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Abstract

Hypothesis

Transtympanic steroid treatment will induce changes in ion homeostasis and inflammatory

gene expression to decrease middle ear inflammation due to bacterial inoculation.

Background

Otitis media is common, but treatment options are limited to systemic antibiotic therapy or

surgical intervention. Systemic glucocorticoid treatment of mice decreases inflammation

and improves fluid clearance. However, transtympanic delivery of glucocorticoids or miner-

alocorticoid has not been explored to determine if direct steroid application is beneficial.

Methods

Balb/c mice received transtympanic inoculation of heat-killedHaemophilus influenzae (H flu),
followed by transtympanic treatment with either prednisolone or aldosterone. Mice given

PBS instead of steroid and untreated mice were used as controls. Four hours after steroid

treatment, middle ears were harvested for mRNA extraction and 24 hours after inoculation

middle ears were harvested and examined for measures of inflammation.

Results

H flu inoculation caused the increased expression of nearly all inflammatory cytokine genes

and induced changes in expression of several genes related to cellular junctions and trans-

port channels. Both steroids generally reversed the expression of inflammatory genes and

caused ion and water regulatory genes to return to normal or near normal levels. Histologic

evaluation of middle ears showed improved fluid and inflammatory cell clearance.
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Conclusion

Improvement in middle ear inflammation was noted with both the glucocorticoid predniso-

lone and the mineralocorticoid aldosterone. This was due to reversal of inflammation-in-

duced changes in middle ear cytokine genes, as well as those involved in ion and water

homeostasis. Because glucocorticoids bind to the mineralocorticoid receptor, but not the re-

verse, it is concluded that much of the reduction of fluid and other inflammation measures

was due to these steroids impact on ion and water transport channels. Further research is

necessary to determine if this alternative mineralocorticoid treatment for otitis media will be

clinically effective with fewer side effects than glucocorticoids.

Introduction
Otitis media (OM) is one of the most common infections to affect children.[1] According to
the American Academy of Pediatrics Clinical Practice Guidelines, 90% of children will develop
at least one episode of otitis media with effusion at some time before school age with a cost esti-
mate of $4 billion annually in the United States.[2] Teele et al. reports that 62% of the children
experience at least one episode of acute otitis media (AOM) by one year of age and 83% by
three years of age, with 17% and 46% having had at least three episodes, respectively.[3] Other
authors quote even higher incidences with three or more episodes of acute otitis media afflict-
ing 50% of three year olds and 65% of five year olds.[1] Although many episodes resolve spon-
taneously, 30–40% have persistent effusion for three months and 5–10% for over one year.[2]

Recurrent acute otitis media (RAOM) and chronic otitis media with effusion (COME) may
both cause a conductive or sensorineural hearing loss with developmental sequelae, including
impairments in speech or language skills and behavioral changes.[4] Some authors report that
the amount of time spent with middle ear effusions before the age of three to be directly corre-
lated to tests of cognitive ability and school performance at age seven years,[5] although this is
controversial. Associations between OM and sensorineural hearing loss (SNHL) have been
documented.[6] The presence of inflammatory cytokines in the murine inner ear during epi-
sodes of AOM and COME has been established and is thought to contribute to hearing loss.
[7,8]

Although AOMmay clear spontaneously, it is often treated with oral antibiotics to speed re-
covery, decrease pain, and prevent complications. Conventional medical treatments have
shown to be inadequate to effectively treat COME and prevent hearing loss. Oral antimicrobi-
als and corticosteroids have shown to be ineffective in the long-term management of chronic
effusions[2] and concerns for the side effects of systemic steroid use have limited their use for
these conditions. The American Academy of Otolaryngology-Head and Neck Surgery report
individuals with symptomatic RAOM or COME are indicated for surgical drainage via myrin-
gotomy with or without placement of a pressure equalizing tube. This requires either an office
or operating room procedure and subjects the patient to the risks of tube placement.

Due to the incidence and potential adverse effects of RAOM or COME, research has focused
on understanding the pathophysiology of OM, including the role of inflammatory mediators
and ion homeostasis molecules. To this end, models using rodents have been developed and
are widely used.[9–11] Ion homeostasis proteins have been documented in the middle ear in
normal mice and mice receiving a transtympanic inoculation of bacteria.[12] Rodent models
have allowed identification of alterations in inflammatory cytokine and ion homeostasis gene
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expression in both inner and middle ears during AOM and COME.[7,8,13] Studies evaluating
oral glucocorticoid steroid treatments during inflammation show a decrease in inflammatory
markers, alterations of ion homeostasis genes, and improvements in middle ear inflammation
and fluid clearance.[14] Additional research has shown that the genetic changes seen after a
bacterial challenge occurs early, with peaks at around six hours after the bacterial challenge.
[13] Although the benefits of systemic glucocorticoid use on decreasing inflammation and im-
proving fluid clearance are documented, their use may be limited based on the potential side ef-
fects, especially in children. Therefore, other routes of delivery of steroid treatments in an
intact tympanic membrane provide an attractive treatment alternative. This study was designed
to evaluate the role of transtympanic steroid administration on the early inflammatory changes
in response to a bacterial challenge. Furthermore, because ion and water transport channels are
under the influence of the mineralocorticoid aldosterone, this steroid also was injected to deter-
mine its impact on middle ear inflammation.

Materials and Methods
All animal procedures in the study were approved by the OHSU Institutional Animal Care and
Use Committee

Steroid control of inflammatory and ion homeostasis genes
Animal Model. Balb/c mice were anesthetized with subcutaneous injection of ketamine

(100 mg/ml; 0.067 mg/gm) and xylazine (20 mg/ml; 0.013 mg/gm), then screened with otomi-
croscopy to confirm the absence of middle ear fluid. Inflammation was induced bilaterally by
transtympanic injection of 5 μl of heat-killed Haemophilus influenza (H flu) into the mesotym-
panum. A minimum of five mice per treatment group was used. Mice subsequently received bi-
lateral injections transtympanically of PBS, prednisolone (10 mg/kg/treatment), aldosterone
(0.03 mg/kg/treatment) at either three or six hours after bacterial inoculation. These time-
points were selected based on previous research indicating an early alteration in gene regula-
tion after a bacterial insult to the middle ear.[13] Ten normal mice were selected as controls
and received bacterial inoculation alone without treatment. Five of the untreated mice were
sacrificed at either seven or 10 hours after inoculation to keep time exposure to bacterial chal-
lenge consistent with the treatment conditions. An additional 10 mice were not inoculated and
served as healthy non-infected controls.

Quantitative RT-PCR. Mice were sacrificed four hours after steroid or PBS treatment, the
auditory bullae were dissected free of the skull base using microscopic guidance and inner ears
were dissected out and discarded. Left and right middle ear tissues were isolated, combined,
and stored in RNAlater (Ambion, Inc., Austin, TX) at -20°C until RNA was extracted. Tissue
RNA was extracted with the Qiagen (Valencia, CA) RNeasy Mini Kit. Tissue was transferred to
tubes with 600 μl of extraction buffer and homogenized with a PowerGen 125 (Fisher Scientific,
Pittsburgh, PA). RNA was quantified using a NanoDrop (Thermo Scientific, Wilmington, DE)
and all samples were made up to a concentration of at least 25 ng/μl.

Quantitative real-time PCR studies were performed using an ABI Step One Plus system
(Carlsbad, CA). Total RNA (200 ng) was reverse-transcribed using RT2 First Strand Kit
(SABiosciences Corp, Frederick, MD) using the manufacturer’s instructions. Samples were pre-
pared for real-time PCR using the RT2 Real-time SYBR Green/Rox PCR master mix. Thermal
cycle condition was set as 95°C 10 minutes then 40 cycles at 95°C for 15 seconds then 60°C for
one minute followed by a melt curve. Data analysis follows the suggestion of the manufacturer
(SABiosciences PCR Array Data Analysis Web Portal). The parameter CT (threshold cycle) is
defined as the fractional cycle number at which the reporter fluorescence generated by cleavage
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of the probe passes a fixed threshold above baseline. The statistical significance and fold change
are calculated using the ΔΔCt method with the aid of SABiosciences PCR Array Data Analysis
Web Portal. The housekeeping gene used for this method was glyceraldehyde-
3-phosphate dehydrogenase.

This method utilized custom PCR Arrays (SABiosciences Corp, Frederick, MD) already op-
timized for reaction conditions, primers, and probe. Recent product developments by SABios-
ciences have combined the two principles of gene arrays and RT-PCR so quantitative RT-PCR
can be done simultaneously on primer arrays of multiple cytokine genes (RT2 Profiler PCR
Array System) for actual quantification of gene expression. This technique has been adapted in
our laboratory and a standard cytokine profile is assessed in all inflammatory studies. Our cus-
tom PCR Array plates were made by SABiosciences Corp (Frederick, MD) to measure expres-
sion of eight key inflammation related cytokines: IL-1α, IL-1β, IL-6, IL-10, MIP-1, MIP-2, KC,
and TNFα (Table 1). Additional custom PCR array plates were made to analyze 24 ion homeo-
stasis genes (Table 1). These include isoforms of Na+,K+-ATPases, channels that transport K+,
Na+ and Cl-, gap junction connexins, water transporting aquaporins, and tight junction clau-
dins. These ion homeostasis genes were selected for their known importance in the function of
the inner ear and potential role in control of middle ear fluids during inflammation. Gene ex-
pression in the inflamed middle ears was compared to non-inoculated and untreated control
mice.

Steroid control of inflammatory changes and fluid accumulation in the
middle ear
Mice were anesthetized with subcutaneous injection of ketamine and xylazine then screened
with otomicroscopy for the absence of middle ear fluid. Inflammation was induced in 20 mice
by inoculation with bilateral transtympanic injection of 5μl of heat-killed H flu. A minimum of
five mice per treatment group subsequently received bilateral transtympanic PBS, predniso-
lone, or aldosterone at either three or six hours after bacterial inoculation. Five mice received

Table 1. Key inflammatory cytokines and ion homeostasis genes evaluated by PCR array.

Inflammatory cytokine genes:

IL-1α, IL-1β, IL-6, IL-10 interleukins 1 alpha, 1 beta, 6, 10

MIP-2 (Cxcl2), MIP-1 α (CCL3), KC
(Cxcl1)

chemokines

TNFα tumor necrosis factor α

Ion Homeostasis Genes:

Aqp1, 2, 3, 5 aquaporins 1, 2, 3, 5

Atp1β 1, Atp1β2 Na+,K+-ATPase, Na+/K+ transporting, beta 1, 2,
polypeptides

Atp1α1 Na+,K+-ATPase, Na+/K+ transporting, alpha 1 polypeptide

Clcnka chloride channel Ka

Cldn3, 4, 14 claudins 3, 4, 14

Gja1, Gjb2, 3, 6 gap junction proteins, alpha 1, beta 2, 3, 6

Kcne1, Kcnq 1, 4 potassium voltage-gated channels

Kcnj10 potassium inwardly-rectifying channel

Slc12a2 (Formerly NKCC1) Na+-K+-2Cl- co-transporter

Scnn1α, 1β, 1γ ENaC (epithelial Na+ channels), non-voltage gated 1α, 1β,
1γ

Tmprss3 transmembrane protease, serine 3

doi:10.1371/journal.pone.0119228.t001
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bacterial inoculation alone with no steroid treatment. Based on standard procedure in our lab-
oratory, mice were euthanized 24 hours after inoculation and intracardially perfused with fixa-
tive of 1.5% glutaraldehyde and 3% paraformaldehyde in 0.1 mol/L phosphate buffer. Skulls
were dissected with the auditory bullae left intact such that both ears were connected to each
other by the skull base. Dissected skulls were immersed in fixative overnight then processed for
histology and sectioning. Tissues were microwave decalcified in EDTA, embedded in glycol
methacrylate plastic, sectioned in the horizontal plane at 5 μm, serially mounted on glass slides,
stained with basic fuchsin and methylene blue, and cover-slipped. Slides were examined at 10 x
magnification with the Leica DMLB microscope. Middle ears were qualitatively evaluated for
fluid area, inflammatory cell infiltration, tympanic membrane thickness, and mucosal thick-
ness based on previous research identifying these measures to best assess inflammation.[10]
Grading of the above parameters was performed with blinding to treatment condition using a
calibrated micrometer grid in one eyepiece and a micrometer scale in the opposite eyepiece. A
minimum of five mice per condition were evaluated and each ear was examined separately.
Three sections per middle ear were selected and standardized to include the tympanic mem-
brane and round window at the level of the stapedial artery. The three individual measures per
ear were averaged to obtain one value for each parameter per ear. Statistical analyses using
analysis of variance and Tukey post-hoc tests (SPSS Inc, Chicago, Illinois) were performed
comparing treatment groups to control mice who received neither inoculation nor treatment
and mice who received inoculation alone with no treatment.

Results

Bacterial effect on middle ear gene expression
The inoculation of heat-killed bacteria in to the middle ear caused significant changes in the ex-
pression of multiple genes, some related to cytokines and some involved in ion and water trans-
port. Every pro-inflammatory gene was upregulated after three hours, with most still showing
increased expression at six hours (Fig. 1). This elevated gene activity was especially pronounced
for the interleukins and chemokines. IL-1β was expressed at 56 times normal levels, IL-6 was
overexpressed by 35-fold, and Ccl3 (MIP-1α) and Cxcl2 (MIP-2) were expressed at 25 and 141
times normal levels, respectively. These same inflammatory genes were still significantly elevat-
ed at six hours, although their levels had begun to decline (Fig. 1). The anti-inflammatory IL-
10 was not significantly affected at either time point.

The inoculation of the middle ear also caused considerable alteration in the expression of sev-
eral ion homeostasis genes (Fig. 2). Some genes were overexpressed, while others showed de-
creased expression. The tight junction claudin 4 gene measured over five-fold normal expression,
gap junction gene Gja1 was over two times normal activity, and the Aqp1 water channel was up-
regulated 1.8-fold (Fig. 2). However, generally these ion homeostasis genes were down-regulated
due to the local inflammation. Significant reductions were seen for the water channel Aqp3, the
K+ transporting channels Gjb3, Kcnq1, and Kcnq4, and the epithelial Na+ channel Scnn1g. Also,
several other junction, channel, or transporter genes were expressed at reduced levels (Clcnka,
Cld14, Aqp2, Kcne1, Scnn1b), but these did not reach the statistical cutoff of p< 0.05. As with
the cytokines, recovery to normal levels of expression was seen for several of these channels by
six hours (Fig. 2). These measured changes reflect the degree to which the middle ear mucosa re-
acts to bacteria and is the basic tissue profile on which to evaluate the impact of steroids.

Steroid effect on middle ear gene expression
Transtympanic treatment with mineralocorticoid or glucocorticoid induced significant alter-
ation of middle ear inflammatory gene expression. When given three hours after bacterial
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inoculation, prednisolone induced down-regulation of pro-inflammatory and up-regulation of
anti-inflammatory (i.e. IL-10) cytokine genes (Fig. 3). Aldosterone treatment also resulted in a
down-regulation in several inflammatory cytokine genes and an increase in IL-10 (Fig. 3). The
glucocorticoid significantly reduced six of the overexpressed genes, while aldosterone reduced
only three of them. This suggests the glucocorticoid, with its strong anti-inflammatory effects,
was more effective, although the difference between the two steroids was minor. When steroids
were administered six hours after inoculation, prednisolone showed a persistent increase in IL-
10, as well as up-regulation of the pro-inflammatory cytokines IL-1β, IL-6, Cxcl-2, and Cxcl-1.
Only TNFα was suppressed. On the other hand, aldosterone treatment at six hours did not
show any increased expression of cytokines compared to no treatment, and also caused a de-
crease in TNFα (results not shown). Thus, waiting to administer steroids until six hours had lit-
tle immune suppressive effect.

While steroid treatments reduced the expression of inflammatory cytokine genes, it was not
clear if such treatments reduced their activity back to normal levels. Therefore, a statistical
comparison was made of normal mice relative to the H flu only mice and the two steroid treat-
ments for their respective 3 hour results (Fig. 4). The single transtympanic steroid treatment
brought expression levels back to near normal for several of the cytokines. IL-1α expression re-
turned to normal with both steroids as neither was statistically different from the control mice.
IL-1β was but still slightly elevated after both steroids, but only the glucocorticoid treatment
was still statistically significant. IL-6 did not respond well to steroids as neither steroid reduced
the elevated expression levels from bacteria. Also IL-10, an anti-inflammatory cytokine, was
significantly elevated beyond normal expression by both steroids. Ccl3 (Mip-1α) expression

Fig 1. Cytokine gene expression for the control animals that received no treatment three hours and six hours after transtympanic inoculation with
H flu. This reflects fold change in gene expression seven and ten hours, respectively, after inoculation compared to animals receiving no bacteria. All
inflammatory cytokine genes were significantly upregulated with the exception of IL-10 and TNFα. By ten hours, most were still elevated, although the trend
was for their gradual decline in the overexpression seen at the earlier time point.

doi:10.1371/journal.pone.0119228.g001
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was returned to near normal levels by the steroids. The remaining cytokines (Cxcl2, TNFα,
Cxcl1) did not show a return to normal levels by the steroid treatments. Thus, while all cyto-
kines generally showed significant up-regulation due to H flu, some did not return to normal
levels of expression with the steroid treatments.

Administration of mineralocorticoid or glucocorticoid had significant effects on middle ear
ion homeostasis gene expression, as well. When given three hours after inoculation, predniso-
lone induced a down-regulation of gene expression in a gap junction, aquaporin, and epithelial
sodium channel-related molecule (Tmprss3) when compared to untreated controls (Fig. 5).
Conversely, aldosterone induced gene expression of multiple ion homeostasis molecules, in-
cluding subunits of claudins, aquaporins, potassium channels and epithelium sodium channels
(Fig. 5). In general, ion homeostasis genes were up-regulated by aldosterone when it was given
after bacterial inoculation. When administered six hours after bacterial inoculation, little effect
on ion homeostasis gene regulation was noted (data not shown).

When untreated, H flu only, and H flu plus steroid mice were compared, a quite consistent
pattern was seen for the ion homeostasis genes (Fig. 6). Generally, any change in gene expres-
sion induced by the bacteria was reversed by the steroids. This is particularly noted for Clcnka,
Cldn14, Gjb3, Aqp2 and 3, Kcnq4, and the epithelial Na+ channels Scnn1b and Scnn1g. All of
these genes were dramatically suppressed by the middle ear inflammation. This suppression
was reversed by the steroid treatments so their expression was generally not different from the

Fig 2. Ion homeostasis gene expression for the control animals that received no treatment three hours and six hours after transtympanic
inoculation withH flu. This reflects fold change in gene expression seven and ten hours after inoculation compared to animals receiving no bacteria.
Although there were some genes that were expressed at higher than normal levels (claudin 4, gap junction a1, aquaporin 1), the majority of homeostasis
genes in the middle ear were suppressed in expression. Many other genes were reduced to 10–30% of normal expression (Clcnka, claudin 14, aquaporins 2
and 3, most postassiumchannels, and ENac channels Scnn1b and Scnn1g), but these did not reach statistical significance due to variability. In general, the
expression levels seen in the three hour controls were similar to those in the six hour controls.

doi:10.1371/journal.pone.0119228.g002
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untreated control mice. There was little difference observed between the aldosterone and pred-
nisolone, suggesting both had comparable impact on these genes. A few middle ear homeostat-
ic genes were up-regulated by the inflammation, and this up-regulation was reversed by the
steroids. This was seen for Gja1 and Aqp1 (Fig. 6). However, the general pattern seen was sup-
pression of water and ion transport genes by the inflammation and restoration of expression to
normal levels by the steroid treatments.

Steroid effect on middle ear histopathology
Quantitative analysis of middle ears showed that PBS was not different from H flu only treat-
ments in all measures. Thus, differences seen with the steroid treatments are presumed to be
due to their specific impact rather than vehicle. Prednisolone, when given three or six hour
after inoculation, caused a significant decrease in tympanic membrane thickness (Table 2). It
also significantly decreased fluid in the middle ear when it was administered six hours after
bacterial inoculation, although the probability for the three hour treatment was p = 0.0535,
very close to the cutoff for significance. Histologic examination for the three hour treatment
showed dramatic reduction in fluid within the middle ear space (Fig. 7). The number of inflam-
matory cells was significantly decreased by prednisolone at both three and six hours (Table 2).
Mucosal thickness was not improved by prednisolone at three hours; however it was following
treatment at six hours (Table 2).

Aldosterone treatment resulted in a significant reduction in fluid area, number of inflamma-
tory cells, as well as thickness of the tympanic membrane when transtympanically

Fig 3. Impact of steroids on cytokine gene expression.Mice received either prednisolone (Pred) or
aldosterone (Aldo) three hours after after transtympanic inoculation with H flu and harvested four hours later
(total seven hours post inoculation). Expression of several of the cytokine genes was reduced compared toH
flu only mice shown in Fig. 1. In general, both Pred and Aldo were similar in their suppression of the genes
impacted by the bacteria. Although a few genes showed significant effects with Pred and not Aldo (IL-6,
Cxcl2, TNFα), the differences in effects of the two steroids were minimal.

doi:10.1371/journal.pone.0119228.g003
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administered either three or six hours after bacterial inoculation (Table 2). Fluid area was dra-
matically decreased at six hours, reaching levels less than half that seen with prednisolone treat-
ment. A similar improvement over prednisolone at six hours was noted for the number of
inflammatory cells, which were seen in reduced number after aldosterone treatment (Table 2).
The effect of aldosterone on TM and mucosal thickness also was significant. Like prednisolone,
mucosal thickness was improved after the six hour treatment only (Table 2). Thus aldosterone
was either equally effective or more effective compared to prednisolone in these quantitative
measures. This indicates that the increased expression of numerous ion homeostasis genes
above resulted in clearance of inflammatory components and measures. Post-hoc tests showed
no statistical difference between prednisolone and aldosterone, indicating they were quantita-
tively comparable in their inflammation clearing effects.

Discussion

Inflammatory Cytokines
This study profiled the early cytokines produced in the middle ear following H flu inoculation.
Several inflammatory cytokines were up-regulated 10–100 fold by three hours, including IL-
1α, IL-1β, IL-6, Ccl3 (MIP-1α), Cxcl2 (MIP-2), and Cxcl1 (KC). Furthermore, steroid treat-
ment with either prednisolone (glucocorticoid) or aldosterone (mineralocorticoid) resulted in
decline of this cytokine overexpression. It did appear that the glucocorticoid, with its direct im-
mune suppression function, was slightly more effective in reducing the cytokine expression

Fig 4. Comparison of treatments on cytokine gene expression. A comparison was made of untreated
controls,H flu only mice, and the two steroid treatments to determine how effective the steroids were is
returning inflammatory gene expression back to a normal level. When expression fold change is compared to
untreated normal mice, a general pattern is seen of steroids reducing overexpression of inflammatory genes
due to H flu back to levels near that of untreated normal mice. Only IL-6, IL-10, Cxcl2, and Cxcl1 maintained
their overexpression levels due to H flu and were not reduced by steroids. The remaining cytokines showed
no difference from normal following one or both of the steroids.

doi:10.1371/journal.pone.0119228.g004
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back to normal, but the mineralocorticoid aldosterone was nearly as effective. By waiting to
apply the steroids until six hours, their effect was lessened. This suggests the inflammatory pro-
cess is more advanced by that time and immune suppressive glucocorticoids cannot overcome
the advanced stage of inflammatory processes. Interestingly, the aldosterone treatment at six
hours had a more suppressive effect than the traditional glucocorticoid, as it did not allow fur-
ther increased expression of the cytokine genes. The fact aldosterone does not bind to the glu-
cocorticoid receptor suggests it kept inflammatory cytokines from increasing due to its impact
on fluid control. This will be addressed below under ion and homeostasis impact.

These early results of middle ear inflammation parallel findings in other laboratories. In an
extensive review of inflammatory mediators in otitis media by Juhn et al.[15] early phase cyto-
kines include IL-1 and TNFα, both of which are produced by both inflammatory cells and local
epithelial cells in the middle ear. IL-1 induces further inflammation by stimulating other cyto-
kines, additional IL-1 production (positive feedback loop), and arachidonic acid metabolism.
Because of these functions, early IL-1β has been shown to play a key role in the development of
acute OM and middle ear effusions,[16–19] similar to findings here. More recently, MacArthur
et al.[13] found that after middle ear injection of H flu, the peak expression of MIP-2, IL-1β,
IL-6, KC, and IL-10 occurred at six hours after inoculation. TNFα and MIP-1α also increased
at six hours, but peaked at 24 hours, and IL-1α peaked at six hours and remained elevated at 24
hours. Levels of all of these markers were decreasing by 24 to 72 hours post-inoculation. The

Fig 5. Impact of steroid treatment on ion homeostasis gene expression.Mice received either prednisolone (Pred) or aldosterone (Aldo) three hours after
after transtympanic inoculation with H flu and harvested four hours later (total seven hours post inoculation). With the exception of Gja1, Aqp1, and Tmprss3,
most of the genes controlling ion and fluid balances were upregulated by the steroids.

doi:10.1371/journal.pone.0119228.g005
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present findings of early phase cytokine profiles, and their suppression by steroids, suggest that
therapies targeted at the early stages of infection may abrogate the development of OM.

Ion & water transport
Currently little is known of the function of these various ion and water channels in the middle
ear. All occur in the inner ear where they are mainly involved in the blood labyrinth barrier
and moving ions or water to establish the endolymph for the critical endocochlear potential
(high potassium, low sodium).[20–22] However, the natural state of the middle ear is fluid free,
so their homeostatic roles must be different. Morris et al.[12] localized many of these same ion
channels and transporters, aquaporin water channels, and intercellular junctional proteins in
the normal and inflamed murine middle ear epithelium using immunohistochemistry. Other
studies have demonstrated that these ion channels, such as the epithelial sodium channel, are
responsible for keeping the middle ear clear of fluid.[23]

Although the accumulation of middle ear fluid is multi-factorial, transepithelial ion and
water transport mechanisms are affected by bacterial inoculation[12,13,24] and may play a sig-
nificant role in the development and persistence of middle ear effusions. Several studies have
noted the interplay between inflammation and ion or fluid homeostasis. Specifically, IL-1β or
whole bacteria have been shown to play a key role in the development of acute OM and middle
ear effusions by up-regulating the Na-K-2Cl cotransporter and suppressing the sodium chan-
nel genes.[24–27] Thus, a decrease in sodium transport could lead to a decrease in fluid clear-
ance. Because both glucocorticoids and mineralocorticoids impact many of these ion

Fig 6. Comparison of treatments on cytokine gene expression. A comparison was made of untreated
controls,H flu only mice, and the two steroid treatments to determine how effective the steroids were is
returning homeostasis genes back to a normal level. Claudin 4 was upregulated by H flu and its levels were
not reduced by the steroids. The remaining genes were significantly up or down regulated by the H flu
treatment, and steroid treatments returned expression of these genes back to normal levels.

doi:10.1371/journal.pone.0119228.g006

Treatment of Middle Ear Inflammation with Steroids

PLOS ONE | DOI:10.1371/journal.pone.0119228 March 26, 2015 11 / 15



homeostasis genes by binding to the mineralocorticoid receptor,[28] their application for otitis
media in the present study presumably improved clearance of middle ear fluid and cells. It is
particularly noteworthy here that the mineralocorticoids, which have not been used before ex-
perimentally for OM, were as effective as glucocorticoids. Aldosterone induced expression of
multiple ion homeostasis genes, including subunits of claudins, aquaporins, potassium chan-
nels and epithelium sodium channels. Similar studies of glucocorticoids for OM have suggested
they operate by improving sodium ion transport functions.[29,30] Thus, the presumed func-
tion of both steroids in clearing middle ear fluids is the mineralocorticoid receptor mediated
up-regulation of sodium channel functions.

MacArthur et al.[31] evaluated the role of systemic steroid treatment in middle ear inflam-
mation and sensorineural hearing loss in C3H/HeJ mice with spontaneous chronic otitis
media. Mice showed improvement in ABR with both systemic mineralocorticoid (aldosterone)
and glucocorticoid (prednisolone, dexamethasone) treatment and histologic improvement in
middle and inner ear inflammation in the group treated with prednisolone. In a parallel acute
OM study, MacArthur et al.[14] examined the middle ear of Balb/c mice after transtympanic
inoculation with Streptococcus pneumoniae, followed by systemic treatment with

Table 2. Comparison of histologic markers of middle ear inflammation when transtympanic prednisolone (Pred) or aldosterone (Aldo) were given
three (+ 3h) or six (+ 6h) hours after inoculation withH flu compared to no-treatment controls. ANOVA compared all five treatment groups for each
measure and the respective F ratio and probability are listed for each quantitative measure. All for quantitative measures showed a difference among the
treatments groups so Post-Hoc tests were run to determine the statistical differences between the individual steroid treatment groups and H flu only controls.
Those statistically significant are in bold.

Tukey Post-Hoc
Control Treatment Mean Std Error Significance

Fluid Area (μm2): F = 4.96, p = 0.003

H.flu only 5602.1 710.6

H flu + 3h Pred 2709.3 961.5 0.0535

H flu + 3h Aldo 2321.1 961.5 0.0176

H flu + 6h Pred 2576.0 832.7 0.0090

H flu + 6h Aldo 1196.8 961.5 0.0004

Total # Inflammatory Cells: F = 9.286, p = 0.00000017

H.flu only 1227.7 225.4

H flu + 3h Pred 396.0 176.6 0.000235

H flu + 3h Aldo 348.7 176.6 0.000087

H flu + 6h Pred 407.7 153.0 0.00002

H flu + 6h Aldo 235.7 176.6 0.000007

TM Thickness (μm): F = 9.408, p = 0.0000001

H.flu only 0.2573 0.02

H flu + 3h Pred 0.1453 0.0217 0.00004

H flu + 3h Aldo 0.1893 0.0217 0.03862

H flu + 6h Pred 0.1480 0.0188 0.000003

H flu + 6h Aldo 0.1320 0.0217 0.000004

Mucosal Thickness (μm): F = 4.505, p = 0.001

H.flu only 1.507 0.606

H flu + 3h Pred 1.120 0.1528 0.164

H flu + 3h Aldo 1.080 0.1528 0.092

H flu + 6h Pred 0.860 0.1324 0.0001

H flu + 6h Aldo 0.960 0.1528 0.011

doi:10.1371/journal.pone.0119228.t002
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glucocorticoid or mineralocorticoid starting on the day prior to inoculation. Mice were taken
at three and five days after inoculation and middle and inner ears were examined histologically
for inflammation. Although glucocorticoids were the most effective at decreasing tympanic
membrane thickness at three days, both glucocorticoids and mineralocorticoids were effective
in suppressing middle ear inflammation at five days. These various findings suggest therapies
targeting expression these ion homeostasis genes may be integral in the treatment of effusions.

This study has clear limitations. First, it utilizes a murine model, and although these have
been shown to be useful for studying otitis media, the effects seen may not necessarily be the
same in human subjects. In addition, this study uses heat-killed bacteria that also may not
mimic human otitis media as mammalian models of otitis media utilizing live bacteria have
shown inconsistent and variable results. Third, this study is aimed at evaluating the basic mo-
lecular mechanism of action of steroids on inflammatory and ion homeostasis genes in the
middle ear after a bacterial challenge. It is not intended to mimic a true clinical situation at this
time and additional research using later post-inoculation treatment times and studies with
other murine models that develop spontaneous otitis media would be useful. Despite these lim-
itations, these findings suggest that transtympanic steroid administration for either acute or
chronic otitis media may present a viable treatment option and should be studied further.
Critical future studies would ideally identify the specific ion and water transport processes that

Fig 7. Histologic comparison of the murine middle ear 24 hours after inoculation withH flu before (A) and after (B) glucocorticoid treatment. A:
Note the extensive fluid (arrows) in the middle ear (ME) space, particularly against the round windowmembrane (left arrow) adjacent to the inner ear (IE)
scala tympaniB: The murine middle ear 24 hours after inoculation withH flu and treatment with transtympanic prednisolone three hours later. The middle ear
is nearly clear of fluid except for a small amount against the round windowmembrane.

doi:10.1371/journal.pone.0119228.g007
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clear middle ear inflammation following treatment with transtympanic mineralocorticoids
and glucocorticoids.

Conclusions
Transtympanic steroids provide an attractive alternative therapy for acute and chronic otitis
media. This study shows that when administered early after a bacterial challenge to the middle
ear, both glucorticoids and mineralocorticoids cause a decrease in pro-inflammatory gene ex-
pression, increase in anti-inflammatory gene expression, and improvement in histologic find-
ings of fluid accumulation and inflammation occur. However, additional research is necessary
to further elucidate the mechanism of action and the preferential utility of either treatment for
acute and chronic otitis media prior to human studies.

Acknowledgments
Presented at the Association for Research in Otolaryngology meeting, San Diego, CA February
25–29, 2012.

Statistical support: Susan Greist

Author Contributions
Conceived and designed the experiments: JGL CJM DRT. Performed the experiments: JGL JBK
FH. Analyzed the data: JGL CJM DRT. Contributed reagents/materials/analysis tools: DRT.
Wrote the paper: JGL DRT.

References
1. Rovers MM. The burden of otitis media. Vaccine 26S. 2008:G2–G4.

2. American Academy of Pediatrics: Clinical Practice Guideline. Otitis media with effusion. Pediatrics.
2004; 113(5):1412–29. PMID: 15121966

3. Teele DW, Klein JO, Rosner B. Epidemiology of otitis media during the first seven years of life in chil-
dren in greater Boston: a prospective, cohort study. J Infect Dis. 1989; 160(1):83–94. PMID: 2732519

4. Klein JO. The burden of otitis media. Vaccine 19. 2001:S2–S8.

5. Teele DW, Klein JO, Chase C, Menyuk P, Rosner BA. Otitis media in infancy and intellectual ability,
school achievement, speech, and language at age 7 years. Greater Boston Otitis Media Study Group. J
Infect Dis. 1990; 162(3):685–94. PMID: 2387994

6. Tsuprun V, Cureoglu S, Schachern PA, Ferrieri P, Briles DE, Paparella MM, et al. Role of pneumococ-
cal proteins in sensorineural hearing loss due to otitis media. Otol Neurotol. 2008; 29(8):1056–60. doi:
10.1097/MAO.0b013e31818af3ad PMID: 18833010

7. Ghaheri BA, Kempton JB, Pillers DA, Trune DR. Cochlear Cytokine Gene Expression in Murine Acute
Otitis Media. Laryngoscope. 2007; 117(1):22–9. PMID: 17202925

8. Ghaheri BA, Kempton JB, Pillers DA, Trune DR. Cochlear cytokine gene expression in murine chronic
otitis media. Otolaryngol Head Neck Surg. 2007; 137(2):332–7. PMID: 17666266

9. MacArthur CJ, Hefeneider SH, Kempton JB, Parrish SK, McCoy SL, Trune DR. Evaluation of the
mouse model for acute otitis media. Hear Res. 2006; 219(1–2):12–23. PMID: 16889917

10. MacArthur CJ, Hefeneider SH, Kempton JB, Trune DR. C3H/HeJ mouse model for spontaneous chron-
ic otitis media. Laryngoscope. 2006; 116, 1071–1079. PMID: 16826039

11. Trune DR, Zheng QY. Mouse models for human otitis media. Brain Res. 2009; 1277:90–103. doi: 10.
1016/j.brainres.2009.02.047 PMID: 19272362

12. Morris LM, DeGagne JM, Kempton JB, Hausman F, Trune DR. Mouse middle ear ion homeostasis
channels and intercellular junctions. PlosOne, 2012; 7(6):e39004. doi: 10.1371/journal.pone.0039004)
PMID: 22720014

13. MacArthur CJ, Hausman F, Kempton JB, Trune DR. Murine middle ear inflammation and ion homeosta-
sis gene expression. Otol Neurotol. 2011; 32(3):508–515 doi: 10.1097/MAO.0b013e31820e6de4
PMID: 21307808

Treatment of Middle Ear Inflammation with Steroids

PLOS ONE | DOI:10.1371/journal.pone.0119228 March 26, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15121966
http://www.ncbi.nlm.nih.gov/pubmed/2732519
http://www.ncbi.nlm.nih.gov/pubmed/2387994
http://dx.doi.org/10.1097/MAO.0b013e31818af3ad
http://www.ncbi.nlm.nih.gov/pubmed/18833010
http://www.ncbi.nlm.nih.gov/pubmed/17202925
http://www.ncbi.nlm.nih.gov/pubmed/17666266
http://www.ncbi.nlm.nih.gov/pubmed/16889917
http://www.ncbi.nlm.nih.gov/pubmed/16826039
http://dx.doi.org/10.1016/j.brainres.2009.02.047
http://dx.doi.org/10.1016/j.brainres.2009.02.047
http://www.ncbi.nlm.nih.gov/pubmed/19272362
http://dx.doi.org/10.1371/journal.pone.0039004)
http://www.ncbi.nlm.nih.gov/pubmed/22720014
http://dx.doi.org/10.1097/MAO.0b013e31820e6de4
http://www.ncbi.nlm.nih.gov/pubmed/21307808


14. MacArthur CJ, DeGagne JM, Kempton JB, Trune DR. Steroid control of acute middle ear inflammation
in a mouse model. Arch Otolaryngol Head Neck Surg. 2009; 135(5):453–457. doi: 10.1001/archoto.
2009.23 PMID: 19451465

15. Juhn SK, Jung MK, Hoffman MD, Drew BR, Preciado DA, Sausen NJ, et al. The role of inflammatory
mediators in the pathogenesis of otitis media and sequelae. Clin Exp Otorhinolaryngol. 2008; 1(3):
117–38. doi: 10.3342/ceo.2008.1.3.117 PMID: 19434244

16. Juhn SK, Tolan CT, Garvis WJ, Cross DS, Giebink GS. The levels of IL-1 beta in middle ear effusions.
Acta Otolaryngol Suppl. 1992; 193:37–42.

17. Sato K, KawanaM, Nonomura N, Nakano Y. Course of IL-1beta, IL-6, IL-8, and TNF-alpha in the middle
ear fluid of the guinea pig otitis media model induced by nonviable Haemophilus influenzae. Ann Otol
Rhinol Laryngol. 1999; 108(6):559–63. PMID: 10378523

18. Sato K, Liebeler CL, Quartey MK, Le CT, Giebink GS. Middle ear fluid cytokine and inflammatory cell ki-
netics in the chinchilla otitis media model. Infect Immun. 1999; 67:1943–1946. PMID: 10085040

19. Ondrey FG, Juhn SK, Adams GL. Early-response cytokine expression in adult middle ear effusions.
Otolaryng Head Neck Surg. 1998; 119(4):342–5. PMID: 9781987

20. Couloigner V, Sterkers O, Ferrary E. What’s new in ion transports in the cochlea? Pflugers Arch—Eur J
Physiol. 2006; 453:11–22.

21. Lang F, Vallon V, Knipper M, Wangemann P. Functional significance of channels and transporters ex-
pressed in the inner ear and kidney. Am J Physiol Cell Physiol. 2007; 293:C1187–1208. PMID:
17670895

22. Trune DR. Ion homeostasis in the ear: mechanisms, maladies, and management. Curr Opin Otolaryn-
gol Head Neck Surg. 2010; 18:413–419. doi: 10.1097/MOO.0b013e32833d9597 PMID: 20693900

23. Li JP, Kania R, Lecain E, Ar A, Sauvaget E, Tran Ba Huy P, et al. In vivo demonstration of the absorp-
tive function of the middle ear epithelium. Hear Res. 2005; 210(1–2):1–8. PMID: 16256284

24. MacArthur CJ, Hausman F, Kempton JB, Choi D, Trune DR. Otitis media impacts hundreds of mouse
middle and inner ear genes. PLoS One 2013; 8(10):e75213. doi: 10.1371/journal.pone.0075213 PMID:
24124478

25. Kim SJ, Choi JY, Son EJ, NamkungW, Lee MG, Yoon JH. Interleukin-1beta upregulates Na+-K+-2Cl-
cotransporter in humanmiddle ear epithelia. J Cell Biochem. 2007; 101(3):576–586. PMID: 17211836

26. Choi JY, Choi YS, Kim SJ, Son EJ, Choi HS, Yoon JH. Interleukin-1beta suppresses epithelial sodium
channel beta-subunit expression and ENaC-dependent fluid absorption in human middle ear epithelial
cells. Eur J Pharmacol. 2007; 567(1–2):19–25.

27. Li H-S, Doyle WJ, Swarts JD, Hebda PA. Suppression of epithelial ion transport transcripts during
pneumococcal acute otitis media in the rat. Acta Otolaryngol. 2002; 122:488–494. PMID: 12206256

28. Trune DR, Canlon B. Corticosteroid therapy for hearing and balance disorders. Anat Rec. 2012;
295:1928–1943. doi: 10.1002/ar.22576 PMID: 23044978

29. Sone EJ, Kim SH, Park HY, Kim SJ, Yoon J-H, Chung HP, et al. Activation of epithelial sodium channel
in humanmiddle ear epithelial cells by dexamethasone. Eur J Pharmacol. 2009; 602:383–387. doi: 10.
1016/j.ejphar.2008.11.012 PMID: 19028490

30. Choi JY, Kim SY, Son EJ, Kim JL, Shin J-H, Song MH, et al. Dexamethasone increases fluid absorption
via Na+/H+ exchanger (NHE) 3 activation in normal humanmiddle ear epithelial cells. Eur J Pharmacol.
2006; 536:12–18. PMID: 16564041

31. MacArthur CJ, Kempton JB, DeGagne JM Trune DR. Control of chronic otitis media and sensorineural
hearing loss in C3H/HeJ mice: Glucocorticoids vs. mineralocorticoids. Otolaryng Head Neck Surg.
2008; 139(5):646–653. doi: 10.1016/j.otohns.2008.07.029 PMID: 18984258

Treatment of Middle Ear Inflammation with Steroids

PLOS ONE | DOI:10.1371/journal.pone.0119228 March 26, 2015 15 / 15

http://dx.doi.org/10.1001/archoto.2009.23
http://dx.doi.org/10.1001/archoto.2009.23
http://www.ncbi.nlm.nih.gov/pubmed/19451465
http://dx.doi.org/10.3342/ceo.2008.1.3.117
http://www.ncbi.nlm.nih.gov/pubmed/19434244
http://www.ncbi.nlm.nih.gov/pubmed/10378523
http://www.ncbi.nlm.nih.gov/pubmed/10085040
http://www.ncbi.nlm.nih.gov/pubmed/9781987
http://www.ncbi.nlm.nih.gov/pubmed/17670895
http://dx.doi.org/10.1097/MOO.0b013e32833d9597
http://www.ncbi.nlm.nih.gov/pubmed/20693900
http://www.ncbi.nlm.nih.gov/pubmed/16256284
http://dx.doi.org/10.1371/journal.pone.0075213
http://www.ncbi.nlm.nih.gov/pubmed/24124478
http://www.ncbi.nlm.nih.gov/pubmed/17211836
http://www.ncbi.nlm.nih.gov/pubmed/12206256
http://dx.doi.org/10.1002/ar.22576
http://www.ncbi.nlm.nih.gov/pubmed/23044978
http://dx.doi.org/10.1016/j.ejphar.2008.11.012
http://dx.doi.org/10.1016/j.ejphar.2008.11.012
http://www.ncbi.nlm.nih.gov/pubmed/19028490
http://www.ncbi.nlm.nih.gov/pubmed/16564041
http://dx.doi.org/10.1016/j.otohns.2008.07.029
http://www.ncbi.nlm.nih.gov/pubmed/18984258

