode arrays, which are surgically inserted un-
der the skin or into the cochlea. Arrays of up to 24 electrodes are
generally implanted into the scala tympani, and they directly stim-
ulate the auditory primary neurons. The conversion of sound stimuli
to electrical signals is performed by the external speech processor
and transmitter and the internal receiver and stimulator. A battery
is required to generate electrical output. Schematics and additional
descriptions of the history, present status, and future directions of
cochlear implants can be found in the work by Zeng et al. (17).
The traveling wave theory proposed by von Békésy (4, 5) was
validated using cochleae from cadavers, indicating that, even
after complete loss of hair cell function, the mechanical tonotopy
for sound frequency remains within the cochlea. This phenom-
enon also persists in deafened cochleae. However, to our
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knowledge, electrical hearing devices have not yet used me-
chanical cochlear tonotopy for sound frequency. In theory, an
implantable device that converts sound vibration to electric po-
tential could be fabricated using microelectromechanical systems
and implanted close to the basilar membrane of the cochlea. The
vibration of the basilar membrane in response to sound stimuli
should be transmitted to the implanted device, generating an
electrical output (Fig. 1F). According to the traveling wave
theory, tuning for sound frequency should be determined largely
by where the device is implanted.

To test this hypothesis, we developed a prototype artificial co-
chlear epithelium using a piezoelectric membrane, which functions
as a sensor with the capability for acoustic/electric conversion
without a battery (18). The piezoelectric device, although not life-
sized, showed a tonotopic map for frequencies of 6.6-19.8 kHz in
air and 1.4-4.9 kHz in silicone oil, and it generated maximum
electrical output from an electrode placed at the site of maximum
vibration. In the present study, we showed that the electrical output
from a prototype device in response to sound stimuli induced au-
ditory brain-stem responses (ABRs) in deafened guinea pigs. We
fabricated a life-sized device using microelectromechanical systems
and tested its responses to sound application when implanted in the
guinea pig cochlea. Our findings are a major step to developing an
implantable artificial cochlear epithelium that can restore hearing.

Results and Discussion

Effects of Kanamycin and Ethacrynic Acid on Auditory Primary
Neurons and Hair Cells. To examine the potential of a piezoelec-
tric device to induce biological ABRs in deafened guinea pigs, we
established a model in which all hair cells were lost but auditory
primary neurons remained to avoid the confounding effects of hair
cell-mediated responses. Adult Hartley guinea pigs (n = 6) were
administered an im. injection of kanamycin (KM; 800 mg/kg)
followed by an i.v. injection of ethacrynic acid (EA; 80 mg/kg), and
the compound action potential was measured to monitor hearing
function. A total loss of hearing was observed 7 d after the ad-
ministration of drugs in all animals at all tested frequencies. We
then examined the thresholds of electrically evoked ABRs
(eABRs), which are generated by direct electrical stimulation of
the auditory primary neurons to determine the survival of these
cells in the animal model. Measurements of eABR showed no
significant elevation of eABR thresholds in animals treated with
KM and EA compared with normal animals (2.50 + 0.50 V in
normal animals, 2.83 + 0.37 V in test animals). Histological
analysis revealed no significant loss of spiral ganglion, whereas
there was a total of loss of hair cells in test animals (Fig. S1).

Generation of ABRs by a Piezoelectric Device in Living Guinea Pigs.
A prototype piezoelectric device (Fig. 24) containing a PVDF
membrane (40-um thickness) was fabricated using micro-
electromechanical systems as described previously (18). The pi-
ezoelectric membrane was used as a transducer, and its electrical
outputs were amplified by 1,000-fold. For stimulation of auditory
primary neurons, platinum—iridium ball electrodes were implan-
ted into the scala tympani of the cochlear basal turn (Fig. 2B).
Typical ABRs in response to increased acoustic stimuli were
recorded in our model animals (Fig. 2C).

When acoustic stimuli of 104.4 dB sound pressure level (SPL)
were applied to the piezoelectric membrane, the first positive
wave of ABRs was clearly identified at a latency of 1.07 + 0.05
ms (Fig. 2C), which was identical to the latency of the first
positive wave in eABRs (0.98 + 0.06 ms) in guinea pigs in the
present study (Fig. S2). In general, the first wave of eABRs
corresponds to wave II of normal ABRs (19). Compared with the
latency of wave II of normal ABRs in normal guinea pigs (n = 4,
2.99 + 0.11 ms) (Fig. S2), the latency of the first positive wave of
piezoelectric device-induced ABRs was ~2 ms short. However,
the latency of the first positive wave of piezoelectric device-
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