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Abstract. Differential regulation of gene expression by transcription factors is widely viewed

as one of the principal mechanisms guiding development. Although numerous DNA binding

proteins have been identified in various tissues, the role of individual transcription factors in the

differentiation of specific cell groups, such as those populating the inner ear, is just beginning to

be elucidated. It is known that transcription factors are induced in response to many signals that

lead to cell growth, differentiation, inflammatory responses, the regulation of apoptosis, and

neoplastic transformation. There are various transcription factors in the cochlea of the inner ear.

These include activator protein-1 and nuclear factor-kappa B, glucocorticoid receptor, and so on.

Based on recent reports and our investigation, in this article we review possible functions and

expression of these transcription factors.
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Introduction

In eukaryotic cells, the de novo synthesis of proteins

is mainly controlled at the level of transcription of

genomic genes by RNA polymerase II, which is respon-

sible for the formation of mRNA from DNA in the

nucleus. Gene transcription involves molecular mecha-

nisms associated with protein-DNA and protein-protein

interactions, in addition to topological alterations of

genomic DNA. Transcription factors are nuclear

proteins that specifically recognize particular core

nucleotide sequences at promoter /enhancer elements on

target genes and thereby elicit quantitative control of

mRNA formed from genomic DNA as a result of

modulation of the activity of RNA polymerase II in the

nucleus. Thus, specific recognition of a particular core

nucleotide sequence and transcriptional modulation are

2 major functions of transcription factors in the nucleus.

In addition, transcription factors function to control

various processes, such as genesis, differentiation,

carcinogenesis, immunities, senescence, and apoptosis

through promoting the de novo synthesis of functional

proteins in mammalian cells (1).

The cochlea within the inner ear contains the cells

responsible for the perception of sound. The cochlea is

composed of a bony labyrinth, within which is found

the cellular structures comprising the membranous

labyrinth. The bony labyrinth includes the otic capsule,

as the external boundary of the cochlea, and the

modiolus, a bony tube that forms the central axis of the

cochlea and contains auditory nerve fibers and their

ganglion cells (spiral ganglion). In the cochlea, 3 fluid-

filled spaces known as scala vestibuli, scala tympani,

and scala media are separated from each other by the

basilar membrane and Reissner’s membrane. The stria

vascularis and the spiral ligament lie close to the bone

along the lateral wall of the cochlea. The organ of Corti,

whose structure contains hair cells (3 outer hair cells and

1 inner hair cell) as sensory cells and supporting cells,

spirals on the basilar membrane (Fig. 1).

The most common reason for sensorineural hearing

loss is degeneration of cochlear sensory cells, resulting

from overstimulation, ototoxic drugs, infections,

autoimmune disease, and aging. A considerable large

body of evidence suggests that the hearing loss is elicited

by overproduction of reactive oxygen species (ROS)

formed in the cochlea by the insults, as well as by the

overstimulation by sound (2, 3). The formation of ROS

is well known to trigger the transcriptional activation
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of genes through several distinct transcription factors,

such as antioxidant-response element binding proteins,

activator protein-1 (AP-1), and nuclear factor-kappaB

(NF-κB). Both AP-1 and NF-κB are redox-sensitive

transcription factors that participate in stress-induced

apoptotic pathways in neuronal cells, as well as in

normal development. In addition to AP-1 and NF-κB,

the glucocorticoid receptor also is a transcription factor

existing in the inner ear. This receptor participates in

clinical effects of steroids on acute sensorineural hearing

loss. However, very little is known about the functions

of the glucocorticoid receptor. In this article, we focus

on the expression of AP-1 and NF-κB in the cochlea

after noise exposure, as well as on the pharmacological

effects of glucocorticoid on the inner ear.

AP-1

The generation of ROS and the ensuing changes in the

redox state of the cell may trigger a variety of intra-

cellular signaling cascades leading to the activation of

transcription factors and culminating in the modulation

of gene expression. The genes and their respective gene

products can be associated with homeostatic mecha-

nisms controlling cell death. The redox-sensitive

transcription factor AP-1 is coupled to changes in the

levels of intracellular biological signal molecules, such

as ROS, cAMP, and Ca2+, which are produced by

extracellular signals (4 – 6). The AP-1 transcription

factor is composed of a mixture of homo- and hetero-

dimers formed between Jun (c-Jun, JunB, and JunD),

Fos (c-Fos, FosB, Fra1, and Fra2), and ATF families.

AP-1 regulates the expression of a myriad of genes in a

variety of tissues and cell types. AP-1 factors are a

paradigm for transcription factors that are involved in

several cellular functions such as apoptosis, differentia-

tion, proliferation, and transformation. Furthermore,

AP-1 is linked to the pathophysiology resulting from

stress, including trauma, ischemia, and seizure (7 – 11).

Exposure to intense noise can lead to permanent

damage to the sensorineural epithelium of the cochlea,

whose damage is based primarily on the loss of the

sensory cells (the inner and outer hair cells). Previously

we reported that intense noise exposure leads to an

increase in DNA binding of AP-1 in the guinea-pig

cochlea (12, 13). By means of an electrophoretic

mobility assay using a radiolabeled oligonucleotide

having the consensus sequence for AP-1, DNA binding

of AP-1 in nuclear extracts of the organ of Corti, lateral

wall, and modiolus (spiral ganglion) was determined at

various time points up to 48 h after a 5-h exposure of

guinea pigs to noise (115 dB SPL octave band noise

centered at 4 kHz). A clear biphasic elevation of the

AP-1 DNA binding was observed in the organ of Corti;

that is, the binding increased almost 5-fold immediately

after the noise exposure, returning to near the baseline

level 5 h later and then increased again to a maximum at

15 h after the noise exposure. In the lateral wall tissues,

the binding was significantly elevated to approximately

4 times the control value immediately after the 5-h noise

exposure, but there was no second peak. In contrast,

there was no significant increase in AP-1 binding in the

modiolus (spiral ganglion) following the noise exposure.

In order to evaluate the participation of Fos /Jun family

Fig. 1. A mid-modiolar section of the

mouse cochlea. The 3 fluid-filled spaces of

scala vestibuli, scala media, and scala

tympani are separated from each other by

Reissner’s membrane and basilar membrane.

The stria vascularis and spiral ligament lie

close to the bone alone the lateral wall of the

cochlea. The organ of Corti can be seen

resting on the basilar membrane and contains

supporting cells, the inner hair cells (arrow),

and outer hair cells (arrow heads). Auditory

nerve fibers and spiral ganglion are in the

modiolus.
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proteins in AP-1 DNA binding, we tested the effect of

the addition of antibodies against c-Fos, FosB, Fra1,

Fra2, c-Jun, JunB, and JunD on the DNA binding as a

supershift analysis. As a result, JunD was found to be a

major protein component of the AP-1 complex in any

region of the cochlea in naïve animals. In animals treated

with the 5-h noise exposure, Fra2 in addition to Jun D

contributed to the enhanced AP-1 DNA binding in the

both the organ of Corti and lateral wall tissues. In

addition to evaluation using guinea pigs, we have also

studied intense noise-induced enhancement of AP-1

DNA binding in the cochlea of mice. Intense noise

exposure (125 dB SPL octave band noise centered at

4 kHz for 2 h) was effective in enhancing AP-1 DNA

binding 2 to 12 h later, with a peak of the binding being

at 5 h after exposure (Fig. 2). Unlike the case of the

guinea pig, the noise-induced enhancement of AP-1

binding in the mouse resulted from the increased expres-

sion of FosB in all regions of the cochlea. However, the

reason for this species difference in terms of the AP-1

component induced by noise exposure remains to be

elucidated in the future studies.

The administration of the aminoglycoside antibiotic

kanamycin or the loop diuretic ethacrynic acid is known

to induce hearing loss in humans. Both drugs have been

simultaneously injected into guinea pigs to prepare a

drug-induced hearing loss model. When we tested the

DNA binding of AP-1 in the cochlea of guinea pigs

after treatment of them with kanamycin /ethacrynic acid,

the AP-1 DNA binding was significantly enhanced in

the organ of Corti, lateral wall, and spiral ganglion 12 h

after the treatment; and the enhanced level was sustained

at least until 28 days after the treatment. Supershift

analysis revealed that enhanced expression of Fos /Jun

family proteins, with the exception of FosB, was

responsible for the enhanced AP-1 DNA binding in the

cochlea of the guinea pigs suffering from the drug-

induced hearing loss (unpublished data).

What is the functional significances of AP-1

expressed in the cochlea in response to noise exposure or

treatment with kanamycin /ethacrynic acid? In other

words, what are the target genes for AP-1 expressed in

the cochlea after the treatment? A hint to the answer to

this question is that the AP-1 (c-Jun) level is an

important determinant of the expression of γ-glutamyl-

cysteine synthetase (γ-GCS), which is the rate-limiting

enzyme for glutathione (GSH) synthesis (14, 15). γ-GCS

is considered to be a candidate of target genes for the

AP-1 over-expressed in the cochlea after noise exposure.

Indeed, the GSH level is significantly increased in the

lateral wall 2 and 4 h after intense noise exposure and

returns to normal 6 h post-exposure (16). However, this

increase is not seen in the sensory epithelium and

modiolus. Furthermore, we have found that the

transcript of γ-GCS gene is enhanced in the cochlea

after noise exposure (unpublished data). Conditioning

noise, which can protect against noise-induced hearing

loss, increases the activity of γ-GCS in the cochlea of

the chinchilla (17). Thus, AP-1 over-expressed in the

cochlea after noise exposure may mediate an increase in

γ-GCS expression and thereby enhance GSH synthesis.

Glutathione is an important factor in protection against

hearing loss after noise exposure. A reduction in the

GSH level is known to enhance hearing loss induced

Fig. 2. Enhancement of AP-1 DNA binding after

noise exposure. Mice were exposed to noise (125 dB

SPL octave band noise centered at 4 kHz) for 2 h

and then decapitated at the various time points

indicated after noise exposure for preparation of

nuclear extracts from the cochlea. An aliquot (6 µg

of protein) of nuclear extracts was incubated with a
32P-labeled AP-1 probe and then subjected to the

electrophoretic mobility shift assay. The right panel

shows typical autoradiograms where each lane

corresponds to a sample from 1 animal. Quantitative

data are shown in the right graph, where each value

is the mean ± S.E.M. from 4 separate animals.

*P<0.05, **P<0.01, significantly different from

the control value obtained for naive animals.
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by the combination of aminoglycosides and ethacrynic

acid (18). In addition, it has been demonstrated that

noise-induced threshold shifts and hair cell loss are

aggravated under conditions where cochlear GSH is

lowered. Such aggravations are reduced by restoration

of the GSH level to normal by dietary supplementation

(19). Therefore, noise-induced expression of AP-1 may

be involved in a host defense system for preventing

hearing loss through upregulation of GSH, which is

utilized in scavenging reactive oxygen species.

NF-κB

The transcription factor Rel /NF-κB is well known to

be induced in response to many signals that lead to cell

growth, differentiation, inflammatory responses, the

regulation of apoptosis, and neoplastic transformation

(20). NF-κB is composed of homo- and heterodimers of

Rel proteins (21). The κB protein complexes are

composed of RelA (p65), RelB, c-Rel, NF-kB1

(p105 /p50), and NF-κB2 (p100 /p52). The dimer

complex is sequestered in the cytoplasm in an inactive

state by IκB. Diverse stimulants lead to degradation

of the NF-κB inhibitory protein followed by activation

of NF-κB. The activated NF-κB dimer can then be

translocated into the nucleus where it activates target

genes by binding with high affinity to κB elements in

their promoters. Major inducers of NF-κB include

proapoptotic and necrosis-induced stimuli, such as

oxygen-free radicals and UV irradiation.

There is increasing evidence to suggest that expres-

sion of many molecules in the lateral wall of the cochlea

plays important roles in noise-induced stress responses.

Therefore, we investigated the activation of NF-κB in

the cochlea of mice exposed to intense noise (125 dB

SPL octave band noise centered at 4 kHz for 2 h). NF-κB

DNA binding was significantly enhanced in nuclear

extracts of the cochlea 2 – 5 h after the noise exposure,

with a return to the basal level 12 h later (Fig. 3). Super-

shift analysis using antibodies against p65 and p50

proteins demonstrated that enhancement of NF-κB DNA

binding was at least in part due to nuclear translocation

of p65. An immunohistochemical study also showed

that nuclear translocation of both p65 and p50 occurred

in the lateral wall after noise exposure. These results

suggest that NF-κB may be involved in the expression

of genes in response to acoustic overstimulation in the

cochlea of mice.

Is the NF-κB pathway involved in cell survival or

death in the cochlea damaged by various insults?

Opposing findings have been described in recent reports.

One report demonstrated that the NF-κB pathway plays

a role in hair cell survival, but is not involved in hair cell

death, in aminoglycoside anitibiotics-induced outer hair

cell death, which is known to be mediated by ROS, in

adult CBA mice (22). When kanamycin (700 mg /kg)

was subcutaneously injected twice per day into adult

CBA mice, the hair cells were progressively destroyed,

but after 7 days of treatment, the auditory function and

morphology had not yet been affected significantly,

permitting investigations of early events in drug-induced

cell death. NF-κB composed of p50 and p65 proteins

was increased at 3 h, 3 days, and 7 days of treatment.

Immunoreactivity for p50 was present in the nuclei of

inner hair cells and supporting cells that survived the

drug treatment. In contrast, nuclei of outer hair cells

were devoid of immunoreactivity. Concomitant injec-

tions of antioxidants, however, such as 2,3-dihydroxy-

Fig. 3. Enhancement of NF-κB DNA binding after

noise exposure. Mice were exposed to noise (125 dB

SPL octave band noise centered at 4 kHz) for 2 h

and then decapitated at the various time points

indicated after noise exposure for preparation of

nuclear extracts from the cochlea. An aliquot (6 µg

of protein) of nuclear extracts was incubated with a
32P-labeled NF-κB probe and then subjected to the

electrophoretic mobility shift assay. The right panel

shows typical autoradiograms where each lane

corresponds to a sample from 1 animal. Quantitative

data are shown in the right graph, where each value

is the mean ± S.E.M. from 4 separate animals.

*P<0.05, **P<0.01, significantly different from

the control value obtained for naive animals.
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benzoic acid or salicylate (which prevents cell death

induced by kanamycin), promoted the translocation of

NF-κB into the nuclei of outer hair cells. These results

suggest that changes in the redox state of the cochlea

stimulate the activation of NF-κB and that this activation

is cell protective at least in kanamycin-induced hair cell

death. Contrary to this proposition, another report

demonstrated that in cisplatin-induced damage of the

cochlear lateral wall including the stria vascularis and

stria ligament, NF-κB mediated hair cell death in the

cochlea through NO generation by expression of

inducible nitric oxide synthase in both stria vascularis

and stria ligament (23). So far, however, very little has

been elucidated with respect to survival or death of the

hair cells following intense noise exposure.

Glucocorticoid receptor

Glucocorticoid activates the cytosolic glucocorticoid

receptor, which is then translocated to the nucleus to

regulate gene expression. Glucocorticoid receptor and

other members of the steroid / thyroid /retinoid receptor

superfamily are ligand-dependent transcription factors

known collectively as nuclear receptors. The prototypic

mode of glucocorticoid receptor action following ligand

activation is the formation of its homodimers that bind

a specific DNA sequence termed the glucocorticoid

response element in their promoter regions of genes.

The regulation of gene expression accounts for many,

and probably most, of the metabolic and endocrine

effects of steroids that, in excess, are recognized as

Cushing’s syndrome.

Glucocorticoid receptors at a high concentration

have been found in both cochlea and vestibular tissues

by means of in vitro binding studies using radiolabeled

dexamethasone (24). Further immunohistochemical

studies on glucocorticoid receptor distribution in the

murine inner ear reveal that the highest expression of

the receptor is seen in the type III fibrocytes of the

spiral ligament. Although the immunoreactivity of the

cochlear hair cells and of the vestibular sensory epithe-

lium is weak, the neighboring cochlear supporting

cells and subepithelial regions of the vestibular sensory

epithelium are immunostained to a greater extent.

Staining for glucocorticoid receptor is also positive in

the spiral ganglia and vestibular ganglia, as well as in the

endolymphatic sac (25).

Glucocorticoid has been widely used in therapeutic

management as a clinical drug for acute hearing loss in

humans. Indeed, increasing evidence indicates that

glucocorticoid has the ability to protect against hearing

loss in various animal models, such as those generated

by intense noise (26), aminoglycoside (27, 28), and

salicylate (29) treatment. However, very little is known

about the mechanisms underlying the protective effects

of glucocorticoid against hearing loss in these models.

To elucidate possible mechanisms underlying the

therapeutic effect of glucocorticoid on hearing loss,

therefore, we evaluated the level of GSH, an antioxidant,

in the cochlea after the systemic administration of

dexamethasone (2 – 20 mg /kg) into mice. This admin-

istration led to a significant increase in the GSH level in

the cochlea 2 to 24 h after the injection. Of the discrete

structures in the cochlea, the modiolus, but not the lateral

wall and the organ of Corti, showed an increase in the

GSH level after the treatment [GSH levels (% of naïve

animals): the organ of Corti, 99 ± 10; the lateral wall

tissues, 102 ± 9; the modiolus, 150 ± 8 (P<0.05)]. In

addition, significantly elevated mRNA expression of γ-

GCS was seen in the cochlea 1 to 16 h after the

treatment. These results suggest that glucocorticoid

enhances GSH biosynthesis in the cochlea through an

activation of γ-GCS transcripts in mice. Thus, the

therapeutic effect of glucocorticoid on acute hearing

loss could at least in part result from enhanced GSH

biosynthesis in the cochlea.

Others

In addition to AP-1, NF-κB, and glucocorticoid

receptor, some other transcription factors are found in

the cochlea of the inner ear. As development-related

factors, the POU domain factor and Islet-1 are found in

the cochlea. The POU domain transcription factors

Brn3a, Brn3b, and Brn3c are required for the proper

development of sensory ganglia, retinal ganglion cells,

and inner ear hair cells, respectively. Deletion of Brn3a

results in a significant loss of spiral ganglion neurons

and defects in their migration (30). Islet-1, which is an

LIM /homeodomain protein that acts as a transcriptional

regulator in the developing nervous system, is one of

the earliest markers of inner ear neural precursors just

before they migrate from the otic cup into the anterior

medioventral periotic mesenchyme. Islet-1 expression in

hair and supporting cells persists until early postnatal

stages, when the transcriptional regulator is down-

regulated in hair cells (31).

As yet other transcription factors in the cochlea,

hypoxia-inducible factor-1 (32), neuregulin-1 (33), and

thyroid hormone receptor (34) have been reported.

However, the functional significance and regulation of

expression of these cochlear transcription factors have

not yet been fully evaluated. Further studies on all of the

transcription factors mentioned in this review should

reveal the developmental regulation of the inner ear and

eventually lead to therapy for hearing loss.



R Nagashima et al306

References

1 Baeuerle PA, Henkel T. Function and activation of NF-kappa B

in the immune system. Annu Rev Immunol. 1994;12:141–179.

2 Ohlemiller KK, Wright JS, Dugan LL. Early elevation of

cochlear reactive oxygen species following noise exposure.

Audiol Neurootol. 1999;4:229–236.

3 Ohinata Y, Miller J, Shacht J. Protection from noise-induced

lipid peroxidation and hair cell loss in the cochlea. Brain Res.

2003;966:265–273.

4 Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr

Opin Cell Biol. 1997;9:240–246.

5 Turpaev KT. Reactive oxygen species and regulation of gene

expression. Biochemistry. 2002;67:281–292.

6 Ogita K, Kitayama T, Okuda H, Yoneda Y. Effects of gluta-

thione depletion by 2-cyclohexen-1-one on excitatory amino

acids-induced enhancement of activator protein-1 DNA binding

in murine hippocampus. J Neurochem. 2001;76:1905–1915.

7 Elliott RC, Gall CM. Changes in activating protein 1 (AP-1)

composition correspond with the biphasic profile of nerve

growth factor mRNA expression in rat hippocampus after hilus

lesion-induced seizure. J Neurosci. 2000;20:2142–2149.

8 Ogita K, Yoneda Y. Selective potentiation of DNA binding

activities of both activator protein 1 and cyclic AMP response

element binding protein through in vivo activation of N-methyl-

D-aspartate receptor complex in mouse brain. J Neurochem.

1994;63:525–534.

9 Yoneda Y, Kuramoto N, Azuma Y, Ogita K, Mitani A, Zhang L,

et al. Possible involvement of AP1 DNA binding in mechanisms

underlying ischemia tolerance in the CA1 subfield of gerbil

hippocampus. Neuroscience. 1998;86:79–97.

10 Kitayama T, Ogita K, Yoneda Y. Sustained potentiation of AP1

DNA binding is not always associated with neuronal death

following systemic administration of kainic acid in murine

hippocampus. Neurochem Int. 1999;35:453–462.

11 Ogita K, Okuda H, Kitano M, Fujinami Y, Ozaki K, Yoneda Y.

Localization of activator protein-1 complex with DNA binding

activity in mitochondria of murine brain following in vivo

treatment with kainate. J Neurosci. 2002;22:2561–2570.

12 Ogita K, Matsunobu T, Schacht J. Acoustic trauma enhances

DNA binding of transcription factor AP-1 in the guinea pig inner

ear. Neuroreport. 2000;11:859–862.

13 Matsunobu T, Ogita K, Schacht J. Modulation of activator

protein 1 /DNA binding activity by acoustic overstimulation in

the guinea-pig cochlea. Neuroscience. 2004;123:1037–1043.

14 Jeyapaul J, Jaiswal AK. Nrf2 and c-Jun regulation of antioxidant

response element (ARE)-mediated expression and induction

of gamma-glutamylcysteine synthetase heavy subunit gene.

Biochem Pharmacol. 2000;59:1433–1439.

15 Mulcahy RT, Wartman MA, Bailey HH, Gipp JJ. Constitutive

and beta-naphthoflavone-induced expression of the human

gamma-glutamylcysteine synthetase heavy subunit gene is

regulated by a distal antioxidant response element /TRE

sequence. J Biol Chem. 1997;272:7445–7454.

16 Yamasoba T, Harris C, Shoji F, Lee RJ, Nuttall AL, Miller JM.

Influence of intense sound exposure on glutathione synthesis in

the cochlea. Brain Res. 1998;804:72–78.

17 Jacono AA, Hu B, Kopke RD, Henderson D, Van De Water TR,

Steinman HM. Changes in cochlear antioxidant enzyme activity

after sound conditioning and noise exposure in the chinchilla.

Hear Res. 1998;117:31–38.

18 Hoffman DW, Whitworth CA, Jones-King KL, Rybak LP.

Potentiation of ototoxicity by glutathione depletion. Ann Otol

Rhinol Laryngol. 1988;97:36–41.

19 Ohinata Y, Yamasoba T, Schacht J, Miller JM. Glutathione

limits noise-induced hearing loss. Hear Res. 2000;146:28–34.

20 Pahl HL. Activators and target genes of Rel /NF-kappaB

transcription factors. Oncogene. 1999;18:6853–6866.

21 Zandi E, Karin M. Bridging the gap: composition, regulation,

and physiological function of the IkappaB kinase complex. Mol

Cell Biol. 1999;19:4547–4551.

22 Jiang H, Sha SH, Schacht J. NF-kappaB pathway protects

cochlear hair cells from aminoglycoside-induced ototoxicity.

J Neurosci Res. 2005;79:644–651.

23 Watanabe K, Inai S, Jinnouchi K, Bada S, Hess A, Michel O,

Yagi T. Nuclear-factor kappa B (NF-kappa B)-inducible nitric

oxide synthase (iNOS /NOS II) pathway damages the stria

vascularis in cisplatin-treated mice. Anticancer Res. 2002;22:

4081–4085.

24 Rarey KE, Luttge WG. Presence of type I and type II /IB

receptors for adrenocorticosteroid hormones in the inner ear.

Hear Res. 1989;41:217–221.

25 Shimazaki T, Ichimiya I, Suzuki M, Mogi G. Localization of

glucocorticoid receptors in the murine inner ear. Ann Otol

Rhinol Laryngol. 2002;111:1133–1138.

26 Takahashi K, Kusakari J, Kimura S, Wada T, Hara A. The effect

of methylprednisolone on acoustic trauma. Acta Otolaryngol.

1996;116:209–212.

27 Park SK, Choi D, Russell P, John EO, Jung TT. Protective effect

of corticosteroid against the cytotoxicity of aminoglycoside otic

drops on isolated cochlear outer hair cells. Laryngoscope.

2004;114:768–771.

28 Himeno C, Komeda M, Izumikawa M, Takemura K, Yagi M,

Weiping Y, et al. Intra-cochlear administration of dexametha-

sone attenuates aminoglycoside ototoxicity in the guinea pig.

Hear Res. 2002;167:61–70.

29 Nam BH, Kim PS, Park YS, Worrell LA, Park SK, John EO,

et al. Effect of corticosteroid on salicylate-induced morpho-

logical changes of isolated cochlear outer hair cells. Ann Otol

Rhinol Laryngol. 2004;113:734–737.

30 Huang EJ, Liu W, Fritzsch B, Bianchi LM, Reichardt LF, Xiang

M. Brn3a is a transcriptional regulator of soma size, target field

innervation and axon pathfinding of inner ear sensory neurons.

Development. 2001;128:2421–2432.

31 Li H, Liu H, Sage C, Huang M, Chen ZY, Heller S. Islet-1

expression in the developing chicken inner ear. J Comp Neurol.

2004;477:1–10.

32 Gross J, Rheinlander C, Fuchs J, Mazurek B, Machulik A,

Andreeva N, Kietzmann T. Expression of hypoxia-inducible

factor-1 in the cochlea of newborn rats. Hear Res. 2003;183:73–

83.

33 Bao J, Lin H, Ouyang Y, Lei D, Osman A, Kim TW, Mei L, Dai

P, Ohlemiller KK, Ambron RT. Activity-dependent transcription

regulation of PSD-95 by neuregulin-1 and Eos. Nat Neurosci.

2004;7:1250–1258.

34 Bradley DJ, Towle HC, Young WS 3rd. Alpha and beta thyroid

hormone receptor (TR) gene expression during auditory neuro-

genesis: evidence for TR isoform-specific transcriptional regula-

tion in vivo. Proc Natl Acad Sci U S A. 1994;91:439–443.


