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Abstract
The scientific basis for the administration of corticosteroids classi-

fied as glucocorticoids in certain cochlear disorders, such as im-

mune-mediated progressive and idiopathic acute sensorineural

hearing loss (SNHL), Ménière’s disease and noise-induced hearing

loss (NIHL), was discussed. The current knowledge on the physio-

logical functions of endogenous glucocorticoids and the pharmaco-

logical effects of their synthetic analogs was summarized. Emphasis

was placed on experimental studies on corticosteroids in the co-

chleovestibular system and on the therapeutic effects of glucocorti-

coids on SNHL, Ménière’s disease, NIHL and chronic tinnitus ob-

tained from clinical trials. Glucocorticoids exert numerous profound

effects on almost every organ system, including mechanisms in-

volved in anti-inflammatory action and immunosuppression. How-

ever, inflammatory tissue alterations are not only elicited by bacte-

rial, viral or other immunopathological processes but also by physi-

cally and chemically induced cellular damage, tissue ischemia and

hypoxia. Regardless of whether one or more of these insults under-

lie SNHL, Ménière’s disease and NIHL, glucocorticoids effectively

counteract subsequent inflammatory tissue damage in the auditory

and vestibular system. This was confirmed in experimental studies

on immune-mediated progressive SNHL, and thrombosis-induced

and noise-induced cochlear ischemia, hypoxia and hearing loss.

Glucocorticoid treatment results of immune-mediated progressive

and acute idiopathic SNHL are promising, although placebo-con-

trolled trials on the effect in acute idiopathic SNHL have revealed

conflicting data (probably due to the small number of patients). Clin-

ical studies on the effect of systemic glucocorticoid monotherapy on

Ménière’s disease and NIHL have not yet been performed. After

intratympanic application, relief of vertigo, tinnitus and preservation

of hearing in Ménière’s disease was observed in previous studies;

however, recently none of these effects have been confirmed in a

placebo-controlled trial. Similarly, in contrast to previous reports,

chronic tinnitus of various origins did not improve after repetitive

glucocorticoid application onto the round window membrane using

a micropump connected to an implanted microcatheter.

Copyright © 2000 S. Karger AG, Basel

Wie nützlich ist eine Therapie mit
Kortikosteroiden bei Innenohrerkrankungen?
Das Ziel dieser Arbeit bestand darin, die wissenschaftlichen Grund-

lagen für eine Therapie mit Glukokortikoiden bei unterschiedlichen

Innenohrerkrankungen (progrediente immunassoziierte; akute idio-

pathische; Morbus Ménière; knall- und lärmbedingte) zu erläutern.

Hierfür wurde eine zusammenfassende Übersicht über den aktuel-

len Kenntnisstand über die Wirkung endogener Glukokortikoide und

ihrer synthetischen Derivate erstellt. Zudem wurden die vorliegen-

den experimentellen Studien über die Wirkung von Glukokortikoi-

den im kochleovestibulären System aufgeführt. Zum Schluss wur-

den klinische Studienergebnisse über die therapeutischen Wirkun-

gen bei progredienten und akuten idiopathischen Innenohrerkran-

kungen, beim Morbus Ménière, bei knall- und lärmtraumatisch

bedingten Innenohrschwerhörigkeiten und beim Tinnitus kritisch

diskutiert. Glukokortikoide haben zahlreiche und vielfältige Wirkun-

gen in nahezu allen Organsystemen. Am besten sind ihre antiphlogi-

stischen und immunsuppressiven Effekte erforscht. Entzündliche

Gewebeveränderungen sind jedoch nicht nur durch bakterielle oder

virale Infektionen oder durch andere immunpathologische Mecha-

nismen bedingt, sondern finden sich auch in mechanisch oder che-

misch geschädigten sowie in ischämischen und hypoxischen Gewe-

ben. Insofern sollten Glukokortikoide unabhängig von den Pathome-

chanismen oben genannter kochleovestibulärer Erkrankungen ef-
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fektiv therapeutisch wirksam sein. Dies wurde in experimentel-

len Studien anhand von Tiermodellen für eine immunassoziier-

te progrediente Innenohrerkrankung und für ischämisch-hypo-

xische Innenohrerkrankungen nach photochemisch induzierten

kochleären Thrombosen und nach Lärmeinwirkungen bewie-

sen. Die klinischen Ergebnisse einer Glukokortikoidtherapie bei

progredienten immunassoziierten Innenohrerkrankungen und

bei akuten idiopathischen Innenohrerkrankungen (sogenannter

Hörsturz) sind erfolgversprechend. Allerdings haben sich in den

vier bisher vorliegenden plazebokontrollierten Studien mit Hör-

sturzpatienten widersprüchliche Ergebnisse ergeben, u.a. auch

durch die geringen Fallzahlen. Klinische Studien mit einer Mo-

notherapie mit Glukokortikoiden bei Ménière-Patienten oder bei

akuten Knall- und Lärmtraumata wurden bisher nicht durchge-

führt. Nach intratympanaler Glukokortikoidapplikation bei Mé-

nière-Patienten konnten frühere Erfolgsberichte hinsichtlich der

vestibulären Beschwerden, des Hörvermögens und des Tinni-

tus in aktuellen plazebokontrollierten Studien nicht bestätigt

werden. Ähnlich verhält es sich mit dem chronischen Tinnitus

aufgrund unterschiedlichster Innenohrerkrankungen, der sich

nach repetitiven Glukokortikoidapplikationen direkt auf die

Rundfenstermembran mit Hilfe einer implantierten Mikropum-

pe nicht veränderte.

Quelle est l’utilité du traitement par
corticostéroı̈des dans les affections cochléaires?
Les bases scientifiques justifiant l’administration de corticostéroı̈-

des, de la classe des glucocorticoı̈des, dans diverses affections

cochléaires, telles que les surdités progressives auto-immunes, les

surdités brusques idiopathiques, la maladie de Ménière et les trau-

matismes acoustiques, sont discutées. Les connaissances actuelles

des fonctions physiologiques des glucocorticoı̈des endogènes et les

effets pharmacologiques de leurs analogues synthétiques sont résu-

més sur la base d’études expérimentales et d’essais cliniques. Les

glucocorticoı̈des exercent de nombreux effets sur quasi tous les sys-

tèmes d’organes, incluant les mécanismes impliqués dans les pro-

cessus anti-inflammatoires et l’immunosuppression. Cependant,

l’inflammation tissulaire ne résulte pas seulement d’atteintes bacté-

riennes, virales ou d’autres processus immunopathologiques, mais

aussi de dommages cellulaires d’origine physique ou chimique,

d’ischémie et d’hypoxie. Indépendamment du savoir si l’un ou l’au-

tre de ces mécanismes est à l’origine des surdités brusques, de la

maladie de Ménière ou des traumatismes acoustiques, il apparaı̂t

que les glucocorticoı̈des empêchent les dommages tissulaires d’or-

dre inflammatoire qui en résultent, tant dans le système auditif que

vestibulaire. Ceci a été démontré sur la base d’expériences sur les

surdités résultant d’affections auto-immunes ou d’ischémie co-

chléaire par thrombose ou traumatisme acoustique. Les résultats du

traitement par glucocorticoı̈des des surdités progressives auto-

immunes et des surdités brusques idiopathiques sont encoura-

geants, bien que les études avec un groupe témoin traité par placé-

bo donnent des résultats contradictoires, ceci probablement en rai-

son du petit nombre de patients inclus. Les études évaluant l’effica-

cité des glucocorticoı̈des en monothérapie dans la maladie de

Ménière et les traumatismes acoustiques manquent. Quelques étu-

des ont rapporté que l’injection intratympanique permettait une ces-

sation des vertiges et des acouphènes, tout en préservant l’audition.

Toutefois, ces résultats n’ont pas été confirmés par une récente étu-

de avec groupe témoin. Les acouphènes chroniques de diverses ori-

gines ne semblent pas diminuer par l’application répétée de gluco-

corticoı̈des sur la fenêtre ronde.

Introduction

Synthetic analogs of corticosteroids classified as gluco-
corticoids (e.g. prednisolone) exert numerous profound
effects on almost every organ system, including mecha-
nisms involved against inflammation and in immunosup-
pression. However, inflammatory tissue alterations are
not only elicited by bacterial, viral or other immunopa-
thological processes but also by physically and chemically
induced cellular damage, tissue ischemia and hypoxia [for
reviews, see 1–4]. Therefore, glucocorticoids are among
the most used pharmacological agents, regardless of
whether the inciting agent is mechanical, radiant, chemi-
cal, ischemic, hypoxic, infectious or immunological.

Gucocorticoids have successfully been used for the
treatment of immune-mediated progressive sensorineu-
ral hearing loss, idiopathic acute sensorineural hearing
loss (SNHL), Ménière’s disease and noise-induced hear-
ing loss (NIHL), although neither the precise
pathomechanisms underlying these cochlear disorders
nor the mechanisms of drug action in the auditory sys-
tem have been clarified. In this article, the authors
attempt to provide a scientific basis for the administra-
tion of glucocorticoids in certain cochlear disorders. The
physiological functions of endogenous glucocorticoids
and the pharmacological effects of their synthetic analogs
are reviewed. Emphasis will be placed on experimental
studies on corticosteroids in the cochleo-vestibular sys-
tem and on the therapeutic effects of glucocorticoids on
immune-mediated progressive and idiopathic acute
SNHL, Ménière’s disease, NIHL and chronic tinnitus
obtained from clinical trials.

Physiological Functions of Corticosteroids and
Pharmacological Effects of Synthetic Analogs

Corticosteroids have multiple effects in a multitude of
tissues. Therefore, we have summarized the current
knowlege from the abundant literature in the following
sections and refer to recent reviews [1–68].

Principal Pharmacokinetics and Pharmacodynamics

Endogenous Corticosteroids
The adrenocorticotropic hormone (corticotropin) re-

leased from the adenohypophysis stimulates the synthesis
and release of two classes of steroids in the adrenal cortex:
(1) the corticosteroids, classified as glucocorticoids and
mineralocorticoids, and (2) the androgens.

The major glucocorticoids – the biologically active cor-
tisol (hydrocortisone), the inactive metabolite cortisone
and corticosterone, which has modest but significant glu-



Corticosteroids in Cochlear Disorders? Otorhinolaryngol Nova 1999;9:203–216 205

cocorticoid and mineralocorticoid effects – alter the car-
bohydrate, protein and lipid metabolism, and have an
inhibitory influence on inflammatory processes.

The major mineralocorticoid aldosterone primarily
regulates electrolyte and water homeostasis.

The normal daily rates of production and secretion of
the physiologically most significant corticosteroids corti-
sol and aldosterone are 8–25 and 0.15 mg/day, respective-
ly. The circulating cortisol plasma levels are 16 Ìg/100 ml
at 8 a.m. and 4 Ìg/100 ml at 4 p.m.; the aldosterone plas-
ma level is 0.01 Ìg/100 ml. Circumstances of stress, such
as injury, major surgery, hemorrhage, hypoglycemia, se-
vere infection, cold, pain and fear lead to a marked
increase (at least 10-fold) of the daily production rate of
cortisol.

Synthetic Analogs of Glucocorticoids
Synthetic glucocorticoids are grouped according to

their relative anti-inflammatory and sodium-retaining
potencies related to the major endogenous cortisol and
the synthetic cortisol analogs, respectively. Compared to
cortisol, prednisone and prednisolone exert a 4-fold,
methylprednisolone and triamcinolone a 5-fold, and be-
tamethasone and dexamethasone a 25-fold anti-inflam-
matory effect. Compared to the value 1 for cortisol, the
Na+-retaining potency of prednisone and prednisolone is
0.8, and 0.5 for methylprednisolone, while triamcino-
lone, betamethasone, and dexamethasone do not have
Na+-retaining effects. Fludrocortisone exerts a 10-fold
anti-inflammatory and a 125-fold sodium-retaining po-
tency.

The biological half-life of cortisol and fludrocortisone
is 8–12 h, while it lasts 12–36 h after administration of
prednisone, prednisolone, methylprednisolone and triam-
cinolone, and 36–72 h after betamethasone and dexa-
methasone application.

Synthetic glucocorticoids with an 11-keto substituent,
such as cortisone and prednisone, require enzymatic acti-
vation in the liver before they are biologically active. This
does not account for 11ß-hydroxysteroids, such as cortisol
and prednisolone.

95% of cortisol and 40–60% of prednisolone are rever-
sibly bound in the plasma to corticosteroid-binding globu-
lin (transcortin) and albumin; however, at supraphysio-
logical concentrations, a greater fraction is unbound. Only
unbound glucocorticoids may enter the cells. It is known
that after systemic administration of 300 mg predniso-
lone, glucocorticoid receptors are fully saturated in hu-
mans [34].

Long-term use of synthetic glucocorticoids may be
associated with more or less pronounced undesirable side
effects, such as fluid and electrolyte abnormalities, hyper-
tension, increased risk of infections, hyperglycemia, os-
teoporosis, myopathia, cataract, gastric ulcers, growth

arrest in children, fat redistribution, striae, ecchymoses,
acne, hirsutism and disturbances in mood and behavior.
In addition, systemic allergic reactions to corticosteroids
may occur [69, see further literature in 69].

Cellular Genome-Mediated Effects (within 1–2 h)

Binding by Intracellular Corticosteroid Receptors
Endogenous glucocorticoids bind with equal affinity to

both, glucocorticoid and mineralocorticoid receptor pro-
teins, the first of which present in the cytoplasm of vir-
tually all mammalian cells, the latter of which expressed
in the kidney, colon, salivary glands, sweat glands, CNS
and in the cochleovestibular system (see the sections on
their expression below).

Synthetic glucocorticoids, such as synthetic cortisol,
prednisone, prednisolone, methylprednisolone and flu-
drocortisone, also bind to both receptor types (with var-
ious affinity, see section on synthetic analogs of glucocor-
ticoids), while triamcinolone, betamethasone and dexa-
methasone exclusively bind to glucocorticoid receptors.

The inactive glucocorticoid receptor is a complex of
several proteins in the cytoplasm, including the heat
shock proteins HSP 90 and HSP 70, and a 56-kD immu-
nophillin. The basic structure and principles of action of
the mineralocorticoid receptor appear to be similar, al-
though it has been studied in less detail. Upon corticoste-
roid binding the receptor complex undergoes a series of
structural modifications and translocation to the nucleus,
where it binds to specific DNA sequences to change tran-
scription factors and the levels of synthesized proteins.

The Enzyme 11ß-Hydroxysteroid Dehydrogenase
In order to protect the mineralocorticoid receptor from

the much higher circulating concentrations of glucocorti-
coids, cortisol and corticosterone are metabolized in cer-
tain tissues (particularly in the kidney and in the brain) by
the enzyme 11ß-hydroxysteroid dehydrogenase to recep-
tor-inactive 11-keto derivatives, such as cortisone and 11-
dehydrocorticosterone. Recent studies have demon-
strated tissue-specific isoforms of the enzyme, some of
which catalyse the reverse conversion of cortisone to cor-
tisol. So far, the isozymes modulate ligand binding to glu-
cocorticoid and mineralocorticoid receptors, thereby am-
plifying and attenuating the tissue-specific response. Fur-
thermore, recent findings indicate that both receptors
interact by forming heterodimers, thereby increasing the
functional diversity of corticosteroid action, including
responsiveness to neurotransmitters, neurosteroids and
neuroendocrine control.
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Effects after Binding to Corticosteroid Receptors
Binding by glucocorticoid receptor proteins, expressed

in virtually all mammalian cells, results in:
– inhibition of the formation and liberation of proin-
flammatory mediators, such as eicosanoids (prostaglan-
dins, prostacyclin, thromboxanes, leukotrienes and plate-
let-activating factor), and cytokines (interleukins 1 to 12,
interferon · and Á, tumor necrosis factor ·, growth factor
GM-CSF);
– furthermore, adhesion and transendothelial migration
of inflammatory cells from the circulation into affected
areas are inhibited as a consequence of glucocorticoid-
induced inhibition of the elaboration and/or action of
lymphokines and specific receptor molecules on endothe-
lial cells, leukocytes and monocytes;
– in addition, glucocorticoids inhibit the activity of pro-
teolytic enzymes, such as collagenase and stromelysin;
– recently it has been shown that glucocorticoids at high
doses protect against free-oxygen-radical-mediated cellu-
lar damage by their antilipid peroxidative effects;
– glucocorticoids are also thought to down-regulate the
transcription and activity of inducible nitric oxide syn-
thase, thereby inhibiting the production of nitric oxide, a
gaseous neurotransmitter, neuromodulator, immune me-
diator and vasodilator;
– the mechanisms by which glucocorticoids stimulate
gluconeogenesis from amino acids and glycerol, promote
deposition of glucose as liver glycogen, inhibit glucose uti-
lization, increase protein breakdown and activate lipoly-
sis resulting in an alteration of fat distribution in periph-
eral tissues are not fully defined yet;
– furthermore, total body calcium stores are depleted by
interfering with Ca2+ uptake in the gut and Ca2+ excretion
in the kidney by unknown mechanisms;
– glucocorticoids also increase the expression of adrener-
gic receptors in vascular smooth muscle cells, which may
contribute to arterial hypertension, such as the mineralo-
corticoid-receptor-mediated Na+ and fluid retention (see
below); however, the precise underlying mechanisms re-
main to be elucidated;
– this also accounts for muscle weakness, which may
either be induced by mineralocorticoid-receptor-me-
diated K+ excretion (see below) or by glucocorticoid-
receptor-mediated protein breakdown with consequent
skeletal muscle wasting;
– and finally, elevated levels of glucocorticoids (whether
induced by systemic administration, sustained physical or
social stress, or accompanied by psychiatric, neurolog-
ical and other disorders) are associated with structural
changes in specific brain areas enriched with glucocorti-
coid and mineralocorticoid receptors, and with dysregula-
tion and dysfunction of these receptors, thereby affecting
neurochemical transmission, neuroendocrine control and
mood and behavior. After systemic administration, some

patients exhibit euphoria, insomnia, restlessness and in-
creased motor activity, others become anxious, depressed
or even psychotic.

Binding by mineralocorticoid receptor proteins, ex-
pressed in multiple central and peripheral tissues, includ-
ing the vestibulocochlear system, results in:
– enhanced synthesis and activation of the enzyme
Na,K-ATPase, thereby influencing intra- and extracellu-
lar osmolarity, electrochemical gradients across the cell
membrane and neuronal conduction;
– in addition, the number of open Na+ and K+ channels
is increased by an unknown mechanism;
– renal reabsorption of Na+ from the tubular fluid is
enhanced with consequent expansion of the extracellular
fluid volume contributing to arterial hypertension, while
the urinary excretion of K+ and H+ is increased.

Cellular Nongenomic Effects (within Minutes)

In contrast to the classical delayed genomic effects,
recent studies have documented that corticosteroids
may also interact with specific membrane-bound pro-
teins, such as ligand-gated ion channels (specifically, the
GABAA receptor) and G-protein coupled receptors. Evi-
dence for these nonclassic rapid actions is available for all
steroids and for a multitude of tissues, including central
and peripheral neurons. Binding to membrane-associated
steroid receptors results in activation of the sodium/pro-
ton exchanger and second-messenger systems, such as
phospholipase C, phosphoinositide turnover, intracellular
pH and Ca2+ as well as protein kinase C. This, in turn,
alters the permeability for certain cations (e.g. Ca2+ ions),
changes site-specific neurotransmitter concentrations and
neuronal activity, attenuates lipid peroxidation by free
oxygen radicals, and activates ATP-mediated biochemi-
cal processes. The precise mechanisms involved have not
been clarified yet.

Experimental Studies on Corticosteroids in the
Cochleovestibular System

Expression of Glucocorticoid Receptors

Rarey and Luttge [70] first identified glucocorticoid
receptor proteins in rat cochlear and vestibular tissue
samples in 1989. In human cochlear and vestibular tissue
specimens, glucocorticoid receptors were first detected by
Rarey and Curtis in 1996 [71].

In rats, the highest glucocorticoid receptor levels were
observed in type I and III fibrocytes in the spiral ligament,
in spiral limbus cells, in the organ of Corti region, and in
spiral ganglion cells, while the receptor levels in the stria
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vascularis and in the endolymphatic sac region were inter-
mediate, and the lowest levels were measured in vestibu-
lar dark cells, the cristae ampullares and maculae utriculi
[72–74]. Similarly, in guinea pigs the glucocorticoid re-
ceptor concentration in the lateral cochlear wall exceeded
that in the ampulla of the semicircular canal [75]. The
receptor expression during development in the rat [76]
and in CBA mice [77] indicates a tissue- and age-specific
nonlinear curve up to postnatal days 14–21, when an
adult pattern was observed.

After immobilization stress, glucocorticoid receptor
levels of rats increased in spiral ligament tissues and
decreased in the organ of Corti, while the levels in stria
vascularis tissues remained unchanged [78].

After noise stress (white noise, 85 dB SPL, 4 h on 3
consecutive days), glucocorticoid receptor levels of rats
remained unchanged in spiral ligament tissues and de-
creased in the organ of Corti [79].

In cultured cochlear and vestibular tissues, glucocorti-
coid conditioned media induced changes in protein syn-
thesis [80].

Expression of Mineralocorticoid Receptors

Rarey and Luttge [70] first identified mineralocorti-
coid receptor proteins in rat cochlear and vestibular tissue
samples in 1989. The receptor was localized within the rat
marginal cells, spiral ligament, spiral limbus, outer and
inner hair cells, spiral ganglion cells and cochlear nerve
[81, 82]. In the guinea pig, receptor proteins were evident
in the vascular stria, spiral prominence and spiral liga-
ment [83, 84] and in the ampullae of the semicircular
canals [85].

Expression of HSPs

The inactive glucocorticoid and mineralocorticoid re-
ceptor is a complex of several proteins, including HSP 90
and HSP 70, and a 56-kD immunophillin (see above).

HSP 90 is constitutive in inner and outer hair cells of
rats, and the levels are initially decreased and then
increased after exposure to broad-band noise (110 dB
SPL, 90 min) in both cell types [86].

The HSP 70 family (constitutive HSP 70, present in
cells under normal conditions; inducible HSP 72) was
detected in many cochlear cell types of unstressed and
heat-stressed guinea pigs [87–91]. Furthermore, hyper-
thermia-induced nuclear transition of HSP 70 was dem-
onstrated [90].

However, the HSP 70 family was not detectable in
unstressed rats [89, 92], but HSP 72 synthesis was
induced by heat stress in strial vessels, the spiral ligament,

the spiral limbus and in spiral ganglion neurons [89]. Sim-
ilarly, following varying periods of unilateral cochlear
ischemia and reperfusion, HSP 72 could be detected in rat
cochlear homogenates [92]. And finally, HSP-72-immu-
noreactive staining was also observed in rats, exposed to
110 dB SPL broad-band noise for 90 min, in the cyto-
plasm of outer hair cells and few inner hair cells, and stria
vascularis, but not in supportive cells and spiral ganglion
cells [86, 93]. However, Western blot results showed HSP
72 also in spiral ganglion cells and cochlear nerve [86].

Expression of the Enzyme 11ß-Hydroxysteroid
Dehydrogenase

Various tissue-specific isoforms of the enzyme 11ß-
hydroxysteroid dehydrogenase metabolize cortisol and
corticosterone to inactive derivatives (e.g. cortisone) and
vice versa. Thereby the mineralocorticoid receptor is pro-
tected from the much higher circulating concentrations of
glucocorticoids, and ligand binding to glucocorticoid and
mineralocorticoid receptors is modulated (see above).

11ß-hydroxysteroid dehydrogenase is colocalized with
glucocorticoid and mineralocorticoid receptors in the spi-
ral ligament of rats, while other cochlear regions and the
vestibular membranous labyrinth were devoid of the en-
zyme [94]. The expression appeared on the 12th postnatal
day with strong expression on day 15 [95] and was there-
fore preceded by the expression of glucocorticoid recep-
tors [76]. In guinea pigs, the enzyme has been localized in
the ampullae of the semicircular canal [96].

Expression of the Enzyme Na,K-ATPase

Corticosteroids regulate sodium and potassium ion
transport through regulation of Na,K-ATPase, a process
mediated by mineralocorticoid receptors, which bind en-
dogenous and certain synthetic glucocorticoids and min-
eralocorticoids (see section on binding by intracellular
corticosteroid receptors).

The expression of Na,K-ATPase was early suggested in
the mammalian cochleovestibular system, and recently
heterogeneous expression of the subunit isoforms has
been detected in several mammalian species in the stria
vascularis (marginal cells, intermediate cells), spiral liga-
ment fibrocytes, spiral limbus fibrocytes, interdental cells,
outer sulcus epithelial cells, pillar cells, base of inner and
outer hair cells (probably rather the neurilemma of affer-
ent but not that of efferent nerve processes beneath hair
cells), cochlear nerve fibers, type I spiral ganglion neurons
and their central and peripheral processes, endolymphatic
sac, crista ampullaris and macula of the saccule, dark cells
of the ampullae and utricle, and in the sensory regions of
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the vestibular end organs [85, 97–130; for a review, see
131]. The presence of Na,K-ATPase was also (indirectly)
established in isolated outer hair cells by measurements of
membrane potentials [132] and in distinct fibrocytes of
the spiral ligament, and in the stria vascularis by measur-
ing the intracellular Na+ concentration [133]. Normal
immunoreactivity for Na,K-ATPase was also observed in
cultured marginal cells [134] and in mice with a null
mutation of the glucocorticoid receptor [128].

It is interesting to note that an age-dependent degener-
ation and loss of immunoreactivity and specific activity
of Na,K-ATPase was observed in gerbil and rat strial mar-
ginal cells and spiral ligament fibrocytes [111, 120, 126,
127]. Furthermore, immunoreactivity of certain isoforms
of Na,K-ATPase in the stria vascularis, spiral limbus, spi-
ral ganglion cells and cochlear nerve is increased in hyper-
thyroid states and decreased under hypothyroid condi-
tions and is responsive to triiodothyronine treatment
[125]. And finally, catecholamines and serotonin may also
control Na,K-ATPase activity in strial marginal cells
[135–140].

Changes due to Altered Levels of Endogenous
Corticosteroids

The morphological integrity of the cellular architecture
of the stria vascularis [141–143] and the ampullar dark
cells [141, 144, 145] is dependent on an adequate plasma
corticosteroid level in rats. When diet-induced mineralo-
corticoid deficiency is substituted with aldosterone, the
number of Na+,K(+)-ATPase sites in the lateral cochlear
wall and in the ampullae of the semicircular canal is
increased in guinea pigs [85].

In adrenalectomized rats, glucocorticoid substitution
increased Na,K-ATPase levels in the stria vascularis and
spiral ligament, while mineralocorticoid substitution in-
creased only strial enzyme levels [112].

Potassium concentration in the perilymph, endo-
lymph, marginal cells and spiral ligament, and endolym-
phatic potentials remained unchanged in adrenalecto-
mized rats, although potassium levels in the plasma of
adrenalectomized rats were higher compared to normal
rats [146, 147].

Similarly, endolymphatic and perilymphatic sodium
and potassium concentrations, and endolymphatic poten-
tial, were not changed in adrenalectomized rats whether
supplementation with dexamethasone was performed or
not [148].

Free calcium concentration was reduced in the plasma
of adrenalectomized rats but increased in the perilymph
and spiral ligament, while no change was observed in
strial marginal cells and in the endolymph [149].

Adenosine triphosphatase activity was decreased in
the stria vascularis, spiral ligament and ampullar dark
cells, but not in utricular dark-cell tissues in adrenalecto-
mized rats [141].

Noise-induced (100 dB SPL, 30 min) elevation of audi-
tory nerve compound action potential (CAP) thresholds
was similar in adrenalectomized and normal rats, and
endolymphatic potassium concentration and endolym-
phatic potential were not affected by noise in both groups
[146].

Effects of Synthetic Glucocorticoids in Normal
Animals

Glucocorticoids Applied Locally onto the Round
Window Membrane
After repetitive (once a day for 5 consecutive days)

transtympanic injection of cortisol into the round window
niche of rats, auditory brainstem response (ABR) thresh-
olds were impaired in the frequency range of 12–31.5 kHz
but not in the range of 2–8 kHz. ABRs did not recover
until 8 weeks after application. Morphological intraco-
chlear damage as assessed by light and transmission elec-
tron microscopy was not observed [150].

However, after single transtympanic injection of dexa-
methasone into the round window niche of guinea pigs,
cochlear blood flow increased until the end of the record-
ing period after 60 min, without any significant change of
ABRs and intracochlear morphology until 4 weeks after
application [151].

Systemically Applied Glucocorticoids
The effect of prednisolone, either at low (2.5 mg) or

high doses (25 mg) on cochlear blood flow, the partial
pressure of oxygen (pO2) in the perilymph, cochlear mi-
crophonics (CMs), CAPs of the auditory nerve and ABRs
was examined in guinea pigs [152]. After 10 min intrave-
nous infusion time, recordings were continued for further
110 min. Peripheral cardiovascular parameters, cochlear
blood flow, CMs, CAPs and ABRs did not change signifi-
cantly, but perilymph pO2 showed a significant decrease
after infusion of both prednisolone doses. In contrast,
controls monitored for 210 min and isotonic-saline-
infused animals did not show any significant change of
the measuring parameters [152–156]. It remains to be
seen whether oxygen-consuming mechanisms, by which
glucocorticoids act to mobilize amino acids for gluconeo-
genesis and alter glucose utilization, or nongenomic ef-
fects that are supposed to activate ATP-mediated bio-
chemical processes can explain the poor effect on peri-
lymph pO2.
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Effects of Synthetic Glucocorticoids in Experimental
Cochlear Damages

Salicylate Ototoxicity
After pretreatment with dexamethasone, salicylate-in-

duced hearing loss as assessed by ABRs was partially pre-
vented in chinchillas [157]. The authors assumed that the
dexamethasone-induced increased levels of prostaglan-
dins and decreased levels of leukotrienes observed in the
perilymph contributed to the effect.

Photochemically Induced Focal Cochlear
Microcirculation Lesions
After pretreatment with a synthetic cortisol analog, the

photochemically induced decrease in blood flow in the
lateral cochlear wall and the area of stria vascularis degen-
eration was significantly attenuated [158]. The authors
suggested that cortisol may have prevented the produc-
tion of free oxygen radicals, which are generated when
intravenously infused rose bengal is photoactivated using
a xenon lamp. This is known to damage the vascular
endothelium with subsequent thrombosis.

Immune-Mediated Progressive SNHL
Deterioration of ABR thresholds of 20-week-old MRL/

MP-lpr/lpr mice, bred for the study of autoimmune dis-
ease [159], was prevented by daily prednisolone treat-
ment for 10 weeks [160].

Noise-Induced Hearing Loss
After exposure to broad-band noise (6–30 kHz) of

120 dB SPL for 5 min, and methylprednisolone treatment
15 min prior to the noise exposure, with 4 additional
doses being given at 8-hour intervals, the ABR threshold
shift of F1 hybrid offspring of inbred mice strains was sig-
nificantly smaller in the high frequencies compared to
untreated controls [161].

After exposure to broad-band noise of 100 dB SPL
twice over 24 h, pretreatment with prednisolone before
the second exposure brought about a significantly more
pronounced recovery of CAP thresholds of the auditory
nerve in guinea pigs [162].

After exposure to 2-kHz pure tones of 110 dB SPL for
10 min and daily postexposure treatment with methyl-
prednisolone for 7 days, the CAP threshold shift of guinea
pigs was significantly smaller compared to saline-treated
controls at all frequencies tested (2–16 kHz). However,
after exposure to 115 and 120 dB SPL, treatment with
methylprednisolone was ineffective [163].

After exposure to 1/3 octave band noise centered at
8 kHz of 129 dB SPL for 20 min, recovery of CAP thresh-
old shifts (2–32 kHz) was significantly improved, and co-
chlear damage as assessed by cochleograms was much
smaller in methylprednisolone-treated (daily for 5 days)

guinea pigs as compared to untreated controls up to 14
days after exposure [164].

After exposure to broad-band noise (1–12 kHz) of
106 dB SPL for 30 min, single treatment with a low pred-
nisolone dose (2.5 mg) resulted in recovery of CAPs, but
CMs, ABRs and cochlear blood flow did not differ signifi-
cantly from untreated and isotonic-saline-treated guinea
pigs up until the end of the recording period at 180 min
after exposure. Similarly to the unexposed prednisolone-
treated animals, perilymphatic pO2 showed a significantly
greater decrease compared to the values in the noise-
exposed, untreated animals [152, 155].

In contrast, after single treatment with a high predniso-
lone dose (25 mg), perilymphatic pO2 values did not sig-
nificantly differ from the noise-exposed untreated group.
This also applied to the cochlear blood flow values; how-
ever, the therapeutic effect on the auditory function was
significant. Amplitudes significantly increased with par-
tial recovery of CMs and full recovery of CAPs and ABRs
already 50 min after termination of infusion and re-
mained stable for further 60 min until the end of the
recording period at 180 min after exposure [152, 155].

It is interesting to note that glucocorticoid treatment
using a high prednisolone dose did not relieve progressive
noise-induced cochlear hypoxia and posttraumatic isch-
emia but resulted in partial recovery of CMs and full
recovery of CAPs and ABRs [152, 155]. These findings
indicate direct cellular effects of prednisolone in the
noise-damaged cochlea taking into account no blood flow
and oxygenation. The possible mechanisms involved are
discussed elsewhere [152]. Experimental studies have fur-
ther shown that NIHL is also effectively treated after
noise exposure with another anti-inflammatory agent,
diclofenac sodium, although impaired cochlear blood
flow and perilymphatic pO2 did not improve, as with
prednisolone [152, 155]. Furthermore, a combination
therapy of prednisolone together with hyperbaric oxygen
(inhalation of 100% oxygen at an elevated ambient pres-
sure of 2.6 atmosphere absolute in a hyperbaric chamber)
achieved even better results [154, 155, 164]. Isobaric oxy-
gen therapy (inhalation of 100% oxygen at normal am-
bient pressure) was less effective [154, 155] or not effec-
tive at all [164], such as carbogen gas (95% O2 + 5% CO2)
[164].

Drill-Induced Ossicular Chain Injury
Pretreatment with methylprednisolone did not prevent

a permanent CAP threshold shift due to standardized
drill-induced injury to the guinea pig incus until a 5-week
observation period [165].
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Clinical Results of the Therapeutic Effect of
Glucocorticoids in Cochlear Disorders

Immune-Mediated Progressive SNHL

Progressive SNHL is supposed to be immune me-
diated and can be successfully treated with long-term
administration of glucocorticoids [166–172; for recent
reviews, see 173–177].

Idiopathic Acute SNHL

Clinical studies on the effect of glucocorticoids on idio-
pathic acute SNHL have revealed somewhat conflicting
results. In the literature many reports are available about
positive experiences with glucocorticoid treatment. How-
ever, patients received simultaneously additional agents,
such as blood-flow-promoting drugs, lidocaine, vitamins
and others. Therefore, it is difficult to estimate whether
glucocorticoids have contributed to recovery of hearing or
not. Furthermore, according to the results of placebo-con-
trolled clinical trials and those in which the outcome of no
treatment was compared with the effect of various drugs
(including glucocorticoids, see below), the rate of sponta-
neous partial recovery lies between 32 and 89%, with
spontaneous full recovery of 25–68% [for recent reviews
and literature, see 178–180].

Concerning the effect of glucocorticoids in comparison
to placebo or no treatment, only four clinical trials have
been performed [172, 181–183]. Mattox and Simmons
[181] came to the conclusion that 20 of 28 nontreated
patients (71%) recovered their hearing ‘completely or a
good percentage’, and 63 of 88 patients (72%) showed
similar results after glucocorticoid therapy. Wilson et al.
[182] reported that of 52 nontreated patients, 29 cases
regained normal hearing ability (i.e. 56%). Excluding
those patients with a middle-frequency hearing loss, since
a spontaneous recovery was always demonstrated [182],
17 of 35 nontreated patients with a low- or high-frequency
hearing loss were found to have regained their hearing
ability 3 months at the latest following onset of affliction
(i.e. 49%). In contrast, 11 of 34 placebo-treated patients
recovered their hearing (i.e. 32%), while 20 of 33 gluco-
corticoid-treated patients (i.e. 61%), particularly those
with moderate hearing loss, showed similar results. Mos-
kowitz et al. [183] deduced that 24 of 27 glucocorticoid-
treated patients (i.e. 89%) ‘recovered at least 50% of their
hearing’, whereas 4 of 9 patients (i.e. 44%) recovered their
hearing without any treatment. Veldman et al. [172] have
found an effective response to glucocorticoid treatment in
6 of 12 patients (i.e. 50%), while only 6 of 19 nontreated
patients (i.e. 32%) showed similar results. In order to sta-
tistically compare the results with no treatment or placebo

therapy with those obtained with glucocorticoids, the
numbers of patients in both groups need to be equal. Fur-
thermore, the number of patients in each group is too low
in order to express recovery rates in percent. Therefore, it
is still to be seen whether glucocorticoids are more effec-
tive than no treatment or placebo therapy in SNHL.

Ménière’s Disease

Experimental and clinical studies indicate that immune-
mediated mechanisms may be involved in Ménière’s dis-
ease [for recent reviews, see 176, 177, 184–187]. Positive
experiences with systemic glucocorticoid treatment of Mé-
nière’s disease have been reported; however, patients re-
ceived additional agents, and placebo-controlled clinical
trials have not been performed. However, the effectiveness
of intratympanically applied glucocorticoids without sup-
plements has been evaluated [188–193]. Previous results
have indicated effectiveness for vertigo in almost all treated
ears and amelioration of tinnitus in most ears but no
improvement of hearing [188, 189]. Preliminary results
from recent studies indicate good relief of dizzy spells and
preservation of hearing in many patients [190, 191]. In
another study, hearing improved in 5, did not change in 7
and deteriorated in 3 of 15 ears [192]. In contrast, no signif-
icant changes were observed in any measured parameter
(hearing loss, tinnitus, aural fulness and caloric vestibular
response) in 20 patients who had either received placebo or
dexamethasone on 3 consecutive days [193].

Noise-Induced Hearing Loss

Clinical results on the effect of glucocorticoids in noise-
induced hearing loss have not yet been published.

Tinnitus

Placebo-controlled clinical results on the effect of sys-
temically applied glucocorticoids on tinnitus have not yet
been published.

In early reports, amelioration of tinnitus was observed
after intratympanic glucocorticoid injection in most ears
of patients suffering from Ménière’s disease [188, 189]. In
contrast, no effect on tinnitus has recently been estab-
lished in 20 patients suffering from Ménière’s disease who
had either received intratympanic application of placebo
or dexamethasone on 3 consecutive days [193].

Tinnitus associated with various cochlear disorders
was abolished in 87, considerably ameliorated in 39 and
not changed in 14 of 140 ears of 109 patients who had
received a single intratympanic glucocorticoid injection
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[194]. In contrast, benefit was not confirmed in a small-
scale trial with 6 patients [195]. In a recent report [196],
tinnitus was completely eliminated in 3, reduced in 5, un-
changed in 5 and worse in 1 of 14 patients suffering from
various inner ear diseases after repetitive intratympanic
glucocorticoid administration. In contrast, Lenarz et al.
[197] have not observed any improvement of tinnitus in 20
patients suffering from various cochlear disorders after re-
petitive glucocorticoid application onto the round window
membrane using a micropump connected to an implanted
microcatheter. The other drugs tested in this study (lido-
caine, gentamycin, glutamate, glutamate receptor antago-
nists) were also ineffective. In summary, the use of intra-
tympanic glucocorticoids should remain investigational
until more experimental and clinical data about the long-
term effects after repetitive application are available [198].

Conclusions

The rationale for administration of anti-inflammatory
agents, such as glucocorticoids in immune-mediated pro-
gressive and idiopathic acute SNHL, Ménière’s disease
and NIHL is based on the following considerations.

Inflammatory tissue alterations are not only elicited by
bacterial, viral or other immunopathological processes
but also by physically and chemically induced cellular
damage, tissue ischemia and hypoxia [1–4]. Therefore,
regardless of whether one or more of these pathomecha-
nisms underlie SNHL, Ménière’s disease and NIHL, glu-
cocorticoids effectively counteract the subsequent inflam-
matory tissue damage in the auditory and vestibular sys-
tem. Bioelectrical changes in the cochlea and retroco-
chlear auditory system evolving during immunological
and/or physical and/or ischemic-hypoxic cellular patho-
mechanisms become apparent as hyperpolarization, fail-
ure of synaptic transmission, neuronal K+ loss and uptake
of large amounts of Na+, Cl– and Ca2+, accompanied by
H2O, causing cellular swelling and biochemical and bioel-
ectrical dysfunction [for a review, see 131]. These and
more pathological changes on the cellular level are targets
for the glucocorticoid and mineralocorticoid receptor-
mediated delayed genomic actions, and the membranous
receptor-mediated rapid nongenomic actions of glucocor-
ticoids. The receptors are evident in all physiologically
most significant cochlear and vestibular cells. The en-
zyme 11ß-hydroxysteroid dehydrogenase, involved in the
modulation of glucocorticoid binding to glucocorticoid
and mineralocorticoid receptors, was detected. And, fi-
nally, activation of the enzyme Na,K-ATPase distributed
widely in the cochlea and peripheral vestibular system
subsequent to binding of endogenous and certain synthet-
ic glucocorticoids to mineralocorticoid receptors has been
proved. These findings are the essential basis for thera-

peutic effects of glucocorticoids in the cochleovestibular
system, such as activation of carbohydrate and protein
metabolism involved in cellular recovery processes and
protection from further cellular damage. In addition, syn-
thetic glucocorticoids which also bind to mineralocorticoid
receptors will contribute to the restoration of disturbed cel-
lular osmolarity, electrochemical gradients and neuronal
conduction. Evidence for these effects comes from experi-
mental studies, which have demonstrated that salicylate
ototoxicity, damage and thrombosis of strial vessels due to
free oxygen radicals and immune-mediated progressive
SNHL are prevented by pretreatment with glucocorticoids.
Furthermore, it has been shown that NIHL recovers after
postexposure treatment with prednisolone (a synthetic glu-
cocorticoid which binds to both glucocorticoid and miner-
alocorticoid receptors), although progressive noise-in-
duced cochlear hypoxia and posttraumatic ischemia were
not relieved. Clinical studies on the effect of glucocorticoid
monotherapy on NIHL have not yet been performed.
Treatment results of immune-mediated progressive and
acute idiopathic SNHL with glucocorticoids are promising,
although placebo-controlled trials on the effect in acute
idiopathic SNHL have revealed conflicting data so far. A
greater number of patients is needed in order to obtain
valid statistical results. Systemic glucocorticoid treatment
of Ménière’s disease is recommended and is being widely
used; however, it is difficult to estimate how much gluco-
corticoids have contributed to the therapeutic effects, since
patients have received other drugs simultaneously. Mono-
therapy with intratympanically applied glucocorticoids
have indicated relief of dizzy spells, amelioration of tinni-
tus and preservation but no improvement of hearing in
earlier reports, but none of these effects have recently been
observed in a placebo-controlled study. Similarly, in con-
trast to previous studies, chronic tinnitus associated with
various cochlear disorders did not improve after repetitive
glucocorticoid application onto the round window mem-
brane using a micropump connected to an implanted
microcatheter. The other drugs tested in this recent study
[197], such as lidocaine, gentamycin, glutamate and gluta-
mate receptor antagonists, were also ineffective.

In summary, experimental and clinical results on the
therapeutic effect of glucocorticoids in immune-mediated
progressive and idiopathic acute SNHL, Ménière’s dis-
ease and NIHL are promising; however, this should be
confirmed in further controlled clinical trials.

Acknowledgements

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG La 670/1-2). The authors thank Dr. Willmar Schwabe
GmbH & Co. (Karlsruhe, Germany), the Erwin Braun Foundation
(Basel, Switzerland) and the Rut and Klaus Bahlsen Foundation
(Hannover, Germany) for their support.



212 Otorhinolaryngol Nova 1999;9:203–216 Lamm/Arnold

References

1 Haynes RC Jr: Adrenocorticotrophic hormone:
Adrenocortical steroids and their synthetic
analogs: Inhibitors of the synthesis and actions
of adrenocortical hormones; in Goodman Gil-
man A, Rall TW, Nies AS, Taylor P (eds):
Goodman and Gilman’s Pharmacological Ba-
sis of Therapeutics, ed. 8. New York, Perga-
mon Press, 1990, pp 1431–1462.

2 Schimmer BP, Parker KL: Adrenocorticotro-
phic hormone: Adrenocortical steroids and
their synthetic analogs: Inhibitors of the syn-
thesis and actions of adrenocortical hormones;
in Hardman JG, Limbird LE, Molinoff PB,
Ruddon RW, Goodman Gilman A (eds):
Goodman and Gilman’s Pharmacological Ba-
sis of Therapeutics, ed 9. New York, McGraw-
Hill, 1996, pp 1459–1485.

3 Insel PA: Analgesic-antipyretic and antiinflam-
matory agents and drugs employed in the treat-
ment of gout; in Hardman JG, Limbird LE,
Molinoff PB, Ruddon RW, Goodman Gilman
A (eds): Goodman and Gilman’s Pharmacolog-
ical Basis of Therapeutics, ed 9. New York,
McGraw-Hill, 1996, pp 617–657.

4 Korompilias AV, Chen LE, Seaber AV, Urban-
iak JR: Actions of glucocorticosteroids on isch-
emic-reperfused muscle and cutaneous tissue.
Microsurgery 1996;17:495–502.

5 Bamberger CM, Schulte HM, Chrousos GP:
Molecular determinants of glucocorticoid re-
ceptor function and tissue sensitivity to gluco-
corticoids. Endocr Rev 1996;17:245–261.

6 Barnes PJ: Anti-inflammatory actions of gluco-
corticoids: Molecular mechanisms. Clin Sci
(Colch) 1998;94:557–572.

7 Benediktsson R, Edwards CR:11-Beta-hy-
droxysteroid dehydrogenases: Tissue-specific
dictators of glucocorticoid action. Essays Bio-
chem 1996;31:23–36.

8 Bonvalet JP: Regulation of sodium transport
by steroid hormones. Kidney Int Suppl 1998;
65:S49–S56.

9 Brattsand R, Linden M: Cytokine modulation
by glucocorticoids: Mechanisms and actions in
cellular studies. Aliment Pharmacol Ther 1996;
10(suppl 2):81–90.

10 Brem AS, Morris DJ: Interactions between glu-
cocorticoids and mineralocorticoids in the reg-
ulation of renal electrolyte transport. Mol Cell
Endocrinol 1993;97:C1–C5.

11 Buttgereit F, Dimmeler S, Neugebauer E, Bur-
mester GR: Wirkungsmechanismen der hoch-
dosierten Glucocorticoidtherapie. Dtsch Med
Wochenschr 1996;121:248–252.

12 Chapman KE, Kotelevtsev YV, Jamieson PM,
Williams LJ, Mullins JJ, Seckl JR: Tissue-spe-
cific modulation of glucocorticoid action by the
11-beta-hydroxysteroid dehydrogenases. Bio-
chem Soc Trans 1997;25:583–587.

13 Christ M, Haseroth K, Falkenstein E, Wehling
M: Nongenomic steroid actions: Fact or fanta-
sy? Vitam Horm 1999;57:325–373.

14 Damm K, Rupprecht R, Holsboer F: The bina-
ry corticoid response: Transcriptional regula-
tion by mineralo- and glucocorticoid receptors.
Ann NY Acad Sci 1994;746:79–87.

15 De Kloet ER, Vreugdenhil E, Oitzl MS, Joels
M: Brain corticosteroid receptor balance in
health and disease. Endocr Rev 1998;19:269–
301.

16 De Nicola AF, Ferrini M, Gonzales SL, Gon-
zales Deniselle MC, Grillo CA, Piroli G, Sara-
via F, de Kloet ER: Regulation of gene expres-
sion by corticoid hormones in the brain and
spinal cord. J Steroid Biochem Mol Biol 1998;
65:253–272.

17 Didonato JA, Saatcioglu F, Karin M: Molecu-
lar mechanisms of immunosuppression and
anti-inflammatory activities by glucocorti-
coids. Am J Respir Crit Care Med 1996;154:
S11–S15.

18 Diederich S, Quinkler M, Hanke B, Bahr V,
Oelkers W: 11-Beta-Hydroxysteroid-Dehydro-
genasen: Schlüsselenzyme der Mineralcorti-
coid- und Glucocorticoid-Wirkung. Dtsch Med
Wochenschr 1999;124:51–55.

19 Farman N: Molecular and cellular determi-
nants of mineralocorticoid selectivity. Curr
Opin Nephrol Hypertens 1999;8:45–51.

20 Frey FJ, Escher G, Frey BM: Pharmacology of
11-beta-hydroxysteroid dehydrogenase. Ste-
roids 1994;59:74–79.

21 Fuchs E, Flugge G: Stress, glucocorticoids and
structural plasticity of the hippocampus. Neu-
rosci Biobehav Rev 1998;23:295–300.

22 Funder JW: Mineralocorticoid receptors and
glucocorticoid receptors. Clin Endocrinol (Oxf)
1996;45:651–656.

23 Funder JW: Glucocorticoid and mineralocorti-
coid receptors: Biology and clinical relevance.
Annu Rev Med 1997;48:231–240.

24 Funder JW: Aldosterone action: Fact, failure
and the future. Clin Exp Pharmacol Physiol
Suppl 1998;25:S47–S50.

25 Hall ED: Steroids and neuronal destruction or
stabilization. Ciba Found Symp 1990;153:
206–214.

26 Hall ED: Neuroprotective actions of glucocor-
ticoid and nonglucocorticoid steroids in acute
neuronal injury. Cell Mol Neurobiol 1993;13:
415–432.

27 Haller J, Halasz J, Makara GB, Kruk MR:
Acute effects of glucocorticoids: Behavioral
and pharmacological perspectives. Neurosci
Biobehav Rev 1998;23:337–344.

28 Herbert J: Fortnighly review. Stress, the brain,
and mental illness. BMJ 1997;315:530–535.

29 Herbert J: Neurosteroids, brain damage, and
mental illness. Exp Gerontol 1998;33:713–
727.

30 Hinz B, Hirschelmann RR: Neuere Erkennt-
nisse zur endogenen Regulation der Glucocor-
ticoide. Pharmazie 1997;52:655–669.

31 Holsboer F, Grasser A, Friess E, Wiedemann
K: Steroid effects on central neurons and impli-
cations for psychiatric and neurological disor-
ders. Ann NY Acad Sci 1994;746:345–359.

32 Joels M: Steroid hormones and excitability in
the mammalian brain. Front Neuroendocrinol
1997;18:2–48.

33 Joels M, Vreugdenhil E: Corticosteroids in the
brain. Cellular and molecular actions. Mol
Neurobiol 1998;17:87–108.

34 Kaiser H, Kley HK: Cortisontherapie. Corti-
coide in Klinik und Praxis, ed 10. Stuttgart,
Thieme, 1997.

35 Lopez-Figueroa MO, Day HE, Akil H, Watson
SJ: Nitric oxide in the stress axis. Histol Histo-
pathol 1998;13:1243–1252.

36 Lupien SJ, McEwen BS: The acute effects of
corticosteroids on cognition: Integration of ani-
mal and human model studies. Brain Res Brain
Res Rev 1997;24:1–27.

37 Marx J: How the glucocorticoids suppress im-
munity. Science 1995;270:232–233.

38 McAllister-Williams RH, Ferrier IN, Young
AH: Mood and neuropsychological function in
depression: The role of corticosteroids and se-
rotonin. Psychol Med 1998;28:573–584.

39 McEwen BS: The brain is an important target
of adrenal steroid actions: A comparison of
synthetic and natural steroids. Ann NY Acad
Sci 1997;823:201–213.

40 McEwen BS, Biron CA, Brunson KW, Bulloch
K, Chambers WH, Dhabhar FS, Goldfarb RH,
Kitson RP, Miller AH, Spencer RL, Weiss JM:
The role of adrenocorticoids as modulators of
immune function in health and disease: Neu-
ronal, endocrine and immune interactions.
Brain Res Brain Res Rev 1997;23:79–133.

41 McMahon M, Gerich J, Rizza R: Effects of glu-
cocorticoids on carbohydrate metabolism. Dia-
bet Metab Rev 1988;4:17–30.

42 Meijer OC, de Kloet ER: Corticosterone and
serotonergic neurotransmission in the hippo-
campus: Functional implications of central cor-
ticosteroid receptor diversity. Crit Rev Neuro-
biol 1998;12:1–20.

43 Moore FL, Orchinik M, Lowry C: Functional
studies of corticosterone receptors in neuronal
membranes. Receptor 1995;5:21–28.

44 Morris DJ: The role of steroid metabolism in
protective and specificity conferring mecha-
nisms of mineralocorticoid action. Vitam
Horm 1995;50:461–485.

45 Naray-Fejes-Toth A, Colomowala IK, Fejes-
Toth G: The role of 11-beta-hydroxysteroid
dehydrogenase in steroid hormone specificity.
J Steroid Biochem Mol Biol 1998;65:311–316.

46 Oitzl MS, van Haarst AD, de Kloet ER: Behav-
ioral and neuroendocrine responses controlled
by the concerted action of central mineralo-
corticoid (MRS) and glucocorticoid receptors
(GRC). Psychoneuroendocrinology 1997;
22(suppl 1):S87–S93.

47 Oppermann UC, Persson B, Jornvall H: Func-
tion, gene organization and protein structures
of 11-beta-hydoxysteroid dehydrogenase iso-
forms. Eur J Biochem 1997;249:355–360.

48 Orchinik M, Moore FL, Rose JD: Mechanistic
and functional studies of rapid corticosteroid
actions. Ann NY Acad Sci 1994;746:101–112.

49 Porsti I, Paakkari I: Nitric oxide-based possi-
bilities for pharmacotherapy. Ann Med 1995;
27:407–420.

50 Rafestin-Oblin ME, Couette B: Récepteurs de
l’aldostérone: données récentes sur la transduc-
tion du signal hormonal. Thérapie 1998;53:
227–235.

51 Reagan LP, McEwen BS: Controversies sur-
rounding glucocorticoid-mediated cell death in
the hippocampus. J Chem Neuroanat 1997;13:
149–167.

52 Sapolsky RM: Stress, glucocorticoids, and
damage to the nervous system: The current
state of confusion. Stress 1996;1:1–19.

53 Sapolsky RM: McEwen-induced modulation of
endocrine history: A partial review. Stress
1997;2:1–12.



Corticosteroids in Cochlear Disorders? Otorhinolaryngol Nova 1999;9:203–216 213

54 Schedlowski M, Tewes U: Psychoneuroimmu-
nologie. Heidelberg, Spektrum, 1996.

55 Schmidt BM, Christ M, Falkenstein E, Wehl-
ing M: Nongenomic steroid actions: Complet-
ing the puzzle. Aldosterone as an example. Exp
Clin Endocrinol Diabet 1998;106:441–445.

56 Schobitz B, Reul JM, Holsboer F: The role of
the hypothalamic-pituitary-adrenocortical sys-
tem during inflammatory conditions. Crit Rev
Neurobiol 1994;8:263–291.

57 Seckl JR: 11-Beta-hydroxysteroid dehydroge-
nase in the brain: A novel regulator of glucocor-
ticoid action? Front Neuroendocrinol 1997;18:
49–99.

58 Szabo C: Regulation of the expression of the
inducible isoform of nitric oxide synthase by
glucocorticoids. Ann NY Acad Sci 1998;851:
336–341.

59 Trapp T, Holsboer F: Heterodimerization be-
tween mineralocorticoid and glucocorticoid re-
ceptors increase the functional diversity of cor-
ticosteroid action. Trends Pharmacol Sci 1996;
17:145–149.

60 Ulick S: Cortisol as mineralocorticoid. J Clin
Endocrinol Metab 1996;81:1307–1308.

61 Ullian ME: The role of corticosteroids in the
regulation of vascular tone. Cardiovasc Res
1999;41:55–64.

62 Van Uum SH, Hermus AR, Smits P, Thien T,
Lender JW: The role of 11-beta-hydroxysteroid
dehydrogenase in the pathogenesis of hyperten-
sion. Cardiovasc Res 1998;38:16–24.

63 Wehling M: Novel aldosterone receptors: Spec-
ificity-conferring mechanism at the level of the
cell membrane. Steroids 1994;59:160–163.

64 Wehling M: Looking beyond the dogma of
genomic steroid action: Insights and facts of the
1990s. J Mol Med 1995;73:439–447.

65 Wehling M: Specific, nongenomic actions of
steroid hormones. Annu Rev Physiol 1997;59:
365–393.

66 Wiegers GJ, Reul JM: Induction of cytokine
receptors by glucocorticoids: Functional and
pathological significance. Trends Pharmacol
Sci 1998;19:317–321.

67 Wilckens T: Glucocorticoids and immune
function: Physiological relevance and patho-
genic potential of hormonal dysfunction.
Trends Pharmacol Sci 1995;16:193–197.

68 Wilckens T, De Rijk R: Glucocorticoids and
immune functions: Unknown dimensions and
new frontiers. Immunol Today 1997;18:418–
424.

69 Alexiou C, Kau RJ, Luppa P, Arnold W: Aller-
gic reactions after systemic administration of
glucocorticosteroid therapy. Arch Otolaryngol
Head Neck Surg 1998;124:1260–1264.

70 Rarey KE, Luttge WG: Presence of type I and
typeII/IB receptors for adrenocorticosteroid
hormones in the inner ear. Hear Res 1989;41:
217–222.

71 Rarey KE, Curtis LM: Receptors for glucocor-
ticoids in the human inner ear. Otolaryngol
Head Neck Surg 1996;115:38–51.

72 Rarey KE, Curtis LM, ten Cate WJ: Tissue spe-
cific levels of glucocorticoid receptors within
the rat inner ear. Hear Res 1993;64:205–210.

73 ten Cate WJF, Curtis LM, Rarey KE: Immuno-
chemical detection of glucocorticoid receptors
within rat cochlear and vestibular tissues. Hear
Res 1992;60:199–204.

74 ten Cate WJ, Curtis LM, Small GM, Rarey KE:
Localization of glucocorticoid receptors and
glucocorticoid receptor mRNAs in the rat co-
chlea. Laryngoscope 1993;103:865–871.

75 Pitovski DZ, Drescher MJ, Drescher DG: Glu-
cocorticoid receptors in the mammalian inner
ear: RU 28362 binding sites. Hear Res 1994;
77:216–220.

76 Zuo J, Curtis L, Yao X: Glucocorticoid recep-
tor expression in the postnatal rat cochlea.
Hear Res 1995;87:220–227.

77 Erichsen S, Bagger-Sjöbäck D, Curtis L, Zuo J,
Rarey KE, Hultcrantz M: Appearance of gluco-
corticoid receptors in the inner ear of the
mouse during development. Acta Otolaryngol
(Stockh) 1996;116:721–725.

78 Curtis LM, Rarey KE: Effect of stress on coch-
lear glucocorticoid protein. II. Restraint. Hear
Res 1995;92:120–125.

79 Rarey KE, Gerhardt KJ, Curtis LM, ten Cate
WJ: Effect of stress on cochlear glucocorticoid
protein: Acoustic stress. Hear Res 1995;82:
135–138.

80 Yao X, Buhi WC, Alvarez IM, Curtis LM, Rar-
ey KE: De novo synthesis of glucocorticoid hor-
mone regulated inner ear proteins in rats. Hear
Res 1995;86:183–188.

81 Furuta H, Mori N, Sato C, Hoshikawa H, Sakai
S, Iwakura S, Doi K: Mineralocorticoid type I
receptor in the rat cochlea: mRNA identifica-
tion by polymerase chain reaction (PCR) and
in situ hybridization. Hear Res 1994;78:175–
180.

82 Yao X, Rarey KE: Localization of the minera-
locorticoid receptor in rat cochlear tissue. Acta
Otolaryngol (Stockh) 1996;116:493–496.

83 Pitovski DZ, Drescher MJ, Drescher DG: High
affinity aldosterone binding sites (type I recep-
tors) in the mammalian inner ear. Hear Res
1993;69:10–14.

84 Sinha PK, Pitovski DZ: [3H]Aldosterone bind-
ing sites (type I receptors) in the lateral wall of
the cochlea: Distribution assessment by quan-
titative autoradiography. Acta Otolaryngol
(Stockh) 1995;115:643–647.

85 Pitovski DZ, Drescher MJ, Kerr TP, Drescher
DG: Aldosterone mediates an increase in
[3H]ouabain binding at Na+,K(+)-ATPase sites
in the mammalian inner ear. Brain Res 1993;
601:273–278.

86 Lim HH, Miller JM, Dolan D, Raphael Y, Alt-
schuler RA: Noise-induced expression of heat
shock proteins in the cochlea; in Axelsson A,
Borchgrevink HM, Hamernik RP, Hellström
PA, Henderson D, Salvi RJ (eds): Scientific
Basis of Noise-Induced Hearing Loss. New
York, Thieme Medical Press, 1996, pp 43–49.

87 Neely JG, Thompson AM, Gower DJ: Detec-
tion and localization of heat shock protein 70
in the normal guinea pig cochlea. Hear Res
1991;52:403–406.

88 Thompson AM, Neely JG: Induction of heat
shock protein in interdental cells by hyperther-
mia. Otolaryngol Head Neck Surg 1992;107:
769–774.

89 Dechesne CJ, Kim HN, Nowak TS Jr, Wen-
thold RJ: Expression of heat shock protein,
HSP 72, in the guinea pig and rat cochlea after
hyperthermia: Immunochemical and in situ
hybridization analysis. Hear Res 1992;59:195–
204.

90 Akizuki H, Yoshie H, Morita Y, Takahashi
K, Hara A, Watanabe T, Uchiyama Y, Kusu-
kari J: Nuclear transition of heat shock pro-
tein in guinea pig cochlea after hyperthermia.
Hear Res 1995;92:126–130.

91 Gower VC, Thompson AM: Localization of
inducible heat shock protein mRNA in the
guinea pig cochlea with a nonradioactive in
situ hybridization technique. Laryngoscope
1997;107:228–232.

92 Myers MW, Quirk WS, Rizk SS, Miller JM,
Altschuler RA: Expression of the major mam-
malian stress protein in the rat cochlea follow-
ing transient ischemia. Laryngoscope 1992;
102:981–987.

93 Lim HH, Jenkins OH, Myers MW, Miller
JM, Altschuler RA: Detection of HSP 72 syn-
thesis after acoustic overstimulation in rat
cochlea. Hear Res 1993;69:146–150.

94 ten Cate WJF, Monder C, Marandici A, Ra-
rey KE: 11-Beta-hydroxysteroid dehydroge-
nase in the rat inner ear. Am J Physiol 1994;
266:E269–E273.

95 ten Cate WJ, Zuo J, Lautermann J, Altenhoff
P, Rarey KE: Development of 11-beta-hy-
droxy-steroid dehydrogenase expression in
the rat cochlea. Acta Otolaryngol (Stockh)
1997;117:841–844.

96 Pitovski DZ: Histochemical demonstration
of 11-beta-hydroxysteroid dehydrogenase in
ampullae of semicircular canals. Acta Otola-
ryngol (Stockh) 1996;116:737–740.

97 Kuijpers W, van der Vleuten AC, Bonting SL:
Cochlear function and sodium and potassium
activated adenosine triphosphatase. Science
1967;157:949–950.

98 Kuijpers W: Cation transport and cochlear
function. Acta Otolaryngol (Stockh) 1969;67:
200–205.

99 Kuijpers W, Bonting SL: Studies on (Na+-
K+)-activated ATPase. XXIV. Localization
and properties of ATPase in the inner ear of
the guinea pig. Biochim Biophys Acta 1969;
173:477–485.

100 Aporti F, Facci L, Pastorello A, Siliprandi R,
Savastano M, Molinari G: Brain cortex gan-
gliosides and (Na+,K+)ATPase systems of the
stria vascularis in guinea pig. Acta Otolaryn-
gol (Stockh) 1981;92:433–437.

101 Kerr TP, Ross MD, Ernst SA: Cellular local-
ization of Na+,K+-ATPase in the mammalian
cochlear duct: Significance for cochlear fluid
balance. Am J Otolaryngol 1982;3:332–338.

102 Ross MD, Ernst SA, Kerr TP: Possible func-
tional roles of Na+,K+-ATPase in the inner
ear and their relevance to Ménière’s disease.
Am J Otolaryngol 1982;3:353–360.

103 Offner FF, Dallos P, Cheatham MA: Positive
endocochlear potential: Mechanism of pro-
duction by marginal cells of stria vascularis.
Hear Res 1987;29:117–124.

104 Yoshihara T, Usami S, Igarashi M, Fermin
CD: Ultracytochemical study of ouabain-sen-
sitive, potassium-dependent p-nitrophenyl-
phosphatase activity in the inner ear of the
squirrel monkey. Acta Otolaryngol (Stockh)
1987;103:161–169.



214 Otorhinolaryngol Nova 1999;9:203–216 Lamm/Arnold

105 Iwano T, Yamamoto A, Omori K, Akayama
M, Kumazawa T, Tashiro Y: Quantitative
immunocytochemical localization of Na+,K+-
ATPase alpha-subunit in the lateral wall of rat
cochlear duct. J Histochem Cytochem 1989;
37:353–363.

106 Schulte BA, Adams JC: Distribution of im-
munoreactive Na+,K+-ATPase in gerbil co-
chlea. J Histochem Cytochem 1989;37:127–
134.

107 Iwano T, Yamamoto A, Omori K, Kawasaki
K, Kumazawa T, Tashiro Y: Quantitative im-
munogold localization of Na+,K(+)-ATPase
alpha-subunit in the tympanic wall of rat
cochlear duct. J Histochem Cytochem 1990;
38:225–232.

108 Spicer SS, Schulte BA, Adams JC: Immunolo-
calization of Na+,K(+)-ATPase and carbonic
anhydrase in the gerbil’s vestibular system.
Hear Res 1990;43:205–217.

109 Spicer SS, Schulte BA: Differentiation of in-
ner ear fibrocytes according to their ion trans-
port related activity. Hear Res 1991;56:53–
64.

110 Albers FW, van Benthem PP, de Groot JC:
De lokalisatie van Na/K ATPase in het bin-
nenoor. Acta Otorhinolaryngol Belg 1992;46:
351–353.

111 Schulte BA, Schmiedt RA: Lateral wall Na,K-
ATPase and endocochlear potentials decline
with age in quiet-reared gerbils. Hear Res
1992;61:35–46.

112 Curtis LM, ten Cate WJ, Rarey KE: Dynam-
ics of Na,K-ATPase sites in the lateral co-
chlear wall tissues of the rat. Eur Arch Otorhi-
nolaryngol 1993;250:265–270.

113 Sakagami M, Fukazawa K, Murata J, Matsu-
naga T: Morphological aspects of transport of
potassium ion in the marginal cell. Acta Oto-
laryngol Suppl (Stockh) 1993;501:63–65.

114 Ichimiya I, Adams JC, Kimura RS: Immu-
nolocalization of Na+,K(+)-ATPase, Ca(++)-
ATPase, calcium-binding proteins, and car-
bonic anhydrase in the guinea pig inner ear.
Acta Otolaryngol (Stockh) 1994;114:167–
176.

115 McGuirt JP, Schulte BA: Distribution of im-
munoreactive alpha- and beta-subunit iso-
forms of Na,K-ATPase in the gerbil inner ear.
J Histochem Cytochem 1994;42:843–853.

116 Schulte BA, Steel K: Expression of alpha and
beta subunit isoforms of Na,K-ATPase in the
mouse inner ear and changes with mutations
at the Wv or Sld loci. Hear Res 1994;78:65–
76.

117 ten Cate WJ, Curtis LM, Rarey KE: Na,K-
ATPase alpha and beta subunit isoform dis-
tribution in the rat cochlear and vestibular tis-
sues. Hear Res 1994;75:151–160.

118 ten Cate WJ, Curtis LM, Rarey KE: Na,K-
ATPase subunit isoform expression in the
guinea pig endolymphatic sac. ORL J Otorhi-
nolaryngol Relat Spec 1994;56:257–262.

119 Yao X, ten Cate WJ, Curtis LM, Rarey KE:
Expression of Na+,K(+)-ATPase alpha 1 sub-
unit mRNA in the developing rat cochlea.
Hear Res 1994;80:31–37.

120 Gratton MA, Smyth BJ, Schulte BA, Vincent
DA Jr: Na,K-ATPase activity decreases in the
cochlear lateral wall of quiet-aged gerbils.
Hear Res 1995;83:43–50.

121 Nakazawa K, Spicer SS, Schulte BA: Ultra-
structural localization of Na,K-ATPase in the
gerbil cochlea. J Histochem Cytochem 1995;
43:981–991.

122 Vincent DA, Gratton MA, Smyth BJ, Schulte
BA: Effect of postmortem autolysis on Na,K-
ATPase activity and antigenicity in the gerbil
cochlea. Hear Res 1995;89:14–20.

123 Zuo J, Curtis L, Yao X, ten Cate WJ, Rarey
K: Expression of Na,K-ATPase alpha and
beta isoforms in the neonatal rat cochlea.
Acta Otolaryngol (Stockh) 1995;115:497–
503.

124 Erichsen S, Zuo J, Curtis L, Rarey K, Hult-
crantz M: Na,K-ATPase alpha-and beta-iso-
forms in the developing cochlea of the mouse.
Hear Res 1996;100:143–149.

125 Zuo J, Rarey K: Responsivenenss of alpha 1
and beta 1 cochlear Na,K-ATPase isoforms to
thyroid hormone. Acta Otolaryngol (Stockh)
1996;116:422–428.

126 Lippincott L, Rarey KE: Status of cochlear
Na,K-ATPase in the aged SHR rat and its
possible role in hearing loss. Eur Arch Otorhi-
nolaryngol 1997;254:413–416.

127 Spicer SS, Gratton MA, Schulte BA: Expres-
sion pattern of ion transport enzymes in spiral
ligament fibrocytes change in relation to strial
atrophy in the aged gerbil cochlea. Hear Res
1997;111:93–102.

128 Erichsen S, Stierna B, Bagger-Sjoback D, Cur-
tis LM, Rarey KE, Schmid W, Hultcrantz M:
Distribution of Na,K-ATPase is normal in
the inner ear of a mouse with a null mutation
of the glucocorticoid receptor. Hear Res
1998;124:146–154.

129 Fujimura T, Furukawa H, Doi Y, Fujimoto S:
The significance of endothelin for generation
of endocochlear potential. J Cardiovasc Phar-
macol 1998;31(suppl 1):S376–S377.

130 Spicer SS, Schulte BA: Evidence for a medial
K+ recycling pathway from inner hair cells.
Hear Res 1998;118:1–12.

131 Wangemann P, Schacht J: Homeostatic
mechanisms in the cochlea; in Dallos P, Pop-
per AN, Fay RR (eds): The Cochlea. New
York, Springer Handbook of Auditory Re-
search, 1996, vol 8, pp 130–185.

132 Sunose H, Ikeda K, Saito Y, Nishiyama A,
Takasaka T: Membrane potential measure-
ment in isolated outer hair cells of the guinea
pig cochlea using conventional microelec-
trodes. Hear Res 1992;62:237–244.

133 Furukawa M, Ikeda K, Takeuchi S, Oshima
T, Kikuchi T, Takasaka T: Na+,K(+)-ATPase
activity in the cochlear lateral wall of the ger-
bil. Neurosci Lett 1996;213:165–168.

134 Kim HN, Chang MS, Chung MH, Park K:
Establishment of primary cell culture from
stria vascularis explants: Morphological and
functional characterization. Acta Otolaryngol
(Stockh) 1996;116:805–811.

135 Kanoh N: Reserpine inhibits the Na,K-
ATPase activity of the stria vascularis in the
cochlea. Laryngoscope 1994;104:197–200.

136 Kanoh N, Nomura J: The role of L-threo
DOPS in the control of Na,K-ATPase activity
of the marginal cells in the stria vascularis of
reserpinized guinea pigs. Acta Otolaryngol
Suppl (Stockh) 1995;520:381–383.

137 Kanoh N: Dopamine inhibits the Na,K-
ATPase activity of the stria vascularis in the
cochlea. In vivo ultracytochemical study.
Acta Otolaryngol (Stockh) 1995;115:27–30.

138 Kanoh N, Ogasawara H, Mohri D, Fukazawa
K, Sakagami M: Cytochemical effects of in
vitro dopamine treatment on the Na,K-
ATPase activity in strial marginal cells. Acta
Otolaryngol (Stockh) 1996;116:824–827.

139 Kanoh N: Effect of norepinephrine on oua-
bain-sensitive, K+-dependent p-nitrophenyl-
phosphatase activity in strial marginal cells of
the cochlea in normal and reserpinized guinea
pigs. Acta Otolaryngol (Stockh) 1998;118:
817–820.

140 Kanoh N, Hori K, Ishigaki T, Hori S: Effect
of serotonin on ouabain-sensitive, K+-depen-
dent p-nitrophenylphosphatase activity in
strial marginal cells of normal and reserpin-
ized guinea pigs. Histochem J 1998;30:263–
266.

141 Rarey KE, Tyneway D, Patterson K: De-
creased adenosine triphosphatase activity in
the absence of adrenocorticosteroids. Arch
Otolaryngol Head Neck Surg 1989;115:817–
821.

142 Rarey KE, Lohuis PJ, ten Cate WJ: Response
of the stria vascularis to corticosteroids. La-
ryngoscope 1991;101:1081–1084.

143 Lohuis PJ, ten Cate WJ, Patterson KE, Rarey
KE: Modulation of the rat stria vascularis in
the absence of circulating adrenocorticoste-
roids. Acta Otolaryngol (Stockh) 1990;110:
348–356.

144 ten Cate WJ, Patterson K, Rarey KE: Ultra-
structure of ampullar dark cells in the ab-
sence of circulating adrenocorticosteroid hor-
mones. Acta Otolaryngol (Stockh) 1990;110:
234–240.

145 ten Cate WJ, Rarey KE: Plasma membrane
modulation of ampullar dark cells by cortico-
steroids. Arch Otolaryngol Head Neck Surg
1991;117:96–99.

146 Ma YL, Gerhardt KJ, Curtis LM, Rybak LP,
Whitworth C, Rarey KE: Combined effects of
adrenalectomy and noise exposure on com-
pound action potentials, endocochlear poten-
tials and endolymphatic potassium concen-
tration. Hear Res 1995;91:79–86.

147 Ma YL, Rarey KE, Gerhardt KJ, Curtis LM,
Rybak LP: Electrochemical potentials and
potassium concentration profiles recorded
from perilymph, endolymph and associated
inner ear tissues in adrenalectomized rats.
Hear Res 1996;96:151–156.

148 Ferrary E, Bernard C, Teixeira M, Julien N,
Bismuth P, Sterkers O, Amiel C: Hormonal
modulation of inner ear fluids. Acta Otola-
ryngol (Stockh) 1996;116:244–247.

149 Ma YL, Rarey KE, Gerhardt KJ, Garg LC,
Rybak LP: Altered calcium homeostasis in
the rat cochlear duct and endogenous cortico-
steroid insufficiency. Eur Arch Otorhinola-
ryngol 1997;254:165–168.

150 Spandow O, Anniko M, Hellstrom S: Hydro-
cortisone applied into the round window
niche causes electrophysiological dysfunction
of the inner ear. ORL J Otorhinolaryngol
Relat Spec 1989;51:94–102.

151 Shirwany NA, Seidman MD, Tang W: Effect
of transtympanic injection of steroids on
cochlear blood flow, auditory sensitivity, and
histology in the guinea pig. Am J Otol 1998;
19:230–235.



Corticosteroids in Cochlear Disorders? Otorhinolaryngol Nova 1999;9:203–216 215

152 Lamm K, Arnold W: The effect of predniso-
lone and non-steroidal anti-inflammatory
agents on the normal and noise-damaged
guinea pig inner ear. Hear Res 1998;115:149–
161.

153 Lamm K, Arnold W: Noise-induced cochlear
hypoxia is intensity dependent, correlates
with hearing loss and precedes reduction of
cochlear blood flow. Audiol Neurootol 1996;
1:148–160.

154 Lamm K, Lamm C, Arnold W: Effect of iso-
baric oxygen versus hyperbaric oxygen on the
normal and noise-damaged hypoxic and isch-
emic guinea pig inner ear. Adv Otorhinola-
ryngol 1998;54:59–85.

155 Lamm K, Arnold W: Therapeutic strategies
for improving cochlear blood flow; in Prasher
D, Canlon B (eds): Cochlear Pharmacology
and Noise Trauma. Proceedings of the Joint
Symposium organised by the European Com-
mission Concerted Action Protection against
Noise The Novartis Foundation. London,
Noise Research Network Publications, 1999,
pp 150–165.

156 Lamm K, Arnold W: The effect of blood flow
promoting drugs on cochlear blood flow, peri-
lymphatic pO2 and auditory function in the
normal and noise-damaged hypoxic and isch-
emic guinea pig inner ear. Hear Res, submit-
ted.

157 Park YS, Jung TT, Choi DJ, Rhee CK: Effect
of corticosteroid treatment on salicylate oto-
toxicity. Ann Otol Rhinol Laryngol 1994;103:
896–900.

158 Nagura M, Iwasaki S, Wu R, Mizuta K, Ume-
mura K, Hoshino T: Effects of corticoste-
roids, contrast medium and ATP on focal
microcirculatory disorders of the cochlea. Eur
J Pharmacol 1999;366:47–53.

159 Kusakari C, Hozawa K, Koike S, Kyogoku M,
Takasaka T: MRL/MP-lrp/lrp mouse as a
model of immune-induced sensorineural
hearing loss. Ann Otol Rhinol Laryngol Suppl
1992;157:82–86.

160 Park KY, Hozawa K, Kusakari C, Takasaka
T: Effect of steroid administration on im-
mune-mediated sensorineural hearing loss in
MRL/MP-lpr/lpr mice. Abstr 4th Int Acad
Conf Immunobiol Otol, Rhinol Laryngol,
Oita, April 1994, p 124.

161 Henry KR: Noise-induced auditory loss: In-
fluence of genotype, naloxone and methyl-
prednisolone. Acta Otolaryngol (Stockh)
1992;112:599–603.

162 Michel O, Steinmann R, Walger M, Stennert
E: Die medikamentöse Beeinflussung der In-
nenohrfunktion in einem neuen Lärmschädi-
gungsmodell. Otorhinolaryngol Nova 1993;3:
292–297.

163 Takahashi K, Kusakari J, Kimura S, Wada T,
Hara A: The effect of methylprednisolone on
acoustic trauma. Acta Otolaryngol (Stockh)
1996;116:209–212.

164 d’Aldin C, Cherny L, Dancer A: Medical
treatment for acoustic trauma; in Prasher D,
Canlon B (eds): Cochlear Pharmacology and
Noise Trauma. Proceedings of the Joint Sym-
posium organised by the European Commis-
sion Concerted Action Protection Against
Noise. The Novartis Foundation. London,
Noise Research Network Publications, 1999,
pp 54–72.

165 Schneider W, Gjuric M, Katalinic A, Buhr W,
Wolf SR: The value of methylprednisolone in
the treatment of an experimental sensorineu-
ral hearing loss following drill-induced ossicu-
lar chain injury: A randomized, blinded study
in guinea-pigs. Acta Otolaryngol (Stockh)
1998;118:52–55.

166 McCabe BF: Autoimmune sensorineural
hearing loss. Ann Otol Rhinol Laryngol 1979;
88:585–589.

167 Kanzaki J, O-Uchi T: Steroid-responsive bi-
lateral sensorineural hearing loss and im-
mune complexes. Arch Otorhinolaryngol
1981;230:5–9.

168 Kanzaki J, O-Uchi T: Circulating immune
complexes in steroid-responsive sensorineu-
ral hearing loss and the long-term observa-
tion. Acta Otolaryngol Suppl (Stockh) 1983;
393:77–84.

169 Kunihiro T, Kanzaki J, O-Uchi T, Yoshida A:
Steroid-responsive sensorineural hearing loss
associated with aortitis syndrome. ORL J
Otorhinolaryngol Relat Spec 1990;52:86–95.

170 Vischer M, Arnold W: Kortisonsensible In-
nenohrschwerhörigkeit. Otorhinolaryngol
Nova 1991;1:75–79.

171 Kanzaki J, O-Uchi T, Tsuchihashi N: Steroid-
responsive sensorineural hearing loss combi-
nation therapy with prednisolone and sairei-
to. ORL J Otorhinolaryngol Relat Spec 1993;
55:24–29.

172 Veldman JE, Hanada T, Meeuwsen F: Diag-
nostic and therapeutic dilemmas in rapidly
progressive sensorineural hearing loss. Acta
Otolaryngol (Stockh) 1993;113:303–306.

173 Harris JP, Ryan AF: Fundamental immune
mechanisms of the brain and inner ear. Otola-
ryngol Head Neck Surg 1995;112:639–653.

174 Harris JP, Heydt J, Keithley EM, Chen MC:
Immunopathology of the inner ear: An up-
date. Ann NY Acad Sci 1997;830:166–178.

175 Barna BP, Hughes GB: Autoimmune inner
ear disease – A real entity? Clin Lab Med
1997;17:581–594.

176 Veldman J: Immune-mediated sensorineural
hearing loss with or without endolymphatic
hydrops: A clinical and experimental ap-
proach. Ann NY Acad Sci 1997;830:179–
186.

177 Veldman J: Immune-mediated sensorineural
hearing loss. Auris Nasus Larynx 1998;25:
309–317.

178 Lamm H: Der Einfluss der hyperbaren Sauer-
stofftherapie auf den Tinnitus und den Hör-
verlust bei akuten und chronischen Innenohr-
schäden. Otorhinolaryngol Nova 1995;5:
161–169.

179 Lamm K: Rationale Grundlagen einer Innen-
ohrtherapie. Otorhinolaryngol Nova 1995;5:
153–160.

180 Lamm K, Lamm H, Arnold W: Effect of
hyperbaric oxygen therapy in comparison to
conventional or placebo therapy or no treat-
ment in idiopathic sudden hearing loss,
acoustic trauma, noise-induced hearing loss
and tinnitus. A literature survey. Adv Otorhi-
nolaryngol 1998;54:86–99.

181 Mattox DE, Simmons FB: Natural history of
sudden sensorineural hearing loss. Ann Otol
1977;86:463–480.

182 Wilson WR, Byl FM, Laird N: The efficacy of
steroids in the treatment of idiopathic sudden
hearing loss. Arch Otolaryngol 1980;106:
772–776.

183 Moskowitz D, Lee KJ, Smith HW: Steroid
use in idiopathic sudden sensorineural hear-
ing loss. Laryngoscope 1984;94:664–666.

184 Dornhoffer JL, Arenberg IK: Immune mecha-
nisms in Ménière’s syndrome. Otolaryngol
Clin North Am 1997;30:1017–1026.

185 Wackym PA, Sando I: Molecular and cellular
pathology of Ménière’s disease. Otolaryngol
Clin North Am 1997;30:947–960.

186 Saeed R: Fortnightly review: Diagnosis and
treatment of Ménière’s disease. BMJ 1998;
316:368–372.

187 Hamann K, Arnold W: Ménière’s disease.
Adv Otorhinolaryngol 1999;55:137–168.

188 Sakata E, Kitago Y, Murata Y, Teramoto K:
Behandlung der Ménièreschen Erkrankung:
Paukenhöhleninfusion von Lidocain-, und
Steroidlösung. Auris Nasus Larynx 1986;13:
79–89.

189 Itoh A, Sakata E: Treatment of vestibular dis-
orders. Acta Otolaryngol Suppl (Stockh)
1991;481:617–623.

190 Shea JJ Jr, Ge X: Dexamethasone perfusion
of the labyrinth plus intravenous dexametha-
sone for Ménière’s disease. Otolaryngol Clin
North Am 1996;29:353–358.

191 Shea JJ Jr: The role of dexamethasone or
streptomycin perfusion in the treatment of
Ménière’s disease. Otolaryngol Clin North
Am 1997;30:1051–1059.

192 Arriaga MA, Goldman S: Hearing results of
intratympanic steroid treatment of endolym-
phatic hydrops. Laryngoscope 1998;108:
1682–1685.

193 Silverstein H, Isaacson JE, Olds MJ, Rowan
PT, Rosenberg S: Dexamethasone inner ear
perfusion for the treatment of Ménière’s dis-
ease: A prospective, randomized, double
blind, crossover trial. Am J Otol 1998;19:
196–201.

194 Sakata E, Nakazawa H, Iwashita N: Therapie
des Ohrensausens. Paukenhöhleninfusion
von Lidocain-, und Steroidlösung. Auris Na-
sus Larynx 1984;11:11–18.

195 Coles RR, Thompson AC, O’Donoghue GM:
Intra-tympanic injections in the treatment of
tinnitus. Clin Otolaryngol 1992;17:240–242.

196 Hicks GW: Intratympanic and round-win-
dow drug therapy: Effect on cochlear tinnitus.
Int Tinnitus J 1998;4:144–147.

197 Lenarz T, Heermann R, Schwab B: Lokalthe-
rapie von Innenohrerkrankungen – Technik
und Ergebnisse. Z Audiol 1999;suppl II:28–
30.

198 Blakley BW: Clinical forum: A review of in-
tratympanic therapy. Am J Otol 1997;18:
520–531.



216 Otorhinolaryngol Nova 1999;9:203–216 Lamm/Arnold

Comments

E. Hultcrantz (Sweden): This is a very valuable report on the
pharmacological effects of glucocorticosteroids on the audiovestibu-
lar system. I will greatly benefit from this paper. I especially noticed
that glucocorticosteroids could protect against free radicals and
inhibit the production of nitric oxide. The first is probably a good
thing for a patient with sudden deafness and the second could be a
disadvantage. The experiments on normal animals do not show
clear-cut results, and much more needs to be done to explain the pres-
ence of steroid receptors everywhere in the cochlea. The experiments
with steroids in damaged ears seem very interesting and demonstrate
a direct cellular effect without influencing blood flow or oxygen-
ation.

However, hyperbaric oxygen could improve the results further.
After these exciting results from animal experiments, one might
expect that the treatment of patients with sudden deafness would be
at least possible to evaluate! But that is not easy, because of the high
spontaneous recovery rate, the small number of patients in each
study and the study designs. The conclusion of this paper is that we
need more controlled clinical studies to prove the maybe nonspecific
effect of steroids on sudden deafness. I can only agree. Perhaps we
should start an EU project?

J. Kanzaki (Japan): Several sources suggest that glucocorticoids
have some beneficial effects on inner ear disorders, such as idiopath-
ic sudden sensorineural hearing loss (ISSNHL) and Ménière’s dis-
ease. These positive reports have been supported by numerous
research studies. In regard to ISSNHL, however, we so far have only
sporadic studies on the efficacy of glucocorticoids using double-
blinded control trials. Unfortunately so far only a limited number of
subjects have been registered in each trial. It is therefore necessary to
conduct a large-scale control trial in order to establish the efficacy of
glucocorticoids on ISSNHL.

P. Tran Ba Huy (France): This paper presents a remarkable
review of the present knowledge on corticosteroid treatment in var-
ious inner ear disorders. Of great interest are the studies on the
expression of glucocorticoid receptors and of some enzymes in the
cochleovestibular system. These data must be considered when pro-
posing a therapy in SNHL as they represent a basis for administra-
tion of anti-inflammatory agents in idiopathic SNHL. Yet, I question
the feasibility of controlled clinical trials.


