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Figure 4. mRNA levels of Hol, Ngol, and Sod1 relative to GAPDH.
The animals were sacrificed at 6 and 11 months, and mRNA
expression was examined. The relative mRNA levels of Hol and
Sodl were significantly decreased by aging (one-way ANOVA:
*p < 0.05).

NQO1 is a widely distributed FAD-dependent
flavoprotein that catalyzes the reduction of quinones,
quinoneimines, nitroaromatics, and azo dyes [14].
The antioxidant action of NQOI1 is inherent in its
catalytic mechanism: the obligatory two-electron
reduction of a broad array of quinones to their corre-
sponding hydroquinones using NADPH or NADH as
the hydride donor. The induction of NQO1 is well
regulated by the Keap1-Nrf2 pathway [14]. NRf2 also
drives the induction of HO1. A decrease of HO1 in
the cochlea due to aging may not be induced by
the modulation of Nrf2 based on the NQOI1 result.
In this study, we examined the mRNA expression
of antioxidant defense enzymes using BDF1 mice.
As described above, our PCR findings suggest the
involvement of these enzymes in AHL. Because sever-
ity of AHL differs among strains, a foreseeable exten-
sion of this research would be to include comparison
of expression of antioxidant enzymes among strains.

In conclusion, expression levels of HO1 and SOD1
decreased in aged mice. The present results indicate
that the condition of antioxidant defenses changes
during aging in the cochlea, and suggest that the
decrease of antioxidant enzymes may accelerate
cochlear degeneration induced by aging. Further,
precise studies on the cochlear antioxidant system
will elucidate the generation mechanism(s) of AHL,
and may help establish a clinical approach to protect
mechanosensory hair cells from this type of stress.
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Impairments of endothelin receptor B (Ednrb/EDNRB)
cause the development of Waardenburg-Shah syndrome with
congenital hearing loss, hypopigmentation, and megacolon
disease in mice and humans. Hearing loss in Waardenburg-
Shah syndrome has been thought to be caused by an Ednrb-
mediated congenital defect of melanocytes in the stria vascu-
laris (SV) of inner ears. Here we show that Ednrb expressed in
spiral ganglion neurons (SGNs) in inner ears is required for
postnatal development of hearing in mice. Ednrb protein was
expressed in SGNs from WT mice on postnatal day 19 (P19),
whereas it was undetectable in SGNs from WT mice on
P3. Correspondingly, Ednrb homozygously deleted mice
(Ednrb™'~ mice) with congenital hearing loss showed degen-
eration of SGNs on P19 but not on P3. The congenital hearing
loss involving neurodegeneration of SGNs as well as megaco-
lon disease in Ednrb™'~ mice were markedly improved by
introducing an Ednurb transgene under control of the dopa-
mine B-hydroxylase promoter (Ednrb~'~;DBH-Edurb mice)
on P19. Neither defects of melanocytes nor hypopigmenta-
tion in the SV and skin in Ednrb~'~ mice was rescued in the
Ednrb™'";DBH-Ednrb mice. Thus, the results of this study
indicate a novel role of Ednrb expressed in SGNs distinct
from that in melanocytes in the SV contributing partially to
postnatal hearing development.
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Waardenburg syndrome (WS)* involves hearing loss and
hypopigmentation. The incidence of WS is 1/10,000-20,000
people (1). Waardenburg-Shah syndrome (WS type IV,
WS-1V), caused by mutations of the transcription factor Sox10
(2), the cytokine endothelin (ET)-3 (3) and its receptor endo-
thelin receptor B (Ednrb) (4), is characterized by hypopigmen-
tation, megacolon disease and hearing loss.

Endothelin receptor B (Ednrb/EDNRB) belongs to the G pro-
tein-coupled receptor family, mediating pleiotropic actions of
endothelins (5, 6). ET-1, ET-2, and ET-3 are ligands for Ednrb
with equal affinity (6, 7). Impairments of Ednrb/EDNRB have
been shown to cause embryonic defects of melanocytes and
enteric ganglion neurons derived from the neural crest, result-
ing in hypopigmentation, megacolon disease, and congenital
hearing loss. In rodent models, piebald-lethal rats in which
Ednrb is spontaneously mutated (8) and Ednrb homozygous
knock-out (Ednrb™'~) mice (9) have been shown to have typical
WS-1V phenotypes. Thus, these previous studies indicate that
Ednrb is one of the key regulatory molecules for embryonic
development of melanocytes and peripheral neurons including
neurons in the enteric nervous system.

The inner ears contain the organ of Corti and stria vascularis
(SV). The organ of Corti, which contains two kinds of sensory
cells (inner hair cells and outer hair cells), is responsible for
mechanotransduction, by which sound impulses are converted
into neural impulses. Auditory information from the sensory
cells is transmitted to spiral ganglion neurons (SGNs) as the
primary sensory carrier for the auditory system, followed by
eventual transmission to the auditory cortex (10, 11). Impair-
ments of SGNs have been shown to cause hearingloss (12). Our
recent study has also shown that c-Ret-mediated degeneration
of SGNs directly causes severe congenital hearingloss (13). The
SV consists of marginal cells, melanocytes (also known as inter-
mediate cells), and basal cells and has been shown to maintain
high levels of potassium ion for endocochlear potential (EP)

3 The abbreviations used are: WS, Waardenburg syndrome; ABR, auditory
brainstem response; dB SPL, decibel sound pressure level; DBH, dopamine
B-hydroxylase; Dct, dopachrome tautomerase; EDNRB, endothelin recep-
tor B; EP, endocochlear potential; ET, endothelin; Kir4.1, inward rectifier
potassium channel; P3, P16, and P19, postnatal days 3, 16, and 19, respec-
tively; SGN, spiral ganglion neuron; SV, stria vascularis; TEM, transmission
electron microscopy.

JOURNAL OF BIOLOGICAL CHEMISTRY 29621

139

£10Z ‘el fuenuer uo ‘ANsiaAlun 01oAy 1e Bio'ogf mmm wou pepeojumod



Role of Endothelin Receptor B in Spiral Ganglion Neurons

(14, 15). Melanocytes in the inner ear are specifically located in
the SV, and these defects lead to impaired EP levels resulting
in hearing loss (16). Thus, disturbance of these constituent cells
in inner ears has been shown to cause hearing losses (10).

Dopamine $-hydroxylase (DBH) is an enzyme that converts
the neurotransmitter dopamine to noradrenaline. DBH has
been using as a specific marker of noradrenergic/adrenergic
neurons because noradrenaline converted by DBH is secreted
as a neurotransmitter from noradrenergic/adrenergic neurons.
DBH promoter has been used as a valuable tool to allow a target
gene to be expressed in peripheral neurons derived from the
neural crest in vivo (17). A previous study showed that agangli-
onic megacolon disease in Ednrb homozygously deleted mice
(Ednrb~'~ mice) was recovered by the introduction of an Ednrb
transgene driven by the human DBH promoter (Ednrb™'~;
DBH-Ednrb mice) (18). However, there is no information about
hearing levels in Ednrb '~ ;DBH-Ednrb mice. Previous studies
have shown that endogenous DBH is expressed in SGNs of
inner ears (19), whereas neither endogenous DBH nor a trans-
gene driven by the DBH promoter is expressed in melanocytes
or their precursors (17, 20). Thus, these results of previous
studies suggest that the DBH promoter enables Ednrb protein
to be specifically expressed in SGNss.

Previous studies demonstrated that impairments of Ednrb/
EDNRB cause hypopigmentation and megacolon disease due to
defects of melanocytes and peripheral neurons such as enteric
ganglion neurons, respectively (4 -6, 8, 9). There has been only
one report showing that Ednrb-mediated hearing loss involved
a congenital defect of melanocytes in the SV (9). However, there
was no information in that report about the role of Ednrb in
SGNs, which serve as peripheral neurons in inner ears for the
auditory system, although it was shown in the present study
that Ednrb protein is expressed in SGNs. The results of the
present study indicate a novel etiology for Ednrb-mediated
hearing loss in mice that can involve postnatal degeneration of
SGNs besides congenital defects of melanocytes in the SV.

EXPERIMENTAL PROCEDURES

Mice—Ednrb™'~ mice (5) and Ednrb~'~;DBH-Ednrb mice
(18) were reported previously. All experiments were authorized
by the Institutional Animal Care and Use Committee in Chubu
University (approval number 2110017) and the Institutional
Recombinant DNA Experiment Committee in Chubu Univer-
sity (approval number 06-01) and followed the Japanese Gov-
ernment Regulations for Animal Experiments.

Measurement of Hearing—Tone burst-evoked auditory
brainstem response (ABR) measurements (AD Instruments
Pty. Ltd.) were performed as described previously (13,21). Tone
burst stimuli were measured 5 dB stepwise from O decibel
sound pressure level (dB SPL) to 70 or 90 dB SPL. The threshold
was obtained by identifying the lowest level of the I wave of ABR
recognized. Data are presented as means = S.E.

Morphological Analysis with a Light Microscope— After per-
fusion fixation by Bouin’s solution, cochleae from postnatal day
19 (P19) mice were immersed in the same solution for 1 week.
H&E staining and immunohistochemical analyses with anti-
Ednrb (1:2000; Chemicon) and anti-Kir4.1 (1:500; Santa Cruz
Biotechnology) antibodies were performed with paraffin sec-
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tions. The VECTASTAIN ABC kit (Vector) and Envision kit/
HRP (diaminobenzidine; DAKO) were used in the immunohis-
tochemical analyses with a hematoxylin counterstain. In the
case of anti-Kir4.1, the Vector VIP substrate kit for peroxidase
(Vector) was used with counterstained methyl green. LacZ
staining of dopachrome tautomerase (Dct)-LacZ melanocytes
was performed as described previously (13). In brief, after fixa-
tion with PBS containing 0.25% glutaraldehyde, the inner ears
were stained with 0.04% X-Gal by intracochlear perfusion. The
samples were postfixed with 4% paraformaldehyde and decal-
cified with EDTA, and then paraffin sections were prepared.
Estimation of cell density of SGNs with H&E staining basically
followed the previous method (13, 22~24). In brief, the area of
Rosenthal’s canal in three sections from each mouse was mea-
sured with the software program WinROOF (version 6.2;
Mitani Corp., Fukui, Japan) as reported previously (13, 24). Cell
density of SGNs from three mice for each mouse strain was
calculated by dividing the cell number of SGNs in the measured
Rosenthal’s canal by the area of the section examined. A total of
100-150 SGNss in three sections from each mouse were exam-
ined. Percentage of positive signals histochemically detected by
antibodies or LacZ staining was estimated with WinROOF
(version 6.2) as reported previously (13, 24). Briefly, the number
of positive SGNs was divided by the total number of SGNs. A
total of 100150 SGNs in five sections from each mouse were
examined. In the case of SV, positive signals in the measured SV
were divided by the area of the section measured. To compare
the positive levels among mouse strains, the normalized posi-
tive signals in Ednrb™'~ mice and Ednrb~'~;DBH-Ednrb mice
were divided by the normalized positive signals in WT mice.
Rosenthal’s canal or SV from three or four mice for each mouse
strain was measured for each estimation.

Morphological Analysis by Transmission Electron Micros-
copy (TEM)—Preparation of tissues for TEM basically followed
the previous method (13, 22). In brief, after perfusion fixation
with a mixture of 2% paraformaldehyde and 2% glutaraldehyde
in 0.3 M HEPES (pH 7.4), dissected murine cochleae were
immersed in the same fixative solution overnight at 4 °C. The
cochleae were then fixed with 2% osmium tetroxide in 0.3 M
HEPES (pH 7.4) at 4 °C for 3 h. After rinsing off the fixative
solution, the cochleae were dehydrated with a graded series of
ethanol and embedded in epoxy resin (Quetol 651). Ultrathin
sections (t = 70 nm) were observed under an electron micro-
scope at 80 kV (JEOL JEM1200EX, Tokyo, Japan). Additional
procedures are described in the supplemental Methods.

Statistics—Significant difference (*, p < 0.01; **, p < 0.05)
from the control was analyzed by the Mann-Whitney U test.

RESULTS

Congenital Deafuess in Ednrb™"~ Mice and Tissue Distribu-
tion of Ednrb Protein in Inner Enrs—We first measured hearing
levels of Ednrb™'~ mice (5) and littermate WT mice on P19
(Fig. 1, A-C). ABR thresholds for 4—32-kHz sound in Ednrb ™'~
mice (90-95 dB SPL) were much higher than those in litter-
mate WT mice (20-55 dB SPL) (Fig. 14). This result indicates
that the Ednrb ~/~ mice suffer from severe congenital hearing
loss. Immunohistochemical analyses of inner ears showed
expression of Ednrb protein in SGNs (arrow in Fig. 1D) and the
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FIGURE 1. Congenital deafness in Ednrb™'~ mice and expression of Ednrb
in inner ears. A, hearing levels (means = S.E. (error bars)) in WT mice (n = 9)
and Ednrb™’~ mice (n = 9) on P19 measured by ABR. Band C, ABR waveforms
of littermate WT mice (WT, B) and Fdnrb™'~ mice (Ednrb™'~, C) on P19 at
10-90 dB SPL of 12 kHz sound. D-G, immunohistochemical analysis of Ednrb
expression in the cochlea (D and ) and the SV (F and G) from Ednrb™'~ mice
(F and G) and littermate WT mice (D and F) on P19. Arrows and arrowheads in
D and E indicate SGNs and the SV, respectively. H, percentage (means *+ S.E.)
of Ednrb expression in the SV from Ednrb™'~ mice (Ednrb™/~, blue bar, n = 3)
and littermate WT mice (WT, white bar, n = 3) to that in the SV from WT mice.
land J, LacZ staining of melanocytes in the SV. We employed Dct-LacZ mice, in
which the Dct promoter is known as a specific marker of melanocytes (inter-
mediate cells) (31), to establish Dct-LacZ:Ednrb™ mice newly by crossing
Ednrb™~ mice and Dct-LacZ mice (32). K, percentage (means * S.E) of LacZ-
positive melanocytes in the SV from Ednrb™~ mice (Ednrb™’~, n = 3) and
littermate WT mice (WT, white bar, n = 3) to that in the SV from WT mice. LacZ
staining showed no positive cells in the SV from Dct-LacZ:Ednrb™'~ mice
(arrowhead in J and K), whereas Dct-LacZ mice with intact Ednrb showed
LacZ-positive melanocytes in the SV (blue signals indicated by arrowhead in |
and K). Significant difference (¥, p < 0.05; **, p < 0.01) from the control was
analyzed by the Mann-Whitney Utest. Scale bars: 100 pm (D and E) and 50 um
(F-J).

SV (Fig. 1F) in WT mice but not in Ednrb™'~ mice (Fig. 1, E, G,
and H). Correspondingly, there were no melanocytes in the SV
from Ednrb™'" mice (Fig. 1, I-K).

Neurodegeneration of SGNs in Ednrb™’~ Mice—Immunohis-
tochemical analysis of SGNs on P19 showed expression of
Ednrb protein in WT mice (Fig. 2C) but not in Ednrb™'~ mice
(Fig. 2D), whereas it was undetectable in SGNs from WT mice
on P3 (Fig. 2, 4, B, and E). Ednrb protein was not detectable in
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FIGURE 2. Decreased cell density of SGNs in Ednrb ™'~ mice. A-D, immuno-
histochemical anal)/ses for serial sections of the levels of Ednrb expression in
SGNSs from Ednrb™'~ mice (B and D) and littermate WT mice (A and C) on P3 (A
and B) and P19 (Cand D). E, percentage of positive-SGN number (means =+ S.E.
(error bars)) of Ednrb in Ednrb™'~ mice (Ednrb™’~, blue bar, n = 3) and litter-
mate WT mice (WT, white bars, n = 3) on P3 and P19 to that in WT mice on P19.
F-I, H&E staining in SGNs at the basal turn from Ednrb™'~ mice (G and /) and
littermate WT mice (F and H) on P3 (Fand G) and P19 (H and /). Scale bars: 20
um (A, B, F, and G) and 50 um (C, D, H, and /). J, cell density (means = S.E.) of
SGNSs from littermate WT mice (white bars) and Ednrb™~ mice (blue bars) on
P3 and P19. Significant difference (*, p < 0.05) from the control was analyzed
by the Mann-Whitney U test. n.s., not significant.

hair cells from WT mice (supplemental Fig. S1). Moreover, cell
density of SGNs in the basal turn from Ednrb™'~ mice was
20-30% lower than that in the basal turn from littermate WT
mice on P19 (Fig. 2, H-]) but not on P3 (Fig. 2, F, G, and J). Hair
cells in the inner ear showed comparable morphology in WT
and Ednrb~'~ mice on P19 (supplemental Fig. S2). We further
performed detailed morphological analyses of SGNs from
Ednrb~'~ mice and littermate WT mice on P16 by TEM anal-
ysis (Fig. 3). Gap areas (arrows in Fig. 3B) between SGNs (SGN
in Fig. 3B) and Schwann cells were observed in Ednrb™'~ mice
but not in littermate WT mice on P16 (arrow in Fig. 34). SGNs
from Ednrb™'~ mice showed vacuolar degeneration of the
Golgi apparatus (arrows in Fig. 3D) and mitochondria (arrow-
head in Fig. 3D), whereas WT mice showed intact morphology
of the Golgi apparatus (arrow in Fig. 3C) and mitochondria
(arrowhead in Fig. 3C). Because gaps between SGNs and
Schwann cells and vacuolar degeneration have been shown to
be neurodegeneration markers (13, 25), our results suggest that
decreased cell density of SGNs in Ednrb ™'~ mice was caused by
neurodegeneration.

Improved Hearing Levels of Ednrb™’~;DBH-Ednrb Mice— Our
results showed not only a defect in melanocytes of the SV (Fig.
1) but also neurodegeneration of SGNs (Fig. 2) in Ednrb™'~
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wWT

Ednrb(-/-)

FIGURE 3. Neurodegeneration of SGNs in Ednrb™'~ mice. TEM of SGNs from
Ednrb™"~ mice (Band D) and littermate WT mice (Aand C)onP16.Aand B, gap
areas (arrows in B) between SGNs (SGN in B) and Schwann cells were observed
in Ednrb™’~ mice but not in littermate WT mice (arrow in A). C and D, vacuolar
degeneration of the Golgi apparatus (arrows in D) and mitochondria (arrow-
head in D) in SGNs from Ednrb™’~ mice and intact morphology of the Golgi
apparatus (arrow in C) and mitochondria (arrowhead in C) from WT mice.
Asterisks indicate nuclei. Scale bars: 5 um (A and B) and 1 um (Cand D).

mice. Previous studies showed that megacolon disease in
Ednrb™'~ mice was recovered in Ednrb™'~;DBH-Ednrb mice,
suggesting that Edurb transgene driven by the human DBH
promoter recovers development of enteric ganglion neurons
(18, 26). To clarify the role of Ednrb expressed in SGNs in neu-
rodegeneration of SGNs, we next crossed Ednrb™'~ mice with
DBH-Ednrb transgenic mice (18, 26) to develop Ednrb™'~;
DBH-Ednrb mice. Comparative analysis of ABR thresholds
between Ednrb™'~ mice and littermate Ednrb~'~;DBH-Ednrb
mice on P19 revealed marked improvement (more than 30 dB
SPL at 4 kHz) of hearing levels in Ednrb~'~;DBH-Ednrb mice
(Fig. 4A). Latencies of all four ABR waves in Ednrb™'~ mice
were also recovered in Ednrb~'~;DBH-Ednrb mice (Fig. 4B).
We next determined the rescue effect of Ednrb transgene
driven by the DBH promoter on SGNs in Ednrb™'~ mice. Com-
parable expression levels of Ednrb in SGNs were observed in
Ednrb~'~;DBH-Ednrb mice and littermate WT mice on P19
(Fig. 4, C-F). Cell density of SGNs from Ednrb™'~;DBH-Ednrb
mice was also comparable with that of SGNs from littermate
WT mice and was significantly higher than that of SGNs from
Ednrb™'~ mice (Fig. 4, G—J). Gaps between SGNs and Schwann
cells and vacuolar degeneration of the Golgi apparatus and
mitochondria were nearly undetectable by TEM in Ednrb™'~;
DBH-Ednrb mice as well as WT mice (Fig. 4, K—M). These
results suggest that not only enteric ganglion neurons but also
SGNs in Ednrb™'~;DBH-Ednrb mice were recovered by Ednrb
transgene driven by the DBH promoter.

Defects of Melanocytes in the SV from Ednrb™'~;DBH-Ednrb
Mice—We finally examined whether Ednrb transgene driven by
the DBH promoter affects defects of melanocytes in the SV
from Ednrb™'™ mice. Neither Ednrb-positive cells (Fig. 5, A~C,
G) nor Kir4.1-positive cells (Fig. 5, D—F, H), a specific marker of
melanocytes (27), were detectable in the SV from Ednrb™'~
mice (Fig. 5, B, E, G, and H) and Ednrb~'~;DBH-Ednrb mice
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FIGURE 4. Improvements of hearing levels in Ednrb~'~ mice by DBH-Ed-
nrb transgene. A, hearing levels (means *+ S.E. (error bars)) in WT (n = 9),
Ednrb™'~ (n =9),and Ednrb™'~;DBH-Ednrb mice (n = 12) on P19 measured by
ABR. B, ABR waveforms of littermate WT, Ednrb™'~, and Ednrb™’~;DBH-Ednrb
mice on P19 at 12-kHz sound. ABR wave peaks correspond to cochlear nerve
activity (wave I) and downstream neural activities (waves lI--IV) (33, 34). C-E,
immunohistochemical analysis of Ednrb expression in SGNs from WT (C),
Ednrb™'~ (D), and Ednrb™’~;DBH-Ednrb mice (E) on P19. F, percentage of pos-
itive SGN number (means * S.E.) of Ednrb in Ednrb™" mice (Ednrb™'", blue
bar, n = 3), Ednrb™'~;DBH-Ednrb mice (Ednrb~'~;DBH-Ednrb, red bar, n = 3)
and littermate WT mice (WT, white bar, n = 3) to that in WT mice. G-/, H&E
staining in SGNs at the basal turn from WT (G), Ednrb™'~ (H), and Ednrb™/~;
DBH-Ednrb mice () on P19. J, cell density (means = S.E.) of SGNs from WT,
Ednrb™'~, and Ednrb™/~;DBH-Ednrb mice on P19. K-M, TEM of SGNs from WT
(K), Ednrb™"~ (L), and Ednrb™’~;DBH-Ednrb mice (M) on P16. Vacuolar degen-
eration in SGNs from Fdnrb™'~ mice (arrows in L) was not observed in Ednrb™’
~;DBH-Ednrb mice (M). Asterisks indicate nuclei (K-M). Scale bars: 50 um (C-E,
G-0), 1 wm (K-M). Significant difference (¥, p < 0.05; **, p < 0.01) from the
control was analyzed by the Mann-Whitney U test.

(Fig. 5, C, F, G, and H). TEM analysis further revealed that
Ednrb™'~ mice and Ednrb~'~;DBH-Ednrb mice similarly
exhibited no melanocytes and many gap areas (red arrows in
Fig. 5,Jand K) among marginal cells and blood vessels, whereas
WT mice showed melanocytes among marginal cells and blood
vessels (Fig. 51). In addition, EP of Ednrb™'~;DBH-Ednrb mice
(79 = 6 mV) was significantly (» < 0.01) lower than that of WT
mice (109 * 4 mV) (supplemental Fig. S4). These results sug-
gest that defects of melanocytes in the SV from Ednrb™'~ mice
were not recovered by Ednrb transgene driven by the DBH pro-
moter. Correspondingly, there was no difference in coat color or
defects of melanocytes between Ednrb™'~ mice and Ednrb™'~;
DBH-Ednrb mice (supplemental Fig. S5). These results suggest
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FIGURE 5. Melanocyte defect in the SV from Ednrb™'~ mice was not res-
cued in Ednrb~'~;DBH-Ednrb mice. A-C, immunohistochemical analysis of
Ednrb expression in the SV from WT mice (4), Ednrb™/~ mice (B), and
Ednrb™~'~;DBH-Ednrb mice (C) on P19. D-F, immunochistochemical analysis of
Kir4.1 expression, which is known as one of the melanocyte markers in the SV
(27). Kird.1-expressing cells were found in WT mice (purple signals indicated
by arrowhead in D) but were not found in Ednrb™"~ mice and Ednrb™'~;DBH-
Ednrb mice (E and F). The methods used for staining are described in detail
under “Experimental Procedures.” G and H, percentage (means = S.E. (error
bars)) of Ednrb (G) and Kir4.1 (H) expression levels in the SV from Ednrb™/~
mice (Ednrb™’'~, blue bar, n = 3), Ednrb™'~;DBH-Ednrb mice (Ednrb™’'~;DBH-
Ednrb, red bar, n = 3) and littermate WT mice (WT, white bar, n = 3) to that in
the SV from WT mice. Significant difference (¥, p < 0.05; **, p < 0.01) from the
control was analyzed by the Mann-Whitney U test. /-K, TEM of the SV from
Ednrb™’~ mice (J), Ednrb™/~;DBH-Ednrb mice (K), and littermate WT mice (/) on
P19. WT mice exhibited melanocytes (Mel in /) among marginal cells (Mg in /)
and blood vessels (Bv in /), whereas Ednrb™’~ mice and Ednrb™'~;DBH-Ednrb
mice exhibited no melanocytes and many gaps (indicated by red arrows in J
and K) among marginal cells (Mg in J and K) and blood vessels (Bv in J and K).
Asterisk indicates endolymphatic space (/-K). Scale bars: 50 um (A-F), 2 um
(I-K).

that Ednrb transgene driven by the DBH promoter did not affect
development of melanocytes in the skin and SV.

DISCUSSION

This study demonstrated that Ednrb~/~ mice had severe
congenital deafness (ABR threshold > 90 dB SPL) with not only
a defect of melanocytes in the SV (Figs. 1 and 5) but also neu-
rodegeneration of SGNs (Figs. 2 and 3). These results indicate a
novel etiology for Ednrb-mediated hearing loss in Ednrb™'~

AUGUST 26, 2011 *VOLUME 286+ NUMBER 34

mice that involves degeneration of SGNs, which serve as
peripheral neurons in inner ears, besides defects of melanocytes
in the SV.

This study showed neurodegeneration of SGNs resulting in
decreased numbers of SGNs in Ednrb™ '~ mice on P19 (Figs. 2
and 3), whereas cell density and morphology of SGNs were
comparable in Ednrb~’~ mice and WT mice on P3 (Fig. 2).
These results suggest that SGNs in Ednrb™'~ mice developed
normally at least until P3, when the level of Ednrb expression in
SGNs from WT mice was undetectable (Fig. 24). However,
SGNs from Ednrb~’'~ mice no longer survived on P19 (Fig.2,1
and /), when the level of Ednrb expression in SGNs from WT
mice was clearly detectable (Fig. 2C). We therefore conclude
that a defect of Ednrb expression affects survival of SGNs dur-
ing hearing development after birth in mice.

Degeneration of SGNs but not the defect of melanocytes in
the SV from Ednrb™'~ mice was recovered in Ednrb™'~;DBH-
Ednrb mice (Figs. 4 and 5). The defect of Ednrb protein in
SGNs, but not in melanocytes in the SV (Fig. 5) or in inner and
outer hair cells (supplemental Fig. S1), from Ednrb™'~ mice
was correspondingly rescued by Ednrb transgene driven by the
DBH promoter. In addition, the suprathreshold ABR, which has
been shown to reflect auditory nerve activity (28), showed sim-
ilar growth rates in Ednrb™'~;DBH-Ednrb mice and littermate
WT mice (supplemental Fig. $6), suggesting that development
of SGNs was similar in Ednrb™'";DBH-Ednrb mice and WT
mice. On the other hand, Ednrb™'~;DBH-Ednrb mice showed a
significantly lower level of EP than that in WT mice (supple-
mental Fig. S4), although a previous study has shown that there
is a link between EP levels and auditory nerve activities (29).
TEM analysis also showed no melanocytes with many gap areas
in the SV from Ednrb~'~;DBH-Ednrb mice as well as Ednrb™ '~
mice (Fig. 5, I-K), suggesting impairments of the SV in Ednrb™'~;
DBH-Ednrb mice. Thus, these results suggest that degeneration
of SGNs in Ednrb~'~ mice was specifically recovered in inner
ears of Ednrb™'~;DBH-Ednrb mice. We further showed that
hearing levels in Ednrb™'~;DBH-Ednrb mice were partially
(20-30 dB SPL) recovered compared with those in Ednrb™'~
mice (Fig. 4). Thus, these results suggest that Ednrb expressed
in SGNs is partially required for postnatal development of
hearing.

Ednrb has been reported to mediate embryonic development
of melanocytes (30) and the enteric nervous system (18, 26)
derived from the neural crest. Our results indicate a novel pos-
sibility that Ednrb is essential for postnatal development of
SGNs, although the development process of SGNs (e.g. differ-
entiation or migration of precursors) during prenatal and
postnatal hearing development has not been completely elu-
cidated (12). Our previous study also showed that impair-
ment of c-Ret causes severe congenital hearing loss with
degeneration of SGNs and with intact morphology of hair
cells and the SV (13). Because both EDNRB and ¢-RET cause
megacolon disease with congenital intestinal aganglionosis
in mice and humans, further study is needed to determine
whether megacolon-related molecules such as SOXI0 and
PAX3 are involved in congenital hearing loss caused by
degeneration of SGNs.
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The degeneration of SGNs from Ednrb™’~ mice did not
involve the hallmark of apoptotic signals (supplemental Fig.
S$3). The results of a previous study also showed that neurode-
generation of enteric neurons did not involve apoptotic signals
during the developmental stage in mice with deletion of Ednrb
(30). On the other hand, our results showed that hair bundles of
inner and outer hair cells in Ednrb™'~ mice, which have already
developed congenital hearing loss, were comparable with those
in littermate WT mice (supplemental Fig. S2). Immunohisto-
chemical analysis correspondingly showed that expression of
Ednrb protein was nearly undetectable in hair cells from WT
mice (supplemental Fig. S1). These results suggest that the con-
genital hearing loss in Ednrb™'~ mice involves postnatal degen-
eration of SGNs as well as defects of melanocytes in the SV
rather than disturbance of hair cells.

Several mouse models for Ednrb-mediated WS-IV have been
reported (summarized in supplemental Fig. S7). s/ mice, in
which exon 1 and intron 1 are spontaneously deleted, and
WS-IV mice, in which exons 2 and 3 are spontaneously deleted,
have been shown to develop megacolon disease and hearing
loss. On the other hand, the hearing level of Ednrb™/'~ mice
with deletion of exon 3, which we analyzed in this study, has not
been reported. In humans, although impairments of EDNRB
caused by nonsense mutations of exon 3 have been reported
also to result in the development of WS with hearing loss, the
etiology has not been clarified. Thus, this study for the first time
provides an insight into the pathogenesis of congenital hearing
loss caused by impairment of Ednrb ™'~ by deletion of exon 3 in
mice.

Our results suggest that 60 —70 dB SPL of hearing levels could
be maintained even if there are no melanocytes in the SV in
inner ears of Ednrb™'~;DBH-Ednrb mice. Because a previous
study has shown that a transgene driven by the Dct promoter is
expressed in melanocytes (31), further study is needed to deter-
mine the concurrent rescue effect of Ednrb transgene driven by
the Dct promoter and the DBH promoter on congenital deaf-
ness in Ednrb™'™ mice.

In summary, this study demonstrates a novel role of Ednrb
expression in SGNs distinct from that in melanocytes in the SV
contributing partially to postnatal hearing development via
survival of SGNs. A therapeutic strategy for congenital hearing
loss in WS-IV patients has not been established. Enhancement
of EDNRB expression in SGNs could be a novel potential ther-
apeutic strategy for congenital hearing loss in WS-IV patients.
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Although salicylate is one of the most widely used nonsteroidal anti-inflammatory drugs, it causes mod-
erate hearing loss and tinnitus at high-dose levels. In the present study, salicylate effects on the K currents
in inner hair cells were examined. Salicylate reversibly reduced the outward K currents (Ix), but did not
affect the inward current (Ix ). Salicylate blocked the outward K currents in a concentration-dependent
manner according to Hill equation with a half-blocking concentration of 1.66 mM, and the Hill coefficient

© 2011 Elsevier Ireland Ltd. All rights reserved.

Salicylate, one of the most widely used nonsteroidal anti-
inflammatory drugs, has been effectively used to treat various
inflammation diseases and connective tissue disorders. However,
salicylate causes moderate hearing loss and tinnitus at high-dose
levels [2,17]. Salicylate ototoxicity is reversible, which differs from
that induced by other ototoxic drugs such as aminoglycosides and
loop diuretics. The tinnitus subsides and hearing is restored within
24-72 h of stopping salicylate treatment. The exact mechanisms of
salicylate’s ototoxicity are unknown, but one of the possible mech-
anisms is an impairment of sound amplification by outer hair cells
(OHCs) through its direct action on OHC motility [7,20]. A decrease
in otoacoustic emissions after exposure to salicylate provides fur-
ther evidence of the involvement of OHCs in salicylate ototoxicity
[16].

Somatic motility of OHCs is driven by the membrane potentials,
and the resting potential of OHCs is dependent on the potassium
current I ; a low-voltage activated K* conductance, which is obvi-
ously influenced by salicylate [23]. Salicylates significantly reduce
the Ix, amplitude and lead to depolarization of OHCs. Inner hair
cells (IHCs) also possess I, [10,18] and other potassium currents
such as I ¢, which allow the cells to perform high frequency trans-
duction by shortening the membrane time constant [11] and are
crucial for maintaining the cell physiological functions. The mor-
phological changes induced by salicylate were observed not only

* Corresponding author. Tel.: +81 92 642 5668; fax: +81 92 642 5685.
E-mail address: kimitaka@qgent.med.kyushu-u.ac.jp (T. Kimitsuki).

0304-3940/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2011.08.050

in OHCs [9] but also in isolated IHCs [3] with transmission electron
Mmicroscopy.

In order to evaluate the salicylate influence on potassium cur-
rents in IHCs, we isolated the IHCs from guinea-pig cochlea and
recorded the potassium currents in the present study. Outward and
inward currents were identified and the effects of salicylate were
compared between these two potassium currents.

Adult albino guinea-pigs (200-350 g) with normal Preyer reflex
were killed by rapid cervical dislocation, both bullae were removed
and the cochlea exposed. The cochlea, fused to the bulla, was
placed in a Ca%*-free external solution (mM: 142 NaCl, 4 KCl, 3
MgCl,, 2 NaH,PO4, 8 NayHPOy4, adjusted to pH 7.4 with NaOH).
The otic capsule was opened, allowing removal of the organ of
Corti attached to the modiolus. The organ of Corti was treated
with trypsin (0.5 mg/ml, T-4665, Sigma) for 12min, and gentle
mechanical trituration was carried out. Trypsin was rinsed from
the specimen by perfusing with a standard external solution (mM:
142 Na(l, 4 KCl, 2 MgCl,, 1 CaCl,, 2 NaH;POy4, 8 NapHPO4, adjusted
to pH 7.4 with NaOH) for at least 10 min before starting any exper-
iments. The most important landmarks for identifying IHCs are a
tight neck and the angle between the cuticular plate and the axis
of the cell [5].

Membrane currents were measured by conventional whole-
cell voltage-clamp recordings using an EPC-10 (HEKA, Lambrecht,
Germany). Data acquisition was controlled by the software Patch-
Master (HEKA, Lambrecht, Germany). Recording electrodes were
pulled with a two-stage vertical puller (PP830 Narishige, Tokyo,
Japan) using 1.5 mm outside diameter borosilicate glass (GC-1.5,

145



T. Kimitsuki et al. / Neuroscience Letters 504 (2011) 28-31 29

+110mVY

60 mv
136 mvV

control

salicylate

wash-out

Fig. 1. Effects of 10 mM salicylate on K currents in IHCs. Original traces of K current recorded in normal saline (left), in 10 mM salicylate saline (middle), and in normal saline
after salicylate had been washed out (right). The upper panel shows the voltage step protocol.

Narishige, Tokyo) filled with an internal solution (mM: 144 KCI;
2 MgCly; 1 NaH;PO4; 8 NagHPO4; 2 ATP; 3 p-glucose; 0.5 EGTA;
adjusted to pH 7.4 with KOH). Pipettes showed a resistance of
4-8MS2 in the bath and were coated with ski wax (Tour-DIA,
DIAWax, Otaru, Japan) to minimize capacitance. The cell’s capaci-
tance was 12.9+6.2 pF (mean £ SD) and the series resistance was
14.84+5.1 MQ (n=21). Sodium salicylate (52679, Sigma-Aldrich, St.
Louis, USA) was applied under pressure (Pressure micro-injector:
PMI-200, Dagan, Minneapolis) using pipettes with a tip diameter
of 2-4 pm positioned around 50 wm from the IHCs. Cells were con-
tinuously perfused with external saline and all experiments were
performed at room temperature (20-25°C).

The experimental design was reviewed and approved (Acces-
sion No. A21-085-0) by the Animal Care and Use Committee,
Kyushu University. All procedures were conducted in accordance
with the Guidelines for Animal Care and Use Committee, Kyushu
University.

The membrane currents in response to various test potentials
(from —130mV to +110mV) from a holding potential of —60 mV
were recorded in IHCs and 10 mM salicylate was applied extracel-
lularly under pressure using puff-pipettes (Fig. 1). Typical current
recorded in the control solutions demonstrated outwardly rectify-
ing currents (I and Iy ) in response to depolarizing voltage pulses,

A control

T

with only a slight inward current (I » ) when hyperpolarized (Fig. 1,
left). In the solution of 10 mM salicylate, the amplitude of outward
K currents decreased by 15% (Fig. 1, middle), and the reduction
induced by salicylate was reversed by washing (Fig. 1, right). In the
salicylate solutions, fast activation was maintained, displaying the
fast current rising phase. Six of 11 cells showed recovery by washing
with control solutions.

Despite the apparent decrease in outward currents (Fig. 2A),
small inward currents did not show any reduction (Fig. 2B). The
relative conductances (ratio of the peak current amplitude in sal-
icylate saline to that measured in salicylate-free control saline)
were calculated at membrane potentials of +110mV and —~130mV,
and compared between the outward currents and inward currents
(Fig. 3). The relative conductance of inward current and out-
ward current was 0.78+0.21 (n=13) and 0.96+0.14ms (n=10),
respectively.

Salicylate blocked outward K currents in a concentration-
dependent manner (Fig. 4). The currents after salicylate
treatment relative to the control level were 0.946 4+ 0.007 (1 mM,
n=2), 0.884+0.046 (2mM, n=4), 0.862+0.079 (5mM, n=2),
0.779+0.059 (10mM, n=13), 0.826+0.097 (20mM, n=4),
0.774+£0.036 (50mM, n=4), and 0.811+0.016 (100mM, n=2).
The concentration-response curve was fitted with the Hill

salicylate

T~

Fig. 2. Effects of 10mM salicylate on outward and inward currents. In the outward (A), currents were reduced (arrow), however, in the inward (B), current amplitude was

not changed (dotted arrow).
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Fig. 3. Comparison of the amplitude change by 10 mM salicylate between the out-
ward K current and inward K curreni.

equation, V=1 = Vimax x [1/(1+(IC50/C)")], where Vinax is the max-
imal response, C is the concentration of salicylate, h is the Hill
coefficient, and ICsq is the half-blocking concentration. The curve
was best fitted when ICsg was 1.66 mM, h was 1.86, and Viax was
0.196.

The effects of salicylate on the K channels in cochlear IHCs were
studied. Inrats and guinea pigs, serum salicylate concentrations can
reach around 1-3 mM after treatment with high doses of salicylate,
and the salicylate concentrations in perilymph was around a half
of those in serum [6]. These values are comparable to our obser-
vation that ICsg was 1.66 mM (Fig. 4). Salicylate inhibited channel
activity especially in the outward K currents, but did not affect the
inward current (Ix ). Ixn determine the resting potential, so sali-
cylate might not change the resting potentials in IHCs. However,
salicylate might change the discharge pattern onto spiral ganglion
neurons because outward potassium currents are known to partic-
ipate in repolarization and discharge behaviors of action potentials
in neurons [4,19,21].

In OHCs, outward-going potassium currents underwent tran-
sient increase and then declined after salicylate administration
[13]. With regard to the inward-going Ixn, a lower concentration
of salicylate (ICsg was 10~> M) caused reduction and subsequent
depolarization [23]. Nonstationary fluctuation analysis shows that

1.0
{2}
@ N T .
T 08~
g @) @
= 4 ) it
[ ‘ {2}
= R ;
g o8
= 44
% | {13) {
£ 1
f
C 0.7+
&
R
H [ J i
10 1 10 10

salicylate {(mM)

Fig. 4. Concentration-response relationship of salicylate. The conductance of K
current in salicylate saline relative to the control recorded in normal saline was
calculated at the membrane potential of +110mV and plotted against the concen-
tration of salicylate. Each plot is the average of 2-13 sets of data. Bars indicate the
standard deviation. The fitted curve was drawn according to the Hill equation.

salicylate has a direct blocking action on I, (KCNQ4 channel)
by significantly reducing the estimated single-channel current
amplitude and numbers. In Deiter’s cells, 5 mM salicylate reduced
the outward K currents by approximately 15% and then recov-
ered 3-4min after return to control solutions [22]. In rat inferior
colliculus neurons, salicylate blocked both the transient outward
potassium current (Igs)) and the delayed rectifier potassium cur-
rent (Ipr)) in a concentration-dependent manner with ICsg values
of 2.27 and 0.80 mM, respectively [ 14]. In dissociated rat pyramidal
neurons in the auditory cortex, salicylate reduced Iy pg) with a ICsq
of 2.13 mM and shifted the steady-state activation and inactivation
curves negatively [15].

Reduction of the single-channel current amplitude and numbers
by salicylate [23] suggested that salicylate has a direct blocking
action on potassium channel, which is the major mechanism of
the drug. The reversible effects of salicylate in the present study
(Fig. 1) were highly consistent with the direct mechanism of the
drug. However, salicylate-elicited intracellular acidosis is another
possible mechanism to be considered. The salicylate anion contains
a benzyl ring and exhibits both hydrophilic and lipophilic prop-
erties, therefore salicylic acid could permeate the cell membrane
and dissociate to acidify the cell cytoplasm [22]. Acidification can
release free Ca* from its bound form and accordingly increase free
intracellular Ca*. In OHCs, Ca2* imaging study showed that salicy-
late increased intracellular Ca2* in both the supranuclear and basal
cytoplasmic regions [23]. The outward K currents in IHCs mostly
consist of Ig r, which resemble Ca?*-activated K* currents (Kc,, BK)
due to their kinetics and pharmacology [1,12]. Therefore the cur-
rent reduction observed in the present study is readily explained by
an interaction between protons and calcium at a regulatory site on
the K¢, channel. Iy ¢ is dominant in basal IHCs [8], so high-frequency
hearing loss and high-pitch tinnitus might be explained by the dif-
ferent effect of salicylate between the apical and basal IHCs.

Outward K currents in IHCs (Ix¢) possess fast activating prop-
erties and 10mM salicylate did not influence these fast kinetics
(Fig. 1). In inferior colliculus neurons, salicylate attenuated Ia)
but did not affect activation and inactivation gating. However,
1mM salicylate significantly affected the kinetic properties of
Ixpr)y, including shifting the steady-state activation and inacti-
vation curves in the negative direction [14]. In auditory cortex
neurons, the application of 1 mM salicylate significantly produced
a negative shift in the steady-state activation curve and inactiva-
tion process [15]. Unlike the central auditory pathway, salicylate
did not seem to influence K channel kinetics in peripheral organs
especially in IHCs.
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Abstract

Objective: Intratympanic (IT) steroid therapy has been pro-
posed as an alternative treatment option for patients with
idiopathic sudden sensorineural hearing loss (ISSNHL). How-
ever, the number and frequency of IT treatments and drug
delivery methods remain to be determined. The purpose of
this study was to evaluate the efficacy of daily short-term IT
dexamethasone (DEX) treatment alone in ISSNHL patients
using laser-assisted myringotomy (LAM) for the drug deliv-
ery route as an initial and/or salvage treatment. Study De-
sign: Retrospective study. Setting: University hospital. Pa-
tients: Seventy-six ISSNHL patients receiving IT DEX. Pa-
tients with low-tone hearing loss, unilateral or bilateral
fluctuating hearing loss or contralateral hearing loss were
excluded. Intervention: DEX (4 mg/ml) was injected through
a perforation made by LAM. IT DEX administration was per-
formed on 8 sequential days. Main Outcome Measures: Pre-

and postprocedure hearing levels. The average hearing level
was determined by 5 frequencies (250, 500, 1000, 2000 and
4000 Hz). Results: Nineteen out of 76 patients fit the criteria
for initial treatment in the study (group 1), while 24 patients,
who had failed systemic therapy, received salvage treatment
(group S). The mean age of the patients in groups | and S was
56.2 years with a range from 31 to 73 years of age and 46.0
years with a range from 11 to 76 years of age, respectively.
The mean number of days from onset of symptoms to IT
therapy in groups | and S was 4.8 days with a range of 1-23
days and 15.3 days with a range of 6-28 days, respectively. In
group |, 18 of the 19 patients (95%) showed improvement of
more than 10 dB in the pure-tone audiogram, with a mean
improvement of 40 dB. Twelve patients (63%) recovered
completely and 16 patients (84%) demonstrated successful
results with an improvement of more than 30 dB. In group S,
14 of the 24 patients (58%) showed improvement of more
than 10 dB with a mean improvement of 16 dB. Two (8%) of
the 7 patients (29%) with successful results recovered com-
pletely. Conclusions: Daily short-term IT DEX administration
using LAM for ISSNHL patients without concurrent therapy
showed a high response rate and high cure rate and proved
to be an alternative therapeutic option to high-dose system-
ic steroids as a first- and/or second-line treatment.

Copyright © 2010 S. Karger AG, Basel

KA RG E R © 2010 S. Karger AG, Basel
1420-3030/11/0163-0191$38.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/aud

Seiji Kakehata, MD, PhD

Department of Otorhinolaryngology

Hirosaki University School of Medicine

Hirosaki 036-8562 (Japan)

Tel. +81 172 39 5099, Fax +81 172 39 5100, E-Mail seijik @ cc.hirosaki-u.ac.jp

149



Introduction

Idiopathic sudden sensorineural hearing loss
(ISSNHL) is the most frequent acute sensorineural hear-
ing loss and is one of the few types of sensorineural hear-
ing loss which can be cured. One of the main problems in
the treatment of ISSNHL is that the therapeutic options
are limited [Conlin and Parnes, 2007]. Systemic gluco-
corticoids have been the mainstay for treatment of
ISSNHL [Wilson et al., 1980], but as the etiology of
ISSNHL is thought to be multifactorial and the mecha-
nism of action of glucocorticoids in the inner ear remains
unclarified, the optimal dose is currently unknown. Up
to now, higher concentrations of glucocorticoids in the
inner ear have been considered desirable because they
were thought to exert a stronger effect on hearing recov-
ery. However, systemic application of glucocorticoids,
oral or intravenous (IV), had limitations in providing
higher concentrations in the perilymph [Parnes et al.,
1999; Chandrasekhar et al., 2000; Niedermeyer et al,,
2003] because of the blood-labyrinthine barrier. In addi-
tion, high-dose systemic administration of glucocorti-
coids causes higher occurrences of undesirable side ef-
fects, in particular, the potential risk of avascular necrosis
of the femoral head, and should be avoided in patients
with diabetes mellitus, hypertension, gastric ulcer, tuber-
culosis and so on. Given this background, intratympanic
(IT) injection of glucocorticoids for ISSNHL has attract-
ed attention. It could induce higher concentrations of the
agent in the target organ and produce less side effects in
other parts of the body. Several lines of evidence in ani-
mal models and human studies revealed that IT admin-
istration results in significantly higher perilymph con-
centrations of steroids than IV or oral administration
[Parnes et al., 1999; Chandrasekhar et al., 2000; Chan-
drasekhar, 2001; Niedermeyer et al., 2003].

Since Parnes et al. [1999] reported efficacy of IT ste-
roid (ITS) in animal models and a human study, clinical
reports of ITS therapy for ISSNHL have been increasing
(see review by Hu and Parnes [2009]). Most of the studies
have focused on the ITS therapy as a salvage treatment
option for patients with ISSNHL [Parnes et al., 1999;
Chandrasekhar et al., 2000; Gianoli and Li, 2001; Guan-
Min et al., 2004; Dallan et al., 2006; Haynes et al., 2007;
Kilic et al., 2007; Plaza and Herraiz, 2007; Van Wijck et
al., 2007; Plontke et al., 2009; Dallan et al., 2010]. On the
other hand, there are several studies which investigated
the efficacy of the ITS treatment alone as an initial treat-
ment [Kakehata et al., 2006; Battaglia et al., 2008; Han et
al., 2009; Hong et al., 2009; Kara et al., 2010], although
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some reported efficacy of the concurrent use of ITS with
high-dose steroids as an initial treatment [Battista, 2005;
Lautermann et al., 2005; Ahn et al., 2008; Battaglia et al.,
2008].

Anideal treatment of ISSNHL should have a high cure
rate as well as a high response rate. A high cure rate is
important because patients are not satisfied with results,
even an improvement of 30 dB, if their hearing ability
does not return to its previous level.

We previously reported efficacy of IT dexamethasone
(DEX) treatment on 8 sequential days in ISSNHL patients
with diabetes mellitus using laser-assisted myringotomy
(LAM) for the drug delivery route as an initial treatment
[Kakehataetal.,2006]. Theadministration of DEX through
the small perforation made by LAM [Kakehata et al., 2004]
is an easy, secure and confirmable delivery with minimal
or no pain. Although a blinded, controlled and random-
ized study is preferred, as the number and frequency of IT
treatments and drug delivery methods remain to be deter-
mined, we undertook a retrospective study to ascertain the
effective protocol for the treatment of ISSNHL.

The purpose of this study was to evaluate the efficacy
of daily short-term IT DEX treatment using LAM with-
out concurrent therapy in ISSNHL patients as an initial
treatment as well as a salvage treatment and whether it
could be a therapeutic option to high-dose systemic ste-
roids.

Materials and Methods

Seventy-six ISSNHL patients were treated with I'T DEX be-
tween April 2002 and December 2009. Patients were included in
this study if they had a sensorineural hearing loss of 30 dB or more
with over 3 contiguous audiometric frequencies that occurred in
fewer than 3 days. Patients with low-tone hearing loss, unilateral
or bilateral fluctuating hearing loss or contralateral hearing loss
and Méniére’s disease were excluded. Patients with no identifiable
cause of sudden hearing loss were considered to have ISSNHL.
Additionally, patients with inadequate follow-up after the treat-
ment (less than 4 weeks) or late IT DEX therapy (beginning more
than 4 weeks after onset) were excluded. In the initial treatment
group (group I), patients who had received any preceding therapy
were excluded. On the other hand, patients who had received sys-
temic steroids for more than 5 subsequent days before the IT DEX
therapy were included in the salvage group (group S).

Criteria for Outcome

Pure-tone audiograms were obtained before, during and after
the procedure and at periodical checkups. Average hearing was
determined by 5 frequencies (250, 500, 1000, 2000 and 4000 Hz).
A final audiogram was obtained at least 4 weeks after the final
injection. Criteria for audiologic improvement were based on the
classification prepared by the Acute Severe Hearing Loss Study
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Table 1. Patient profiles

. Growl  Grows

Patients 19 24
Sex (male/female) 12/7 10/14
Age, years

Mean * SD 56.2+9.7 46.0*+18.7

Range 31-73 11-76
Vertigo 4 (21%) 12 (50%)
Diabetes mellitus 14 (74%) 3(13%)
Initial hearing level, dB

Mean + SD 77.7%x18.2 74.6%+15.3

Range 49—102 42—102
Duration between onset and IT
DEX, days

Mean *= SEM 48+50 153%6.4

Range 1—-23 6—28

Group [Kanzaki et al., 2003] of Japan, which classifies the out-
comes as complete recovery, marked recovery, slight recovery, or
nonrecovery. Complete recovery is defined as recovery of hearing
to within 10 dB of the contralateral pure-tone average, marked
recovery as an improvement of the average hearing of 30 dB or
more, and slight recovery as an improvement of the average hear-
ing of between 10 and 30 dB. Complete recovery or marked recov-
ery is considered successful treatment.

Treatment Procedure

Patients only received IT DEX treatment and did not undergo
additional treatment. Delivery methods were described elsewhere
[Kakehata et al., 2006]. Briefly, DEX was injected through a per-
foration made by LAM, or through a tympanostomy tube (Papa-
rella type II) for the first 6 cases. In the outpatient clinic, a perfo-
ration with a diameter of 1.4-2 mm was made in the tympanic
membrane with a CO, laser unit (OtoLAM; LUMENIS, Yokneam,
Israel) using a single pulse of 10-13 W after tympanic membrane
anesthesia with iontophoresis [Kakehata et al., 2004]. The loca-
tion of the perforation was between the oval window and the
round window (RW).

The patient lies flat with the affected ear upward and the head
is tilted 45° away with the chin upward so that the RW membrane
is bathed. 0.5 ml of DEX (4 mg/ml) is injected through the perfo-
ration made by LAM using a 1-ml tuberculin syringe with a
26-gauge needle. DEX 4 mg/ml was used because it is the only
DEX available in our country. Under direct visualization with an
otomicroscope or a magnifying otoscope, one can confirm that
the tip of the needle is inserted through the perforation and the
mesotympanum is filled with DEX, replacing the air. 0.5 ml is
usually more than enough to fill the mesotympanum and a small
amount of DEX spills to the outside of the tympanic membrane
as a reservoir. The patient is instructed to remain in this position
for 30 min without swallowing. DEX administration is performed
on 8 sequential days because our previous study showed that dai-
ly IT DEX treatment for 8 sequential days was at least as effective
as IV DEX treatment (tapering over 8 days) for ISSNHL patients
with diabetes mellitus [Kakehata et al., 2006].

Daily IT DEX Treatment for ISSNHL as
an Initial or Salvage Treatment

Results

Profile of Patients

Table 1 summarizes the profiles of the patients in
groups I and S. Nineteen out of 76 patients fit the criteria
outlined in Materials and Methods for group I, while 24
patients, who had failed systemic therapy, received the IT
DEX treatment as a salvage treatment (group S). Twelve
men and 7 women were included in group I and 10 men
and 14 women in group S. The mean age of groups [ and
Swas 56.2 years with a range from 31 to 73 and 46.0 years
with a range from 11 to 76, respectively. The mean num-
ber of days from onset of symptoms to I'T DEX treatment
in group I was 4.8 days with a range of 1-23 days and in
group S it was 15.3 days with a range of 6-28 days.

The average hearing level before the I'T DEX treatment
in group I was 77.7 * 18.2 dB (mean * standard devia-
tion) with a range from 49 to 102 dB. There were 4 (21%)
patients who had vertigo and 14 (74%) patients with diabe-
tes mellitus. On the other hand, in group S, the average
hearing level before the IT DEX treatment was 74.6 + 15.3
dB with a range from 42 to 102 dB. There were 12 (50%)
patients with vertigo and 3 (13%) patients with diabetes
mellitus. There was no significant difference in the hear-
inglevel before the IT DEX treatment between the 2 groups
(Welch’s t test). The difference in duration between onset
and the I'T DEX treatment was significant (p < 0.001).

In group S, the mean duration between onset of the
symptoms and the initial systemic steroids treatment was
1.9 days with a range from 0 to 20 days. All patients but 1
started the initial treatment within 6 days. Twelve (50%)
patients received the treatment on the day of onset. The
patients in group S received various kinds of systemic ste-
roids at least 5 consecutive days before being referred to
our hospital as well as other therapies such as agents that
decrease blood viscosity (dextran), prostaglandin E,
(PGE,), ATP and vitamin By,. In 18 out of 24 patients,
DEX was used intravenously or orally, usually starting
from an amount of 8 mg/day followed by tapered doses
for 8 days, with a total amount of 40 mg. Prednisolone or
betamethasone was also used in other patients. Six pa-
tients received PGE, therapy after the failure of the initial
steroid therapy. One patient who failed the initial sys-
temic IV DEX therapy starting from an amount of 32 mg
received PGE, therapy and oxygen at hyperbaric pressure
as a salvage treatment.

Clinical Outcomes
Figure la depicts the overall results in group I. Eigh-
teen of 19 patients (95%) showed improvement in the
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Bl Complete recovery
B Marked recovery
B Slight recovery

B Nonrecovery
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[ Slight recovery
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Fig. 1. a Hearing recovery results in group I. b Hearing improve-
ment in patients with an initial mean hearing level <90 dB.
¢ Hearing improvement in patients with a profound hearing loss.

pure-tone audiogram of more than 10 dB. After the treat-
ment, the mean pure-tone average reached 38.8 dB from
77.7 dB with a mean improvement of 39.7 £ 18.4 dB. Six-
teen (84%) patients demonstrated successful treatment
and 12 (63%) patients recovered completely, reaching a
hearing level identical to that of the unaffected ear. How-
ever, a 62-year-old man, who underwent treatment 23
days after the onset with an initial hearing level of 61 dB
without vertigo, showed no improvement. As it is known
that patients with a profound hearing loss (initial pure-
tone average worse than 90 dB) have a poor prognosis,
those patients were evaluated separately. There were 13
patients who did not have a profound hearing loss. This
group had 11 (85%) with complete recovery, 1 (8%) with
marked recovery and 1 (8%) with no hearing recovery
(fig. 1b). The mean hearing improvement was 40.5 % 19.2
dB. In the profound hearing loss group, all patients re-
sponded to the treatment with a mean hearing improve-
ment of 37.8 = 18.2 dB; 1 (17%) with complete recovery,
3 (50%) with marked and 2 (33%) with slight recovery
(fig. 1c). Hearing improvement between the 2 groups was
not statistically different.

The results for all patients in group S are presented in
figure 2a. Fourteen of 24 (58%) patients showed improve-

194 Audiol Neurotol 2011;16:191-197
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ment. The mean pure-tone average reached 57.8 from
74.6 dB with a mean improvement of 16.8 * 21.6 dB.
Seven (29%) patients demonstrated successful treatment,
including 2 (8%) with complete recovery. Ten patients did
not show improvement. There were 20 patients who did
not have a profound hearing loss, whose mean hearing
improvement was 16.9 * 23.6 dB. This group had 11
(55%) with improvement and 7 (35%) with successful
treatment and 2 (10%) with complete recovery (fig. 2b). In
the profound hearing loss group, all patients responded
to the treatment with a mean improvement of 16.5 & 7.2
dB.

In the responders of group S, the mean hearing im-
provement was 30.1 % 18.3 dB. Several factors which are
known to affect the prognosis of patients were compared
between the responders and nonresponders. The mean
duration between onset of symptoms and IT DEX treat-
ment was 14.5 * 5.9 days and 16.5 * 7.1 days in the re-
sponders and nonresponders, respectively, which is not
statistically different. On the other hand, the average
hearing level before the IT DEX treatment was 82.0 =
12.4 dB and 64.2 * 13.0 dB in the responders and non-
responders, respectively, which is statistically different
(p <0.01).
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Fig. 2. a Hearing recovery results in group S. b Hearing improvement in patients with an initial mean hearing level <90 dB.

Side Effects

There was transient vertigo of about a minute associ-
ated with the injections. Some patients had tolerable pain
after the injection for a minute. No patients had otitis me-
dia. The perforations were closed spontaneously or with
a chitin sheet patch in most patients. For 12 patients, au-
tologous serum ear drops and/or basic fibroblast growth
factor with a chitin sheet patch therapy in the outpatient
clinic [Kakehata et al., 2008] were performed and the per-
forations were closed successfully except in 1 patient.
Small perforations remained in 2 patients. One patient
underwent myringoplasty.

Discussion

Recently, there has been increased interestin I'T admin-
istration of steroids for the treatment of ISSNHL, whether
as an initial or salvage treatment [Parnes et al., 1999;
Gianoli and Li, 2001; Guan-Min et al., 2004; Battista, 2005;
Lautermann et al., 2005; Dallan et al., 2006; Kakehata et
al., 2006; Haynes et al., 2007; Kilic et al., 2007; Plaza and
Herraiz, 2007; Van Wijck et al.,, 2007; Ahn et al., 2008;
Battaglia et al., 2008; Han et al., 2009; Hong et al., 2009;
Plontke et al., 2009; Dallan et al., 2010; Kara et al., 2010],
since ITS seems to be a potent alternative treatment option
to systemic steroid therapy. As a first-line treatment, sev-
eral clinical studies reported efficacy of combination ther-
apies of ITS with systemic steroid therapy [Battista, 2005;
Lautermann et al., 2005; Ahn et al., 2008; Battaglia et al.,
2008]. However, there has been no ITS treatment protocol
that seems to be superior [Hu and Parnes, 2009]. Thus,
before discussing the efficacy of combination therapy, it
seems necessary to elucidate a preferable ITS treatment

Daily IT DEX Treatment for ISSNHL as
an Initial or Salvage Treatment

protocol without concurrent or previous treatments. Here,
we performed daily short-term I'T DEX treatment on fresh
ISSNHL patients without concurrent treatments in order
to investigate the efficacy of ITS alone.

An ideal treatment of ISSNHL should have a high cure
rate as well as a high rate of response. To improve the cure
rate is especially important because patients are not satis-
fied, even if their hearing level is improved by 30 dB, if it
does not improve to near the hearing level of the unaf-
fected ear. In this study, the rate of response and the cure
rate of daily short-term IT DEX administration alone as
an initial treatment reached 95 and 63%, respectively.
This cure rate is higher than that of IT DEX treatment
without concurrent systemic steroids in the recently pub-
lished studies. Battaglia et al. [2008] reported a cure rate
of 29% (5/17) by IT DEX therapy of 3 weekly injections.
In their study, a high-dose oral prednisone treatment (ta-
pering from 60 mg for 14 days; total 660 mg) and a com-
bination therapy (IT DEX plus high-dose oral steroids)
were also attempted. The cure rate of the oral steroid ther-
apy and the combination therapy was 17% (3/18) and 63%
(10/16), respectively. Battaglia et al. [2008] advocated the
efficacy of the combination therapy over the systemic
high-dose steroid therapy. Our cure rate was higher than
that of the IT DEX therapy of 3 weekly injections and
comparable to that of the combination therapy. This sug-
gests that daily administration through LAM for 8 days
is more effective than 3 weekly injections. In addition, in
patients who did not have a profound hearing loss, our
cure rate of 85% is higher than that of the combination
therapy (63%). In the profound hearing loss group, the
mean hearing improvement reached 37.8 dB, which was
not statistically significantly different compared to the
40.5 dB in the other group. However, the cure rate was
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low (17%) compared to that of 66% (deduced from figure
3 in Battaglia et al. [2008]) in the combination therapy,
which might suggest a limitation of the IT DEX therapy
in this form for patients with a profound hearing loss.
This may also suggest that there are other pathological
conditions in the case of profound hearing loss which
cannot be reached by ITS treatment.

On the other hand, Ahn et al. [2008] reported an ad-
ditional effect of IT DEX (3 injections on days 1, 3 and 5)
through a 25-gauge spinal needle on oral methylprednis-
olone therapy (tapering from 48 mg for 14 days) in a study
with a larger number of subjects. The cure rate by the
combination therapy of IT DEX plus oral methylpred-
nisolone was 25% (15/60), which did not show significant
improvement compared to the oral methylprednisolone
alone (27%, 16/60).

Battaglia et al. [2008] and Ahn et al. [2008] used a
treatment protocol of 3 transtympanic injections of DEX
on infrequent days. In most studies, steroids were admin-
istered by transtympanic injection through a fine needle
under local anesthesia at 1-5 injections over 1-3 weeks
[Hu and Parnes, 2009]. Recently, Kara et al. [2010] re-
ported a high cure rate of 48% (14/29) by 5 transtympan-
icinjections of IT DEX on 5 consecutive days as an initial
treatment. Taking into account our high cure rate by 8
injections on 8 consecutive days, daily application of ITS
may be more effective than infrequent application.

Recent studies on cochlear pharmacokinetics with lo-
cal ear drug delivery revealed that after the end of the 30-
min application, the concentration in the base of the sca-
la tympani rapidly declines due to clearance from the co-
chlea and diffusion into other compartments and apical
regions [Plontke et al., 2007]. To conquer this drawback,
several delivery methods have been devised for the sus-
tained application of the drug to the RW membrane, such
as the Silverstein MicroWick [Silverstein et al., 1997] or
the MicroCatheter [Kopke et al.,, 2001; Plontke et al.,
2009]. However, the latter is no longer available because
the FDA removed it from the market. With the Silverstein
MicroWick, the patient can apply the steroid several
times a day. In our previous study, we speculated that our
high response rate and the degree of improvement might
be due mainly to the delivery methods used and/or the
frequency of the applications. The delivery method with
awide opening to the mesotympanum assures the certain
filling of the mesotympanum with the treatment agent
and allows the air to escape from the mesotympanum,
permitting the treatment agent to contact the RW mem-
brane. The high cure rate as an initial treatment in this
study might support this speculation.
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As a salvage treatment, improvement of more than 10
dB was achieved in 58% and the cure rate was 8% with
successful treatment in 29%. The mean improvement was
16.8 dB. In the responder group, the mean improvement
reached 30.1 dB. There are a number of studies of ITS as
a salvage treatment. Reported response rates were be-
tween 27.5 and 73.6% [Parnes et al., 1999; Chandrasekhar
et al., 2000; Gianoli and Li, 2001; Guan-Min et al., 2004;
Dallan et al., 2006; Haynes et al., 2007; Kilic et al., 2007;
Plaza and Herraiz, 2007; Van Wijck et al., 2007; Plontke
et al., 2009; Dallan et al., 2010].

Initial severity of hearing loss is one of the known
prognostic factors. Although there were no significant
differences between the initial and salvage groups re-
garding the hearing level before the IT DEX treatment
(77.7 £ 18.2 vs. 74.6 £ 15.3 dB) (p < 0.01), the hearing
level after the treatment (38.8 * 22.3vs. 57.8 = 21.8 dB)
and gain of improvement (39.7 = 18.4vs. 16.8 & 21.6 dB)
were significantly higher in group I (p < 0.01). One of the
reasons for these better results is the shorter duration be-
tween the onset and IT DEX treatment (4.8 * 5.0 vs. 15.3
* 6.4 days; p < 0.01). However, between the patients with
successful treatment and those with no response in group
S, the difference in the mean duration between onset of
symptoms and IT DEX treatment (12.3 £ 3.5vs. 16.5 *
7.1 days) was not statistically significant, although the pa-
tients starting I'T DEX treatment later than 19 days after
onset did not have successful outcomes, suggesting the
therapeutic window of this treatment. It is also likely that
group S may include those with poor response to steroid
therapy, which was not overcome by the high dose of ste-
roid induced by the ITS therapy.

There are at least 3 requirements for successful IT
treatment. Firstly, a secure and confirmable delivery
method is necessary. For the agent to perfuse via the RW
membrane, it is important to replace the air around the
RW membrane [Nomura, 1984; Silverstein et al., 1997]
with the solution containing the agent. Secondly, sequen-
tial or continuous administration of the drug might be
desirable because it is expected to maintain the concentra-
tion of the drug in the target cells at a high level [Plontke
et al., 2007]. Finally, it should be an easy and painless de-
livery method. The daily short-term IT DEX treatment
using LAM seems to meet these 3 requirements.

In conclusion, daily short-term IT DEX treatment us-
ing LAM for ISSNHL patients without concurrent thera-
py is effective as an initial treatment as well as a salvage
one and proved to be an alternative therapeutic option
to high-dose systemic steroids. However, a prospective
study is necessary to validate the conclusion.

Kakehata/Sasaki/Futai/Kitani/Shinkawa
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ABSTRACT

Prostaglandins are one of the major groups of chemical mediators in the mammalian body. Among
prostaglandins, prostaglandin E2 (PGE2) is the most abundant prostanoid in humans and involved in
regulating many different fundamental biological functions. PGE2 signaling is mediated by four distinct
E-prostanoid receptors (EPs) namely EP1—4. Recently, accumulating evidence indicates critical, but
complex roles of EP signaling in the pathogenesis of neuronal diseases depending on the context of
neuronal injury. Four distinct EPs are expressed in the stria vascularis, spiral ligament, spiral ganglion and
organ of Corti, indicating an involvement of EP signaling in the cochlear function. Activation of EP4 in
cochleae significantly attenuates noise-induced damage in cochleae, and activation of EP2 or EP4 induces
the formation of vascular endothelial growth factor in cochleae. These findings strongly suggest that
individual EP signaling may be involved in the maintenance of the cochlear sensory system similarly to
the central nervous system. This review highlights recent findings on EP signaling in the central nervous
system, and presents its possible roles in regulation of blood flow, protection of sensory cells and

immune responses in cochleae.

© 2011 Published by Elsevier B.V.

1. Introduction

Prostaglandins (PGs), one of the major groups of chemical
mediators in the mammalian body, are involved in numerous
physiological reactions. Prostaglandin E2 (PGE2) is the most
abundant prostanoid in humans and involved in regulating many
different fundamental biological functions (Legler et al., 2010).
Accumulating evidence indicates critical roles of PGE2 signaling in
the pathogenesis of neuronal diseases (Andreasson, 2010).
However, the role of PGE2 in neuronal diseases is complex. The
divergent effects of PGE2 signaling likely depend on distinct
patterns and dynamics of expression of PGE2 receptors, namely
E-prostanoid receptor (EP) 1—4 (Sugimoto and Narumiya, 2007). In
the central nervous system, some EP signaling pathways mediate
neurotoxic effects, but others appear to mediate paradoxically
protective effects (Andreasson, 2010). Therefore, EP signaling

Abbreviations: AC, adenylyl cyclase; AA, arachidonic acid; cAMP, cyclic adeno-
sine monophosphate; COX, cyclooxygenase; COX-1, cyclooxygenase-1; COX-2,
cyclooxygenase-2; DAG, diacylglycerol; EP, E-prostanoid receptor; IP3, inositol-
1,4,5-trisphosphate; MRP4, multidrug resistance protein-4; PLC, phospholipase C;
PGs, prostaglandins; PGD2, prostaglandin D2; PGE2, prostaglandin E2; PGE1,
prostaglandin E1; PGES, prostaglandin-E-synthase; PGF2«, prostaglandin F2o;
PGH2, prostaglandin H2; PKA, protein kinase A; SNHL, sensorineural hearing loss;
SSHL, sudden sensorineural hearing loss.
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pathways have gained particular attention as new targets in ther-
apeutics in neuronal diseases.

Sensorineural hearing loss (SNHL) is one of the most common
disabilities, and has limited therapeutic options. SNHL can be
divided into two types corresponding to its onset, gradual or acute
onset. The most prevalent SNHL with gradual onset is age-related
hearing loss. Typical SNHL with acute onset is sudden sensorineural
hearing loss (SSHL). Therapeutic options for SNHL with gradual
onset are limited to hearing aids or cochlear implants, while
pharmacotherapeutic approaches are sometimes effective for SNHL
with acute onset. Systemic steroid application has been a primary
choice for treatment. However, 20% of patients with SSHL are
resistant to systemic steroid treatment. Hence, additional phar-
macotherapeutic options for SSHL have been required. Prosta-
glandin E1 (PGE1), which is a dihomo-g-linolenic acid derived
eicosanoid, has long been used as a vasodilator clinically, and
proven to be effective on diverse circulatory disorders. Disorders of
cochlear blood flow have been considered one of principle causes
for SSHL (Nakashima et al., 2003), which is a reason for clinical use
of several vasodilators including PGE1 in treatment of SSHL. In fact,
PGE1 has often been used as a secondary choice of therapeutic
options for SSHL. However, its clinical benefit is still controversial
(Nakashima et al., 1989; Ogawa et al., 2002; Ahn et al., 2005; Zhuo
et al., 2008; Agarwal and Pothier, 2009). PGE1 mainly binds to EPs,
and show various biological effects including vasodilation. There-
fore, activation or inhibition of specific EPs could boost therapeutic
potential of PGE1 or PGE2 (Andreasson, 2010; Legler et al., 2010;
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Sugimoto and Narumiya, 2007). However, little is known about EPs
in the cochlea. This review presents recent findings on EPs in the
cochlea with an overview of their roles in neurological disorders.

2. PGE2 biosynthesis and metabolism

PGs are short-lived potent bioactive lipid messengers belonging
to the family of eicosanoids (Funk, 2001; Harris et al,, 2002;
Simmons et al, 2004; Smith et al., 2000). PGs derive from
20-carbon fatty acid precursors, mainly arachidonic acid (AA). PG
biosynthesis is controlled by the rate-limited release of AA,
obtained either from plasma membrane phospholipids or derived
by desaturation and elongation of dietary fatty acids such as linoleic
acid (Simmons et al., 2004; Legler et al., 2010). This process is

oA R . . L -
mediated by phospholipase A2, following activation of intracellular

signal transduction pathways. Following its release from intracel-
lular stores into the cytoplasm, AA is oxidized by cyclooxygenase
(COX) to prostaglandin H2 (PGH2). This intermediate serves as the
substrate for terminal prostanoid synthase enzymes. These are
named according to the prostaglandin they produce such that
prostaglandin D2 (PGD2) is synthesized by prostaglandin-p-syn-
thase, PGE2 by prostaglandin-E-synthase (PGES); prostaglandin
F20. (PGF2a) by prostaglandin-F-synthase, prostacyclin by prosta-
glandin-I-synthase and thromboxane by thromboxane synthase
(Legler et al., 2010; Park et al., 2006) (Fig. 1).

Most cells synthesize almost undetectable or basal levels of PGs.
PGs are de novo synthesized rapidly upon cell activation and act in
an autocrine and paracrine fashion. A variety of stimuli regulate the
synthesis of PGs, which have an extraordinary broad spectrum of
action (Funk, 2001; Harris et al., 2002). PGE2 is the most abundant
prostanoid in humans and involved in regulating many different
biological functions ranging from reproduction to neuronal, meta-
bolic and immune functions (Dey et al., 2006; Legler et al., 2010;
Park et al., 2006; Wang et al., 2007). Synthesized PGE2 is actively
transported through the membrane by the ATP-dependent

multidrug resistance protein-4 (MRP4) or diffuses across the
plasma membrane (Park et al., 2006) PGE2 then acts locally through
binding of EPs (Sugimoto and Narumiya, 2007). PGE2 is not stored
but rapidly metabolized within minutes by cytosolic enzymes (Tai
et al.,, 2006).

3. Biological roies of PGE2

PGE2 has been described as a regulator of numerous physio-
logical functions. One of the most important features of PGE2 is its
vasodilatory activity including modulation of hemodynamics in the
kidney (Fortier et al., 2008), contraction and relaxation of smooth
muscle cells associated with blood pressure control (Hristovska
et al, 2007). In inflammation, PGE2 is of particular interest
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inflammation (Funk, 2001; Harris et al, 2002). PGE2 has been
referred to as a classical pro-inflammatory mediator. However, the
role of PGE2 in the regulation of inflammatory responses is even
more complex. PGE2 also exerts anti-inflammatory responses
(Sugimoto and Narumiya, 2007).

Since PGE2 can be produced by virtually any cells of the human
body, either constitutively or upon stimulation, and signals through
different receptors, its biological effects are diverse and of an
astounding complexity, depending on the amount of PGE2 available
within the microenvironment of diverse tissues and on four EPs
(Sugimoto and Narumiya, 2007).

EP1 couples to Goq protein and signals through the phospholi-
pase C (PLC)/inositol-1,4,5-trisphosphate (IP3) pathway resulting in
the formation of the second messengers diacylglycerol (DAG) and
IP3, with the latter rapidly liberating calcium ions from intracellular
stores (Legler et al., 2010). EP2 and EP4 receptor subtypes couple to
Gas and its activation leads to increased cyclic adenosine mono-
phosphate (cAMP) production (Legler et al., 2010). In contrast, EP3
couples to Goi for signaling and inhibits adenylyl cyclase (AC)
activation resulting in decreased cAMP concentrations (Table 1).
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Fig. 1. PGE2 biosynthesis and metabolism. AA: arachidonic acid, COX: cyclooxygenase, PGH2: prostaglandin H2, PGD2: prostaglandin D2, PGF2«: prostaglandin F2o, PGE2:

prostaglandin E2, PGI: prostaglandin 12, MRP4: multidrug resistance protein-4.




