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Abstract

The standard treatment for many hearing disorders is glucocorticoid therapy, although the cochlear mechanisms involved in steroid-
responsive hearing loss are poorly understood. Cochlear dysfunction in autoimmune mice has recently been shown to be controlled with
the mineralocorticoid aldosterone as effectively as with the glucocorticoid prednisolone. Because aldosterone regulates sodium, potas-
sium, and other electrolyte homeostasis, this implied the restoration of hearing with the mineralocorticoid was due to its impact on
cochlear ion transport, particularly in the stria vascularis. This also suggested glucocorticoids may be controlling hearing recovery in
part through their binding to the mineralocorticoid receptor in addition to their glucocorticoid receptor-mediated anti-inflammatory
and immunosuppressive functions. Therefore, the aim of the present study was to better delineate the role of the mineralocorticoid recep-
tor in steroid control of hearing in the autoimmune mouse. Spironolactone, a mineralocorticoid receptor antagonist, was administered to
MRL/MpJ-Faslpr autoimmune mice in combination with either aldosterone or prednisolone to compare their hearing and systemic dis-
ease with mice that received either steroid alone. ABR thresholds showed either aldosterone or prednisolone alone preserved hearing in
the mice, but spironolactone prevented both steroids from maintaining normal cochlear function. This suggested both steroids are pre-
serving hearing through the mineralocorticoid receptor within the ear to regulate endolymph homeostasis. The spironolactone treatment
did not block normal glucocorticoid receptor-mediated immune-suppression functions because mice receiving prednisolone, either with
or without spironolactone, maintained normal body weights, hematocrits, and serum immune complexes. Thus, reducing systemic auto-
immune disease was not sufficient to control hearing if mineralocorticoid receptor-mediated functions were blocked. It was concluded the
inner ear mineralocorticoid receptor is a significant target of glucocorticoids and a factor that should be considered in therapeutic treat-
ments for steroid-responsive hearing loss.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Glucocorticoids (prednisone, prednisolone, dexametha-
sone) are commonly used to treat sudden and idiopathic
hearing loss, as well as hearing loss associated with sys-
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Abbreviations: ABR, auditory brainstem response; dB, decibel; kHz,
kilohertz; Na+,K+ – ATPase, sodium, potassium – adenosine triphospha-
tase; p, probability; spir, spironolactone; SPL, sound pressure level; v2,
Chi-square statistic
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temic autoimmune diseases, such as rheumatoid arthritis,
Cogan�s syndrome, and systemic lupus erythematosus
(Moskowitz et al., 1984; Nadel, 1996; Wilson et al., 1980;
Grandis et al., 1993; Alexiou et al., 2001). Despite their
clinical efficacy, very little is known about the action of ste-
roids in the ear. Glucocorticoid functions include immune
suppression, anti-inflammation, and sodium reabsorption
(Schimmer and Parker, 1996; Munck et al., 1990). The
immune-suppressive and anti-inflammatory functions are
mediated through the glucocorticoid receptor, whereas
sodium reabsorption is controlled by glucocorticoid activa-
tion of the mineralocorticoid receptor (Barnes and Adcock,
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1993; Smith et al., 2001; Funder, 1997; Arriza et al., 1987).
Steroid-mediated hearing improvement has traditionally
been attributed to the anti-inflammatory and immunosup-
pressive activities of glucocorticoids, but they also are effec-
tive in cases of sudden and rapidly progressing hearing loss
with no demonstrable immunologic problem. Glucocorti-
coids actually have a high binding affinity to the mineralo-
corticoid receptor (Claire et al., 1993; Rupprecht et al.,
1993; Munck et al., 1990; Arriza et al., 1987) and this
potential impact on ion homeostasis in the ear has largely
been ignored in explaining steroid-responsive ear disease.
If hearing loss is due to disruption of stria vascularis func-
tions, the efficacy of glucocorticoids may be due to their
restoration of normal endolymph ion balances.

The MRL/MpJ-Faslpr autoimmune disease mouse is an
established model of spontaneous autoimmune sensorineu-
ral hearing loss (Ruckenstein et al., 1993; Trune et al.,
1997; Trune and Kempton, 2001). These mice carry a Fas

gene defect that prevents apoptosis of self-recognizing T
lymphocytes, causing T cell proliferation and polyclonal
B cell activation (Watanabe-Fukunaga et al., 1992). This
leads to the systemic autoimmune disease condition of ele-
vated serum immune complexes and anti-DNA antibodies,
lowered hematocrit, splenomegaly, lymphadenopathy, and
increased body mass. The resultant inner ear disease is
pathology of the stria vascularis (Trune, 1997), disruption
of the blood-labyrinth barrier (Lin and Trune, 1997),
depression of the endocochlear resting potential (Rucken-
stein et al., 1999), and elevated auditory thresholds (Ruc-
kenstein et al., 1993; Trune et al., 1997; Trune and
Kempton, 2001). These various sequelae of stria vascularis
dysfunction suggests endolymph homeostasis is compro-
mised in autoimmune mouse hearing loss.

Hearing loss in the autoimmune mice is prevented or
reversed with glucocorticoids (Trune et al., 1999a,b; Trune
and Kempton, 2001), providing significant parallels with
human steroid-responsive hearing loss. However, this labo-
ratory also has recently shown the mineralocorticoid aldo-
sterone is equivalent to the glucocorticoid prednisolone in
preventing hearing loss in this autoimmune mouse model
(Trune and Kempton, 2001). Because of the significant role
of mineralocorticoids in control of sodium and potassium
balances, it is possible that both steroids are improving
hearing through their activation of the mineralocorticoid
receptor. Both mineralocorticoid and glucocorticoid recep-
tors occur in the ear (Rarey et al., 1991; Pitovski et al.,
1993a) and it is well established that glucocorticoids have
Table 1
Drug treatment groups

Treatment group Initial # mice Dose (/kg/day) Amount per

Water control 24
Prednisolone 10 5 mg 15 mg
Aldosterone 10 15 lg 45 lg
Spironolactone 10 5 mg 15 mg

+Prednisolone 28 5 mg 15 mg
+Aldosterone 26 15 lg 45 lg

ETOH control 10 750 ll
an affinity for the mineralocorticoid receptor that is equal
to or higher than affinity for their own receptor (Claire
et al., 1993; Munck et al., 1990; Arriza et al., 1987; Ruppr-
echt et al., 1993). It is therefore conceivable that glucocorti-
coid-responsive hearing recovery in the mice, as well as
patients, is partially mediated via the mineralocorticoid
receptor function of restoring ionic homeostasis in the stria.

The aim of this study was to better delineate the role of
the mineralocorticoid receptor in glucocorticoid-mediated
hearing preservation. Preliminary studies suggested ste-
roid-mediated hearing recovery is prevented with spirono-
lactone (Gross et al., 2002), a competitive antagonist for
the mineralocorticoid receptor. Therefore, cochlear func-
tion and systemic autoimmune disease were assessed in
mice treated with a glucocorticoid or mineralocorticoid in
conjunction with spironolactone. Spironolactone will block
the mineralocorticoid receptor-mediated actions of the two
steroids and differentiate their respective mechanisms of
action in control of auditory function. Such pharmacologic
information could be helpful in developing better targeted
drug therapies for patients with idiopathic and autoim-
mune hearing loss.
2. Materials and methods

2.1. Animal model

MRL/MpJ-Faslpr autoimmune mice (n = 118) were purchased from
Jackson Laboratories (Bar Harbor, ME) at 2 months of age. The onset
of systemic autoimmune disease occurs at 3–4 months of age and cochlear
thresholds rise shortly thereafter. Therefore, the mice were tested with audi-
tory brainstem response (ABR) audiometry at 2–3 months of age to estab-
lish pretreatment baseline auditory thresholds. Themice were then assigned
to one of several treatment groups and ABR audiometry was repeated after
2, 3, and 4 months of treatment. At each ABR test, body weights were
taken and 100 ll of sera were collected retro-orbitally to assess the impact
of treatment on systemic autoimmune disease progression.

2.2. Steroid treatment

Mice were randomly assigned to one of several drug treatment groups
(Table 1) to establish the impact of the mineralocorticoid receptor blocker
spironolactone. All drugs were given in approximately therapeutic doses.
The treatment groups were: aldosterone (mineralocorticoid), prednisolone
(glucocorticoid), spironolactone (mineralocorticoid receptor antagonist),
and the combinations of spironolactone + aldosterone and spironolac-
tone + prednisolone. The normal progression of systemic disease and
related hearing loss was assessed in untreated water controls. The treat-
ment drugs were given in the drinking water, shown previously to be effec-
tive (Trune et al., 1999a,b; Trune and Kempton, 2001). Mice drink 3–5 ml
500 ml bottle Effective dose (/day) % (#) Survival six months

58 (14)
0.15 mg 60 (6)
0.45 lg 50 (5)
0.15 mg 40 (4)
0.15 mg 50 (14)
0.45 lg 77 (20)
7.50 ll 80 (8)
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of water daily, so the final effective dose of each drug was estimated from
this assumed consumption. The advantage of this method is that it pro-
vides a constant source of steroid, parallels oral administration in patients,
and avoids the trauma of daily injections. Some drugs needed to be dis-
solved in a small volume of ethyl alcohol (ETOH) before dilution in the
drinking water bottle. Therefore, an alcohol control group of mice was
given an equivalent amount of ETOH in their drinking water to determine
if this had any impact on hearing thresholds or systemic autoimmune
disease.

2.3. Treatment groups

2.3.1. Prednisolone (n = 10)

The glucocorticoid group was given daily oral doses (5 mg/kg/day) of
prednisolone sodium phosphate (Spectrum Quality Products, Inc., Gar-
dena, CA). The steroid was provided orally by dissolving it in the stan-
dard 500 ml drinking water bottle, which has been shown to maintain
normal systemic levels (Zhou et al., 1994; Hunneyball et al., 1986; Van
der Kraan et al., 1993). The effective dose was approximately 0.15 mg/
day (Table 1). This dose was shown previously to prevent cochlear
threshold elevations and systemic autoimmune disease symptoms (Trune
and Kempton, 2001).

2.3.2. Aldosterone (n = 10)

The mineralocorticoid group was given a daily oral dose of 15 lg/kg/
day of aldosterone (d-aldosterone, Sigma, St. Louis, MO). Aldosterone
drinking water was prepared by dissolving 45 lg of steroid in 50 ll of
100% ETOH, then diluting it in the 500 ml water bottle (Hausler et al.,
1992) to reach the final effective dose of 0.45 lg. The final ETOH concen-
tration in the water bottle was 0.009% and was considered negligible. This
aldosterone dose was shown previously to prevent the cochlear threshold
elevations but not systemic autoimmune disease symptoms because it has
no immune suppression activity (Trune and Kempton, 2001).

2.3.3. Spironolactone (n = 10)

Spironolactone is a competitive antagonist to aldosterone for binding
with the mineralocorticoid receptor (Claire et al., 1993; Luzzani and Glas-
ser, 1984; McInnes et al., 1982; Wambach and Casals-Stenzel, 1983).
Therefore, it was given to block access to this receptor by the steroids. This
treatment group was given daily oral doses (5 mg/kg/day) of spironolac-
tone (Sigma, St. Louis, MO) in the drinking water. Spironolactone drink-
ing water was prepared by dissolving 15 mg in 0.75 ml of ETOH and
diluting it into a 500 ml water bottle. The final effective dose was approx-
imately 0.15 mg/day and the final ETOH concentration was 0.15%.

2.3.4. Spironolactone + aldosterone (n = 26)

This treatment group was given 15 lg/kg/day of aldosterone in addi-
tion to the 5 mg/kg/day of spironolactone. The drugs were prepared as
above and delivered in the same water bottle. The combined ETOH con-
centration from both compounds was 0.16% (0.15% + 0.009%).

2.3.5. Spironolactone + prednisolone (n = 28)

This treatment group was given daily oral doses (5 mg/kg/day) of
prednisolone sodium phosphate in addition to the 5 mg/kg/day of spiro-
nolactone. This combination was delivered by dissolving 15 mg of prednis-
olone in the same 500 ml drinking-water bottle as the spironolactone. The
effective dose of each drug was 0.15 mg/day.

2.3.6. Water controls (n = 24)

Untreated control mice were given regular tap water in their bottles to
assess the normal progression of auditory dysfunction and autoimmune
disease.

2.3.7. Alcohol controls (n = 10)

The greatest alcohol concentration given above was 0.16%. Although
this amount was considered negligible, it still was necessary to determine
if this amount of alcohol solvent had any impact on hearing and autoim-
mune disease. Therefore, a control group of mice was given 750 ll of
ETOH in the 500 ml drinking bottle for a final concentration of 0.15%
and a final effective dose of 7.5 ll/day.
2.4. Cochlear function

Auditory brainstem response (ABR) audiometry to pure tones was
used to evaluate cochlear function and followed our standard protocol
(Mitchell et al., 1999). Prior to treatment, mice were anesthetized and
their individual ears were stimulated with a closed-tube sound delivery
system sealed into the ear canal. The ABR to tone-burst stimuli at 4, 8,
16, and 32 kHz were recorded and analyzed independently and thresh-
olds at each frequency were determined for each ear. Following their
respective treatments, ABR thresholds were again determined and the
threshold shift at each of the four frequencies was determined for each
ear.

Considerable variability in ABR thresholds occurs in autoimmune
mice, which makes statistical comparisons difficult due to large within
group variances. Because the critical determination in this study is whether
an individual ear responded to treatment, its pre- and post-treatment
thresholds were compared. The total shift across the four frequencies
was calculated by arithmetically summing the four frequency threshold
shifts (Trune et al., 1999a,b; Trune and Kempton, 2001). An ear was
judged as improved if this post-treatment threshold summation was lower
by 20 dB or more, which would represent an average improvement of at
least 5 dB per frequency. Conversely, an ear was classified as worse if this
combined threshold shift was higher by 20 dB or more (average threshold
of 5 dB or more per frequency higher than baseline). Any combined
threshold shift of 19 dB or less (+ or �) was considered unchanged. The
number of ears in each outcome category was statistically compared to
water controls with the v2 nonparametric test.
2.5. Serum and body weight analyses

The severity of systemic autoimmune disease was evaluated accord-
ing to previous protocols (Trune et al., 1989). Serum immune com-
plexes increase with autoantibody production and hematocrits are
reduced due to anti-erythrocyte autoantibodies. Both of these autoim-
mune disease effects are reversed with prednisolone (glucocorticoid)
treatment (Trune and Kempton, 2001). Therefore, hematocrits and
immune complexes were measured to determine if blocking the mineral-
ocorticoid receptor prevents glucocorticoid control of these symptoms.
Body weight also increases with systemic autoimmune disease, primarily
due to hemopoietic proliferation that increases the size of the spleen (7–
10·), lymph nodes (50–100·), and thymus (2·) (Murphy, 1981). There-
fore, to assess this impact of disease and treatment on body mass, ani-
mal weights were recorded at each ABR test. Each animal�s baseline
and post-treatment values for these various measures were compared
with a paired t-test.

The use of the animals reported in this study was approved by
the Oregon Health & Science University Institutional Animal Care
and Use Committee to ensure compliance with federal animal welfare
guidelines.
3. Results

3.1. Steroid treatment

The mice tolerated all of the drug treatments very well
and did not show any adverse side effects. None appeared
dehydrated, which would have been expected if they
avoided the drinking water. Because these various drugs
were given in therapeutic doses, it is expected that they
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altered the taste of the water little if at all. The treatment
groups showed similar attrition rates due to systemic auto-
immune disease (Table 1), which normally is 50% by five
months of age.
3.2. Cochlear function

Treatment effects on cochlear thresholds were analyzed
for the mice at six months of age, or approximately three
months of drug treatment. This time period was chosen
because it was long enough for disease related hearing loss
to develop, but short enough that a sufficient number of
mice still remained alive for reliable conclusions to be
drawn. Post-treatment ABR analyses were limited to the
number of mice surviving to six months for each treatment
(Table 1), which are generally the least diseased mice. The
progression of hearing loss in the autoimmune mice is dem-
onstrated in the untreated control group (Fig. 1). Analysis
of variance revealed a significant progression of rising
thresholds (F = 22.98, p < 0.0001) over the three month
treatment period. Threshold elevation occurred in most
of the frequencies, which is typical for the autoimmune
mice as disease progresses.

There was considerable threshold variation among mice
within the various treatment groups. Some mice develop a
greater threshold elevation with disease progression than
others, while some respond more to treatments. The sickest
animals die (Table 1), eliminating those with the potential
for the greatest hearing loss and impact of treatment. Thus,
a survival (statistical) bias is introduced if attempts are
made to compare all mice alive at each treatment time.
Because the key issue is the effect each treatment had on
the hearing of individual animals, the threshold shift (or
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Fig. 1. Average auditory brainstem response thresholds for untreated
autoimmune mice alive after three months of treatment (N = 14, 28 ears)
compared to their baseline values. Analysis of variance showed a
significant time · frequency interaction (F = 22.98, p < 0.0001). Vertical
bars represent 1 SD.
its lack) within individual ears was analyzed to more accu-
rately assess the impact of the treatments. Therefore, for
each ear, the baseline and post-treatment ABR thresholds
at the four frequencies were compared to establish change
attributable to treatment. The shifts for each frequency
within an ear were added to derive a total shift in threshold
per ear. The ear was considered to be improved if the com-
bined threshold shifts were lower by 20 dB or more (aver-
age 5 dB per frequency). The ear was considered
unchanged if the combined threshold shifts were ±19 dB
and rated as worse if the combined thresholds shifts were
higher by 20 dB or more. The v2 analyses compared the
number of ears within each outcome category for each ste-
roid relative to controls receiving water.

The mice receiving either aldosterone or prednisolone
alone showed significantly better cochlear function than
the untreated water controls run in parallel with them
(Fig. 2). Nearly all (91.7%) ears of the untreated water con-
trols at six months of age were worse by 20 dB or more
than they were at the three month baseline measurement.
This reflects the typical progression of hearing loss that
accompanies development of systemic autoimmune dis-
ease. However, both the aldosterone and prednisolone
groups showed thresholds in approximately 60% of the ears
were unchanged at six months. This resulted in significant
differences by v2 analysis between the steroid treatments
and water controls (Fig. 2). No ears in any of these three
groups were improved, presumably because the steroid
treatments were started before hearing loss onset.

The various spironolactone treatment groups all had
ABR thresholds that were similar to untreated (water con-
trol) mice (Fig. 3). The mice receiving spironolactone alone
were similar to the water controls, as were mice receiving
the alcohol alone (p > 0.05). Spironolactone also blocked
the hearing protective effects of aldosterone and predniso-
lone (Fig. 3). When spironolactone was given in combina-
tion with either of these steroids, the mice did not
demonstrate any slowing or prevention of the elevated
thresholds. This suggested the spironolactone interfered
with the receptor that was mediating the effects of each ste-
roid. Because of the implication the glucocorticoid prednis-
olone is mediating its effects through the mineralocorticoid
receptor, a further analysis was conducted of the difference
in cochlear function between prednisolone (Fig. 2) and spi-
ronolactone + prednisolone (Fig. 3) treated mice. A v2

analysis showed the treatment effect was significant
(v2 = 9.15; p = 0.010) as the prednisolone mice had better
thresholds than the spironolactone + prednisolone mice.

3.3. Body weight and serum factors

3.3.1. Body weight

A normal impact of systemic autoimmune disease is an
increase in body weight, due mainly to disease related
symptoms of lymphadenopathy, splenomegaly, etc. Gluco-
corticoid treatment generally prevents this increase in body
weight because of its immune suppression effects. The
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Fig. 2. Autoimmune mice treated for three months with either aldosterone or prednisolone had significantly better hearing thresholds compared to
untreated water controls. Nearly all ears (91%) in control (water) mice had combined threshold shifts that were worse by 20 dB or more at the end of the
treatment period. However, mice treated with either aldosterone or prednisolone had threshold shifts worse by 20 dB or more in only 40% of their ears, the
remaining 60% were unchanged (±15 dB). v2 analyses showed both steroid treatment groups were statistically different from untreated water controls. N,
number of ears tested in surviving mice in parentheses.

Fig. 3. Spironolactone treatments prevented steroids from preserving hearing in autoimmune mice. Autoimmune mice had hearing thresholds similar to
untreated water controls (v2, p > 0.05) when spironolactone was combined with either aldosterone (Spir + Aldo) or prednisolone (Spir + Pred). Mice
treated with either spironolactone (Spir) or alcohol (ETOH) alone also were not different from untreated control mice. N, number of ears tested in
surviving mice in parentheses.
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untreated mice showed this typical increase in body weight,
going from a mean baseline weight of 31.8 g to a six month
average weight in the survivors of 37.6 g (Fig. 4). A paired
t-test of baseline and six month weights in the surviving
mice showed this degree of increase to be statistically sig-
nificant (t = 2.29; p = 0.04). Similarly, all treatment groups
had significant increases in body weights except those
receiving the glucocorticoid prednisolone, either alone or
with spironolactone (Fig. 2). These latter mice that received
prednisolone actually declined in body weight due to the
steroid treatment. The spironolactone + prednisolone mice
had a statistically significant decline in weight (p = 0.03).
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The mice receiving prednisolone alone had a decline from
36.2 to 31.3 g, although this did not reach statistical signif-
icance. Thus, the increase in body weight typically seen
with autoimmune disease did not occur in mice receiving
the immune suppressive prednisolone and blocking the
mineralocorticoid receptor with spironolactone did not
interfere with this.

3.3.2. Immune complexes

Serum immune complexes (antigen–antibody com-
plexes) increase with systemic disease due to production
of autoantibodies. The immune suppressive effect of the
glucocorticoid prednisolone is to reduce these immune
complex levels, or keep them from developing if treatment
is started prior to disease onset. The normal immune com-
plex development in autoimmune disease is best demon-
strated in the untreated mice (Fig. 5). Mice receiving
water only showed a progressive increase in serum immune
complex levels from a baseline of 1475–6133 lg/ml after
two months (t = 3.53; p = 0.003). The slight decline in lev-
els between two and four months of treatment reflect the
survivor effect as the sickest mice die and the group mean
improves. Paired t-tests of values at baseline and two
months of treatment showed a similar pattern in the mice
treated with aldosterone, alcohol, spironolactone, or spiro-
nolactone + aldosterone (Fig. 5). All of these groups
showed statistically significant elevations in serum immune
complexes after two months of treatment. Conversely, mice
receiving prednisolone, either alone or combined with spi-
ronolactone, did not develop elevated levels of immune
complexes (Fig. 5; p > 0.05). Like the body weight data,
the immune suppressive effects of the glucocorticoid pred-
nisolone were not impaired by blocking the mineralocorti-
coid receptor with spironolactone.
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spironolactone + prednisolone, both of which trended lower.
3.3.3. Hematocrit

The hematocrit, or cellular portion of blood, declines in
autoimmune disease due to anti-erythrocyte autoantibod-
ies. Normal mouse hematocrit is 44–47%. The baseline
(2–3 months of age) hematocrit for the various autoim-
mune mouse groups was between 44% and 49% (Fig. 5).
Once autoimmune disease began, hematocrits in untreated
(water) mice dropped from 47% to less than 43% after two
months. This typical pattern of hematocrit decline was
observed in all mouse groups except those receiving the
glucocorticoid prednisolone, either alone or with spirono-
lactone (Fig. 5). Paired t-test comparisons of hematocrits
at baseline and two months of treatment showed that all
treatment groups not receiving prednisolone had signifi-
cantly lower hematocrits. The surviving aldosterone mice
had a hematocrit of 41% at two months of treatment
(p = 0.06), but by four months of treatment this had
declined to 31%. On the other hand, mice receiving prednis-
olone or spironolactone + prednisolone had hematocrits
that were not significantly different from baseline
(p > 0.05). In fact, hematocrits for both of these groups
actually showed a trend of increasing due to the immune
suppression effects of the steroid. This indicated that the
usual protective effect of the glucocorticoid prednisolone
on hematocrit was not prevented by spironolactone block-
age of the mineralocorticoid receptor.

3.4. Summary of treatment effects

Overall, spironolactone blockage of the mineralocorti-
coid receptor appeared to interfere with steroid effects on
the ear, but did not impair steroid effects on systemic
immune disease. Mice receiving spironolactone in combi-
nation with either prednisolone or aldosterone did not
r+Aldo (16) Aldo (3) Spir+Pred (19) Pred (3)

ent Group

t=5.03 
=1.0e-4

t=1.39 
p=0.298

t=2.47 
p=0.036

t=5.13 
p=8.0e-5

of treatment. Paired t-test values and probabilities of baseline versus post-
increase in body weight except the mice receiving prednisolone or



Fig. 5. Hematocrits and serum immune complex levels for autoimmune mice in the various treatment groups. Paired t-tests of baseline and two months of
treatment showed all groups had significantly decreased hematocrits except those mice receiving prednisolone or spironolactone + prednisolone (p > 0.05).
The probability for the aldosterone group at 2 months was at the cutoff level of significance (p = 0.06), but hematocrits in this group declined further to
31% by four months. The various treatment groups also showed similar patterns of increased levels of serum immune complexes except those mice
receiving prednisolone or spironolactone + prednisolone (p > 0.05). The water control group is shown in each plot for reference. Sample sizes are the same
as Fig. 4.
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show the hearing preservation that these two steroids by
themselves normally cause. Thus, blocking the mineralo-
corticoid receptor interfered with the cochlear effects of
both steroids. However, the normal immune suppression
effects of the glucocorticoid prednisolone, which are medi-
ated through the glucocorticoid receptor, were not
impaired by blocking the mineralocorticoid receptor. Mice
receiving prednisolone, either alone or combined with spi-
ronolactone, maintained baseline body weights, immune
complexes, and hematocrits. These observations suggest
that the cochlear effects of both steroids are mediated
through the mineralocorticoid receptor, whereas the sys-
temic effects of glucocorticoids on the immune system are
mediated through the glucocorticoid receptor.

4. Discussion

The present results for MRL/MpJ-Faslpr autoimmune
mice parallel earlier studies that showed rising cochlear
thresholds due to systemic disease were reversed or pre-
vented with either prednisolone or aldosterone treatment
(Trune et al., 1999a,b; Trune and Kempton, 2001). Because
glucocorticoids bind to both receptors with equal affinity
(Arriza et al., 1987; Munck et al., 1990; Rupprecht et al.,
1993), it was not determinable in previous studies which
steroid receptor mediated hearing preservation with the
glucocorticoid prednisolone. Blocking the mineralocorti-
coid receptor with spironolactone in the present study
helped differentiate the role of each steroid receptor in ste-
roid-responsive mechanisms of the ear.

Mice treated only with spironolactone were not different
from the untreated controls. Spironolactone is a competi-
tive antagonist for the mineralocorticoid receptor,
although its affinity for binding is only about 5–15% of
the binding affinity of aldosterone (Claire et al., 1993; Luz-
zani and Glasser, 1984; Alnemri et al., 1991). However,
because the natural aldosterone produced by untreated
autoimmune mice is not sufficient to prevent hearing loss,
it would not be expected to preserve hearing in mice simul-
taneously receiving the antagonist spironolactone. Further-
more, the additional aldosterone in mice receiving
spironolactone + aldosterone still was not sufficient to
maintain normal hearing. Therefore, because aldosterone
only treatment in this and previous studies (Trune and
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Kempton, 2001) has consistently preserved hearing, and
this was prevented by the receptor antagonist spironolac-
tone, one can conclude that the ear is responsive to aldoste-
rone through the mineralocorticoid receptor.

Mice receiving only the glucocorticoid prednisolone
showed hearing preservation consistent with previous stud-
ies from this laboratory (Trune et al., 1999a,b; Trune and
Kempton, 2001). In contrast, mice receiving spironolac-
tone + prednisolone showed hearing decline similar to
untreated mice, suggesting blockage of the mineralocorti-
coid receptor interfered with prednisolone effects in the
ear. This is compelling evidence that the glucocorticoid
restored hearing through mineralocorticoid receptor-medi-
ated processes.

This is interpreted that the stria vascularis pathology
(Lin and Trune, 1997; Ruckenstein et al., 1999) caused
by systemic autoimmune disease is restored by reestablish-
ment of normal endolymph ion balances mediated by min-
eralocorticoid receptor functions. On the other hand,
prednisolone functions of immune suppression (immune
complexes, hematocrits, and body weights), which are reg-
ulated through the glucocorticoid receptor, were not
affected by the mineralocorticoid receptor block. Thus, glu-
cocorticoid receptor-mediated functions suppress the
underlying systemic autoimmune disease, while mineralo-
corticoid receptor-mediated functions reverse one of the
resulting symptoms, i.e., disruption of stria homeostasis.
These findings emphasize the differential roles these recep-
tors play in inner ear responses to glucocorticoids and chal-
lenge current thinking that it is only the anti-inflammatory
actions of glucocorticoids that restore hearing in steroid-
responsive hearing loss.

It is interesting to note that circulating immune complex
levels were reduced similarly in both prednisolone groups,
but this was not sufficient to restore hearing in the spirono-
lactone + prednisolone mice. This lack of a relationship
between hearing recovery and immune complex levels par-
allels observations of the present and earlier studies (Trune
and Kempton, 2001) that aldosterone preserved hearing in
the autoimmune mice while not reducing the elevated
serum immune complex levels. This also is evidence the
two steroid receptors play different roles in steroid-respon-
sive hearing loss. The observation that prednisolone + spi-
ronolactone will reduce immune complexes, but not
improve hearing, suggests the underlying pathology in
the ear is not reversed with glucocorticoid-receptor medi-
ated processes (immune suppression and anti-inflamma-
tion). Furthermore, the observation that aldosterone will
improve hearing without reducing immune complexes indi-
cates that mineralocorticoid-related processes (ion homeo-
stasis) are involved in some cases of steroid-responsive
hearing loss. Awareness of these differences will be critical
in development of therapies for hearing loss.

Although our conclusion is that spironolactone
impaired prednisolone�s impact on hearing control by
blocking the mineralocorticoid receptor, it is possible that
spironolactone interfered directly with the glucocorticoid
receptor. However, this mechanism seems unlikely in view
of the fact that both aldosterone and spironolactone have
very little binding affinity for the glucocorticoid receptor.
Competitive binding studies have shown that spironolac-
tone has only 0.1% of the binding affinity of glucocorti-
coids for the glucocorticoid receptor (Claire et al., 1993).
To effectively block this receptor, spironolactone would
have to be 100–1000 times the concentration of the gluco-
corticoids, well beyond the physiologic levels used in this
study (Campen and Fanestil, 1982; Couette et al., 1992;
Arriza et al., 1987; Clore et al., 1988). Furthermore, the
normal glucocorticoid receptor-mediated effect of immune
suppression occurred in the mice whether they received spi-
ronolactone or not, which also suggests that there was no
interference with glucocorticoid receptor function. There-
fore, direct spironolactone interference with the glucocorti-
coid receptor seems an unlikely explanation for the present
results.

Aldosterone activation of the cytoplasmic mineralocor-
ticoid receptor (Schimmer and Parker, 1996; Benos et al.,
1995; Garty and Palmer, 1997) results in the expression
of multiple gene products called aldosterone-induced pro-
teins (AIPs). These proteins are responsible for increased
sodium and potassium transport across the cell by activa-
tion of existing sodium channels, synthesizing new ones,
and increasing cellular Na+, K+-ATPase to drive the pro-
cess (Mujais et al., 1985; Kleyman et al., 1989; Horisberger
and Rossier, 1992). Aldosterone also increases expression
of calcium channels and the Na+/Cl�-cotransporter (Fal-
kenstein et al., 2000; Lesouhaitier et al., 2001; Abdallah
et al., 2001). Thus, the mineralocorticoid receptor has sig-
nificant control over local ion transport, which is blocked
by spironolactone (Claire et al., 1993; Luzzani and Glasser,
1984; McInnes et al., 1982; Wambach and Casals-Stenzel,
1983). The mineralocorticoid receptor in the inner ear
(Pitovski et al., 1993b; ten Cate et al., 1993, 1994; Furuta
et al., 1994; Yao and Rarey, 1996) controls endolymph
homeostasis through these same ion channels and trans-
porters on cells lining the cochlear duct, including the stria
vascularis and spiral ligament (Wangemann, 2002; Weber
et al., 2001; Sage and Marcus, 2001; Takeuchi et al., 2001).

It is assumed that the major impact of these steroid treat-
ments is on the ion homeostatic functions of the stria vasc-
ularis and spiral ligament. Studies from numerous
laboratories have shown that this region is primarily affected
in autoimmune mice, as determined by both histology and
loss of endocochlear potentials (reviewed in Trune, 2001).
Furthermore, steroid treatment leads to recovery of func-
tion, as well as the qualitative (Trune and Kempton, 2001)
and quantitative (Kaylie and Trune, 2002) improvement in
stria morphology. While there may be additional cochlear
compartments that are functionally affected by autoimmune
disease, thus far these are unidentified. Therefore, findings
from the present study are interpreted that it is this stria
vascularis pathology that is prevented by either glucocorti-
coid or mineralocorticoid activation of the mineralocorti-
coid receptor, while both are ineffective if the antagonist
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Fig. 6. Functional relationship of the steroids to the mineralocorticoid
receptor (Mr) and glucocorticoid receptor (Gr) within the inner ear. The
mineralocorticoid aldosterone (Aldo) and the glucocorticoid prednisolone
(Pred) each bind to their respective cytoplasmic receptors, while prednis-
olone (and most other glucocorticoids) also has high binding affinity for
the mineralocorticoid receptor. Mineralocorticoid receptor-mediated
functions include increasing the number and activity of ion channels
and transporters involved in endolymph homeostasis. Glucocorticoid
receptor-mediated functions include the suppression of inflammation and
immune disease by decreasing the production and function of lympho-
cytes, macrophages, and pro-inflammatory cytokines.
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spironolactone is present. Certainly future studies will be
necessary to fully characterize the steroid-mediated gene
expression in the ear that underlies hearing recovery.

Membrane receptors also have been identified that
increase sodium channels and transporters via rapid nonge-
nomic mechanisms (Falkenstein et al., 2000; Zhou and
Bubien, 2001). However, these membrane aldosterone
receptors, in contrast to the classic cytoplasmic receptors
above, are not blocked by spironolactone. Therefore, their
function in the present study probablywould not be affected.
It also is possible that themineralocorticoid effects on the ear
are secondary to steroid-responsive mechanisms in other
organs (e.g., kidney) that affect systemic electrolyte homeo-
stasis. While this cannot be completely ruled out, the exten-
sive distribution of steroid receptors in the ear suggest direct
cochlear effects of circulating hormones are more likely.

These findings offer new insights into the mechanism by
which prednisolone and other glucocorticoid treatments
for hearing loss operate in the ear by activating mineralo-
corticoid receptors. This relationship of the two groups
of steroids to their receptors has been established for other
organ systems and is proposed here for cochlear steroid-
responsive function, as well (Fig. 6). Glucocorticoids given
for autoimmune hearing loss can enhance inner ear ion
transport functions through the mineralocorticoid receptor
and suppress inflammation or immune disease through the
glucocorticoid receptor. The immune suppression function
also could secondarily affect hearing (long-term) by reduc-
ing the elevated serum immune complexes that are causing
homeostasis dysfunction in the first place. This proposed
mechanism also could explain why prednisone (glucocorti-
coid) treatment is effective for sudden and idiopathic hear-
ing loss (Nadel, 1996; Alexiou et al., 2001; Wilson et al.,
1980). Prednisone-responsive hearing loss, in the absence
of systemic immune disease or inflammatory problems,
cannot be explained by the glucocorticoid�s role of sup-
pressing the immune system. The glucocorticoid function
of regulating sodium and potassium ion transport is an
alternative explanation for the recovery of hearing in these
clinical disorders with no demonstrable immunologic basis.
This also suggests that the common interchangeable use of
the clinical terms ‘‘autoimmune hearing loss’’ and ‘‘steroid-
responsive hearing loss’’ may need to be revised. If disor-
ders of cochlear ion homeostasis recover with glucocorti-
coid treatment, then steroid-responsive hearing loss will
include more auditory problems that just those with an
immune-mediated pathology.

Although additional studies will be necessary to better
understand steroid-responsive mechanisms in the ear, the
present results offer provocative new insight into their
respective receptors� roles. Future confirmation of the pres-
ent observations may lead to alternative steroid therapies
for sudden and idiopathic hearing loss. Effective treatment
of these disorders with steroids that selectively target the
mineralocorticoid receptor may reestablish normal stria
vascularis and/or cochlear function without the systemic
side effects seen with glucocorticoids like prednisone. On
the other hand, if treatment of autoimmune inner ear dis-
ease requires systemic immune suppression in addition to
cochlear homeostasis restoration, then combined mineralo-
corticoid and glucocorticoid therapy may be more advan-
tageous. Combination treatment may allow each to be
given in lower doses to reduce detrimental side effects.
The findings of the present study suggest there is significant
clinical value in further research into the differential role of
these receptors in the ear.
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