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Abstract
Glucocorticoids (GC) are powerful anti-inflammatory agents frequently used to protect the
auditory organ against damage associated with a variety of conditions, including noise exposure
and ototoxic drugs as well as bacterial and viral infections. In addition to glucocorticoid receptors
(GC-R), natural and synthetic GC are known to bind mineralocorticoid receptors (MC-R) with
great affinity. We used light and laser scanning confocal microscopy to investigate the expression
of GC-R and MC-R in different cell populations of the guinea pig cochlea, and their translocation
to different cell compartments after treatment with the synthetic GC dexamethasone. We found
expression of both types of receptors in the cytoplasm and nucleus of sensory inner and outer hair
cells as well as pillar, Hensen and Deiters cells in the organ of Corti, inner and outer sulcus cells,
spiral ganglion neurons and several types of spiral ligament and spiral limbus cells; stria vascularis
cells expressed mostly MC-R whereas fibrocytes type IV were positive for GC-R only. GC-R and
MC-R were also localized at or near the plasma membrane of pillar cells and outer hair cells,
whereas GC-R were found at or near the plasma membrane of Hensen cells only. We investigated
the relative levels of receptor expression in the cytoplasm and the nucleus of Hensen cells treated
with dexamethasone, and found they varied in a way suggestive of dose-induced translocation.
These results suggest that the oto-protective effects of GC could be associated with the concerted
activation of genomic and non-genomic, GC-R and MC-R mediated signaling pathways in
different regions of the cochlea.
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1. Introduction
The current clinical strategy to protect the auditory organ against damage associated with a
variety of conditions, including noise exposure, ototoxic drugs as well as bacterial and viral
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infections, is the local delivery of glucocorticoids (GC). Although there is considerable
support to the idea that GC-mediated inner ear protection would involve regulating immune
suppression and anti-inflammation (Meltser et al., 2011; Ruckenstein et al., 1999b; Tahera et
al., 2007; Tahera, 2006a; Tahera, 2006b), the precise mechanisms activated by GC in the
cochlea are still unknown.

GCs are able to bind the two classic steroid hormone receptors, glucocorticoid receptors
(GC-R) and mineralocorticoid receptors (MC-R) (Arriza et al., 1987; Claire et al., 1993;
Rupprecht et al., 1993). One of the major activators of MC-R is the mineralocorticoid (MC)
aldosterone, but MC-R also respond strongly to the GC cortisone (Krozowski et al., 1983;
Myles et al., 1994; Reichardt et al., 2000) and show high degree colocalization with GC-R in
different organs (Arriza et al., 1987; Beavan et al., 2001; van Steensel et al., 1996).
Moreover, cortisone has been shown to regulate two distinct signaling pathways via MC-R
and GC-R, respectively (Kawata, 1995; Pearce et al., 1993; Reul et al., 1985), and both GC-
R and MC-R have been implicated in mediating GC effects in the inner ear. (Pondugula et
al., 2004; Trune et al., 2006; Trune et al., 2001). Because aldosterone regulates homeostasis
of Na+, K+, and other electrolytes in the body, it is probable that MC and MC-R are
important for regulation of ion balance in the inner ear. Similarly, since experimental
evidence suggests that GC stimulate Na+ absorption in the semicircular canals (Pondugula et
al., 2004), GC also might have an important role in maintaining ionic homeostasis in the
cochlea. Studies on cochlear dysfunction in autoimmune mice, for example, suggested it is
controlled with the GC prednisolone as effectively as with aldosterone (Trune et al., 2006;
Trune et al., 2001). Altogether, these studies suggests that GC may be controlling hearing
recovery in part through their binding to MC-R to maintain endolymph homeostasis in
addition to their GC-R-mediated anti-inflammatory and immunosuppressive functions.

GC-R and MC-R reside normally in the cytoplasm, but after binding to their ligands they
usually heterodimerize and translocate to the nucleus where they transactivate or
transrepress target genes. The full process normally takes place over a course of hours
(Lowenberg et al., 2008). In addition to gene-mediated effects, steroid hormone receptors
are known to activate non-genomic signaling pathways that proceed within minutes or even
seconds of ligand binding (Boldyreff et al., 2003; Cato et al., 2002; Haller et al., 2008; Losel
et al., 2003). The involvement of classical MR and GR in nongenomic corticosteroid
signaling in neurons is supported by studies using both antagonists and knockout mice for
the MC-R and GC-R (Karst, 2005), and it is believed that at least part of the nongenomic
effects are mediated either by binding of GC to receptors located in or at the plasma
membrane (Boldyreff et al., 2003; Gametchu et al., 1993; Guo et al., 1995; Losel et al.,
2003).

A number of studies have demonstrated GC-R and MC-R expression in the inner ear of mice
and rats with techniques like ELISA (Furuta et al., 1994; Pitovski et al., 1993; Pitovski et al.,
1994; Rarey et al., 1989; Rarey et al., 1996; ten Cate et al., 1992), immunohistochemistry, in
situ hybridization and PCR (Erichsen et al., 1996; Shimazaki et al., 2002; Sinha et al., 1995;
ten Cate et al., 1992; Yao et al., 1996; Zuo et al., 1995). GC-R expression was reported in
spiral ligament fibrocytes, stria vascularis and organ of Corti cells (Shimazaki et al., 2002;
Zuo et al., 1995). In the organ of Corti, expression of GC-R in outer and inner hair cells
(OHCs and IHCs) was detected in rats but not in mice. Supporting cells displayed GC-R
expression in both mice and rats, but specific supporting cell types expressing GC-R
immunoreactivity were not identified in these studies (Shimazaki et al., 2002; Zuo et al.,
1995). In rats, MC-R mRNA expression was found in the marginal cells of stria vascularis
(Furuta et al., 1994) and protein expression was found in IHCs and OHCs, spiral limbus and
spiral ganglion cells (Yao et al., 1996). In mouse, protein expression was detected in IHCs
and OHCs, spiral limbus, spiral ligament and spiral ganglion cells (Erichsen et al., 2001). In
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guinea pigs the cellular distribution of GC-R and MC-R has not been explored, although
binding assays demonstrated their presence in cochlear and vestibular tissues (Pitovski et al.,
1994) and GC-R mRNA expression was reported in spiral ligament, stria vascularis, spiral
limbus and spiral ganglion using in situ hybridization techniques (Terunuma et al., 2003).

To understand the complex mechanisms involved in the GC-mediated otoprotection it is
vital to identify potential target cells and the receptors mediating these effects in the cochlea.
In this study we describe in detail the cellular distribution of both GC-R and MC-R in the
guinea pig cochlea, providing evidence that these receptors show a high degree of co-
localization and that dexamethasone can induce their translocation to the nucleus in both
Hensen and HEI-OC1 cells. These results indicate that cochlear effects of GC could be
associated with the activation of both GC-R and MC-R mediated signaling pathways.

2. Material Methods
2.1. Samples’ preparation

A total of 20 young albino guinea pigs (Cavias porcellus), 2-8 week-old, were euthanized
with CO2 following procedures approved by the House Research Institute’s IACUC and
used in the described experiments. a) Organ of Corti cultures: Temporal bones (n=20) were
isolated and placed in phosphate-buffered saline without calcium and magnesium (PBS, 0.1
M, pH 7.6; Sigma, St. Louis, MO). The cochlear spiral was removed in PBS and organ of
Corti tissues detached from modiolus with 30-gauge needles and forceps. Explants were
then placed on polycarbonate track membrane filters with 1 μm pores (SPI, West Chester,
PA) and immersed overnight in Dulbecco’s Modified Eagle Medium (DMEM, Life
Technologies, Grand Island, NY) with 10% fetal bovine serum without phenol red (Life
Technologies) at 37°C. b) Dexamethasone treatment: DMEM + 10% FBS was removed and
replaced by DMEM w/o phenol red. Explants in DMEM alone were treated with 10 pM, 100
nM, and 10 μM dexamethasone (Sigma) for 2 hrs at 37°C followed by 1 hr at 33°C, fixed
with 4% PFA and probed with antibodies against GC-R and MC-R as described in the next
section. c) Cochlea preparations: Cochleae were quickly removed from the temporal bone,
decalcified and treated for cryostat sectioning as previously described (Coleman et al.,
2009). Briefly, cochleae were fixed in 4 % paraformaldehyde (PFA; EMS, Hatfield, PA)
overnight at 4°C. After fixation, cochleae were washed three times for 5 min in PBS and
transferred into 125 mM EDTA + 2% PFA in 200 mM HEPES buffer at room temperature
for decalcification for 2 weeks. After being removed from decalcification solution, cochleae
were first washed three times in PBS for 5 min, next once in 10% sucrose solution for 30
min, and then placed in 15% sucrose solution and kept on rotation for a further 30 min at
room temperature or overnight at 4°C. After replacing the 15% sucrose solution with 1:1
solution of 15% sucrose and Tissue-Tek Optimal Cutting Temperature (OCT; Sakura
Finetek, Torrance, CA), cochleae were transferred into a cryo-mold, frozen in slurry of solid
CO2 and 100% ethanol, and sectioned at 10 μm thickness with a cryostat (Leica
Microsystems, Buffalo Grove, IL). d) HEI-OC1 cells: Cells were grown at 33°C in 100×20
mm plastic cell culture dishes with DMEM plus 10 % FBS (Life Technologies). For
dexamethasone treatment, DMEM + 10% FBS was removed and replaced by DMEM w/o
phenol red alone. Cells in DMEM alone were treated with 10 pM, 100 nM, and 10 μM
dexamethasone (Sigma) for 3 hrs at 33°C, and processed for immunofluorescence as
described below.

2.2. Immunolocalization
a) Immunohistochemistry: Cryosections of guinea pig cochleae (n=8) were air-dried for 2
hour-overnight, then fixed for 30 min with 1.5 % PFA and washed with 1X PBS for 5 min.
Sections were then incubated with Vectastain ABC peroxidase blocking buffer (Life
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Technologies) for 30 min, and next with primary antibodies against anti-glucocorticoid
receptor (Pierce, Rockford, IL) or anti-mineralocorticoid receptor (Developmental
Hybridoma Bank, Iowa City, Iowa) overnight at 4° C, at 1:100-1:200 dilution in blocking
solution. Sections were then washed with 1X PBS for 5 min. and incubated with biotinylated
anti-mouse IgG antibodies (Vectastain Kit, Life Technologies) for 30 min, washed with 1X
PBS for 5 min, followed by 30 min incubation with ABC reagent (Vectastain kit, Life
Technologies). DAB substrate was applied to the sections for 30 min.-2 hrs, mounted and
samples were observed with Axiovert 135 TV microscope (Zeiss, Germany) with 10X (NA
= 0.3) and 40X (NA = 1.2) objectives. b) Immunofluorescence: Organ of Corti tissue and
explants from guinea pig cochleae (n=12) were fixed with 4% PFA overnight at 4°C. HEI-
OC1 cells were fixed with 4% PFA for 30 min at room temperature. After fixation, organ of
Corti explants and HEI-OC1 cells were washed 3 times with 1X PBS with 0.1 % Triton
X-100 (BioRad, Hercules, CA) for 10 min each, blocked with 10 % fish serum (Norland
Inc., Cranbury, NJ) plus 1 % Bovine Serum Albumin (BSA) in 1X PBS with 0.1 % triton for
2 hours, and then incubated with primary antibodies anti-glucocorticoid receptor (Pierce), or
anti-mineralocorticoid receptor (Developmental Hybridoma Bank) overnight in 1:100-1:200
blocking solution at 4°C. Tissues were then washed 3 times with 1X PBS with 0.1 % Triton
and incubated with either Alexa 488 or 555 anti-mouse IgG antibodies (Molecular Probes-
Invitrogen, Eugene, Oregon) for 2 hours, washed 3 times with 1X PBS with 0.1% Triton,
and mounted in ProLong Gold slow antifade reagent with DAPI (Life Technologies). Either
Alexa 542 or Alexa 633 phalloidin (Molecular Probes-Invitrogen) were used to stain actin.
Blocking peptides were used in pre-adsorption experiments with primary anti-glucocorticoid
receptor antibodies, whereas omission of primary antibody was used as negative control for
experiments involving anti-mineralocorticoid receptor antibodies. Some organ of Corti
tissues and explants were labeled with CellMask Deep Red Plasma Membrane Stain (Life
Technologies) at 1:100 for 2 hours. Samples were observed with a TCS-SP5 Broadband
Spectra laser scanning confocal microscope with a 63X (NA = 1.2) objective (Leica
Microsystems, Deerfield, IL, USA). Images were cropped, resized, and brightness and
contrast over the whole image adjusted where necessary, using Photoshop (Adobe
Software).

2.3. Nuclear labeling quantification and statistical analysis
Relative quantification of MC-R and GC-R labeling in nuclei of HEI-OC1 and Hensen cells
(at least 100 cells per condition) was performed using the Analysis feature in Photoshop
CS5 Extended software (Adobe). A circular area, with the approximate diameter of the
nuclei under study, was selected in the elliptical marquee tool and used in all the conditions
being compared. The feature “integrated density” (ID) in this circular region, when centered
on the nuclei being evaluated, was used as an estimation of the receptor-associated nuclear
labeling in all the experimental conditions. Statistical analysis of the data, including One-
way and Two-way ANOVA, was performed using JMP 9 software (SAS Institute, Cary,
NC) and p ≤ 0.05 as the criterion for statistical significance.

3. Results
3.1. MC-R and GC-R are expressed in several cochlear cell populations

MC-R expression was observed all along the cochlea, although with regional differences.
Whereas labeling of spiral limbus, inner sulcus, spiral ganglion neurons and organ of Corti
cells was consistently similar in all the cochlear turns, staining of outer sulcus cells, stria
vascularis cells and spiral ligament fibrocytes types I, II and V increased, and staining of
spiral ligament fibrocytes type III decreased, from the base to the apex (Fig. 1 A, B). Not
evident expression of MC-R in fibrocytes type IV in the spiral ligament was detected. Spiral
limbus and inner sulcus cells labeling was generally strong, whereas spiral ganglion neurons
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showed only moderate reactivity (Fig. 1 D). In the organ of Corti, MC-R expression was
observed in the cytoplasm and nucleus of OHCs (Fig. 2, arrowheads), Deiter cells (Fig. 2,
small arrows, and Fig. 5 D & E) and Hensen cells (Fig. 2, arrows), as well as cytoplasm,
nucleus and cell boundaries of inner and outer pillar cells (Fig. 5 D-F). MC-R
immunoreactivity was stronger in the IHC cytoplasm than in IHCs’ nuclei (Fig. 5 B).

GC-R showed small differences in localization with MC-R (Fig. 3). In addition to spiral
limbus, inner sulcus, spiral ganglion neurons and organ of Corti cells, labeling of outer
sulcus cells was also consistently similar in all the cochlear turns. GC-R labeling, however,
was generally weaker than MC-R labeling at the spiral limbus but stronger at the inner and
outer sulcus cells as well as in fibrocytes type IV in the spiral ligament (compare Figs. 1 A
and 3 A). As in the case of MC-R, within the spiral ligament expression of GC-R increased
from the base to the apex in fibrocytes types I, II and V, and decreased in fibrocytes type III
and IV. In stria vascularis, in contrast, GC-R labeling was generally absent (Fig. 3 A, B). In
the organ of Corti (Fig. 4), they were localized in the nucleus and cytoplasm of Hensen cells
(Fig. 4, arrows), OHCs (Fig. 4, arrowheads), IHCs (Fig. 5 C), Deiters cells (small arrows in
Fig. 4 C, E and Fig. 5 A, B), as well as in inner and outer pillar cells (Fig. 5 B, C). In the
IHC cytoplasm GC-R immunoreactivity was weaker than MC-R immunoreactivity, whereas
a less intense expression of GC-R was observed in IHCs’ nuclei (Fig. 5 B).

To investigate the presence of GC-R and MC-R in or near the plasma membrane of different
organ of Corti cell population we used, in addition to anti-GC-R and anti-MC-R antibodies,
plasma membrane stain CellMask and antibodies against the membrane associated protein
β-catenin (Fig. 6). We observed expression of GC-R in or near the plasma membrane of
OHCs (Fig. 6B), Hensen cells (Fig. 6 C) and pillar cells (Fig. 6D). MC-R, in turn,
colocalized with β-catenin and CellMask in the cuticular plate of OHCs (Figs. 6 G and F)
and the plasma membrane of pillar cells (Fig. 6H).

3.2. Dexamethasone induces nuclear translocation of GC-R and MC-R in Hensen cells
We investigated nuclear translocation of GC-R and MC-R in Hensen cells on organ of Corti
explants treated with 10 pM, 100 nM, and 10 μM dexamethasone (Figs. 7 and 8). GC-R
were found in the cytoplasm and nucleus of Hensen cells in all conditions tested, including
untreated cells. However, nuclear expression of GC-R was significantly stronger in Hensen
cells treated with 10 μM dexamethasone (Figs. 7 D, H, L, P), and significantly weaker in
those treated with 100 nM dexamethasone (Figs. 7 C, G, K, O), than in untreated Hensen
cells (Figs. 7A, E, I, M). We detected no differences between Hensen cells untreated and
treated with 10 pM dexamethasone (Figs. 7 B, F, J, N). MC-R expression was also observed
in the cytoplasm and the nucleus of Hensen cells in all conditions tested (Fig. 8).
Interestingly, a clear increase in nuclear immunoreactivity respect to untreated cells was
observed in Hensen cells treated with 10 pM and 100 nM dexamethasone, whereas no
differences were observed with those treated with 10 μM dexamethasone (Fig. 8).

Fig. 9 summarizes the measurements of GC-R and MC-R nuclear labeling in Hensen cells
either untreated or exposed to different doses of dexamethasone. Note that the dose-response
is U-shaped rather than lineal for GC-R, and has an inverted U-shape for MC-R.

3.3. Dexamethasone also induces nuclear translocation of GC-R and MC-R in HEI-OC1
cells

We used HEI-OC1 cells to investigate whether dexamethasone also induced nuclear
translocation of MC-R and GC-R in auditory cells capable of proliferating in vitro (Fig. 10).
HEI-OC1, mouse organ of Corti-derived cells (Kalinec et al., 2003) already used as a model
in a wide variety of studies, provide the possibility of performing experiments impossible to
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achieve in vivo or with isolated organ of Corti cells. HEI-OC1 cells treated with 10 μM
(Figs. 10 D, H) showed stronger nuclear GC-R expression than untreated cells (Figs. 10 A,
E), whereas no differences with the control were evident in cells treated with 10 pM (Figs.
10 B, F) and 100 nM (Figs. 10 C, G) dexamethasone. In contrast, increased nuclear
expression of MC-R was observed in cells treated with 100 nM dexamethasone (Figs. 10 K,
O) compared to untreated cells (Figs. 10 I, M) and cells treated with other doses of
dexamethasone (Figs. 10 J, N and L, P). The measurements of GC-R and MC-R nuclear
labeling in HEI-OC1 cells are summarized in Fig. 11. As in the case of Hensen cells, the
dose-response is U-shaped for GC-R and inverted U-shaped for MC-R, although the extreme
values occurred at different doses of dexamethasone.

4. Discussion
We have investigated the localization of MC-R and GC-R in the guinea pig cochlea as a
necessary step to elucidate the cells and processes potentially responsible for the oto-
protective properties of GC. Our results indicate that sensory IHCs and OHCs as well as
pillar, Hensen and Deiters cells in the organ of Corti, inner and outer sulcus cells, spiral
ganglion neurons and several types of fibroblastic cells in the spiral ligament express
significant amounts of both types of receptors; in contrast, MC-R were relatively abundant
in stria vascularis and near absent in fibrocytes type IV in the spiral ligament, with the
opposite being true for GC-R (Table 1 and Fig. 12). In addition, we report that these
receptors show a high degree of co-localization, and dexamethasone can induce
translocation to the nucleus of both receptors in Hensen and HEI-OC1 cells. Interestingly,
GC-R and MC-R were found not only in the cytoplasm and nucleus but also at the plasma
membrane of several of these cell populations, with the relative levels of receptor expression
in these cellular compartments varying with the dose of dexamethasone assayed. Altogether,
our results suggest that oto-protective effects of GC could be associated with the concerted
activation of genomic and non-genomic, GC-R and MC-R mediated signaling pathways in
different regions of the cochlea.

4.1. Expression of GC-R and MC-R in the guinea pig cochlea
4.1.1. Spiral limbus, organ of Corti and outer sulcus cells—Previous reports from
different laboratories (Table 1) indicated that OHCs and IHCs from rat (Zuo et al., 1995),
but not mouse (Shimazaki et al., 2002), expressed GC-R. These studies also suggested that
GC-R were present in supporting cells in the organ of Corti of both mice and rats, but
specific supporting cell types as well as cellular compartments were not identified in these
studies. In addition, MC-R mRNA expression was reported in the marginal cells of stria
vascularis (Furuta et al., 1994) and protein expression in IHCs, OHCs, spiral limbus and
spiral ganglion cells of rats (Yao et al., 1996).

We immunolocalized GC-R and MC-R in the cytoplasm and the nucleus of several cell
populations of the organ of Corti and neighboring regions of the guinea pig cochlea,
including epithelial cells as well as fibrocytes in the spiral limbus, inner sulcus cells, OHCs,
IHCs, outer and inner pillar cells, Deiters, Hensen and outer sulcus cells. Intriguingly, no
labeling was evident in Boettcher and Claudius cells (Figs. 1A and 3A). Interdental cells in
the spiral limbus are connected between them and with inner sulcus cells by gap junctions,
forming part of the so called “epithelial cell gap junction system” also composed by all
organ of Corti supporting cells and outer sulcus cells (Kikuchi et al., 2000). Spiral limbus
fibrocytes, on the other hand, are also interconnected by gap junctions, and form part of a
second group, the “connective tissue cell gap junction system”, together with strial
intermediate cells, strial basal cells, fibrocytes in the spiral ligament, mesenchymal cells
lining the bony otic capsule facing the scala vestibuli, and mesenchymal dark cells in the
supralimbal zone (Kikuchi et al., 2000). Importantly, these two gap junction systems have
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contiguity at the level of outer sulcus cells, which express both GC-R and MC-R. Since it is
widely accepted that these two systems work in concert to keep cochlear ion homeostasis,
these results support the idea that GC may have a role in the regulation of this process. We
also speculate that the regional differences observed in the staining of outer sulcus cells,
stria vascularis cells and spiral ligament fibrocytes could be associated with different
requirements for ion homeostasis at the low and high frequency regions of the cochlea.

4.1.2. Stria vascularis—GC-R were previously found expressed in mouse stria vascularis
(Erichsen et al., 1996), while in the rat one study reported strong expression (ten Cate et al.,
1993) and a different one suggested a very low level of expression (Zuo et al., 1995). In our
study, we did not detect significant GC-R expression in guinea pig stria vascularis except for
a weak labeling in a single sample, but differences between our results and those in the
literature may reflect species differences. On the other hand, one research group detected
MC-R mRNA only in marginal cells of rat stria vascularis, whereas other laboratories
reported expression in all strial cell types (Yao et al., 1996). Using binding assay with
radioactively labeled aldosterone, Sinha & Pitovski (Sinha et al., 1995) found MC-R
expression in guinea pig strial marginal cells. Our results with anti-MC-R antibodies, in
contrast, suggest MC-R expression in all three strial cell types but in a “patchy” pattern, with
labeled cells surrounded by others showing no reactivity (Fig. 1 B). Although marginal cells
contain ion transporters that ultimately form the endolymph potential, intermediate cells —
which form a virtual syncytium with basal cells— are crucial for generating the high K+

intrastrial fluid that is thought to be drive K+ transport from the stria vascularis into the
endolymph (Nin et al., 2012; Patuzzi, 2011). An abnormal stria vascularis (Trune et al.,
1997), as well as a depressed endocochlear resting potential (Ruckenstein et al., 1999a;
Ruckenstein et al., 1999b) and an elevated auditory threshold (Ruckenstein et al., 1993;
Rukckenstein et al. 1999a), were reported in the MRL/MpJ-Faslpr mouse, a model for
autoimmune disease. Importantly, hearing loss in these autoimmune mice is reversed with
GC and aldosterone (Trune, 1999a; Trune, 1999b) and mediated by MC-R (Trune et al.,
2006). Therefore, expression of MC-R either in marginal or intermediate cells of the guinea
pig stria vascularis strongly supports a role for GC in the regulation of cochlear ion
homeostasis.

4.1.3. Spiral ligament—Otic fibrocytes are a heterogeneous population of cells with
unique functions based on their location and physiological properties (Spicer et al., 1991).
There are five types of fibrocytes in the spiral ligament of the cochlea. Fibrocytes subtypes I,
II and V are highly interconnected via gap junctions, and form a virtual syncytium with
outer sulcus cells and basal and intermediate cells of the stria vascularis (Patuzzi, 2011).
This syncytium is believed to play a central role in endolymph homeostasis, with recycling
of K+ ions through this network and stria vascularis being a critical process for cochlear
physiology. Interestingly, we found that receptors’ staining in outer sulcus cells, stria
vascularis cells and spiral ligament fibrocytes types I, II and V, increased from the base to
the apex of the guinea pig cochlea. Type III fibrocytes, on the other hand, border the otic
capsule opposite to the basilar crest, and type IV fibrocytes are present in the basal part of
the spiral ligament, inferior to the basilar crest. Spiral ligament fibrocytes have been shown
to release proinflammatory cytokines in culture (Yoshida et al., 1999), in noised-stimulated
cochleae (Fujioka et al., 2006) and in response to otitis media pathogens (Moon et al., 2006).
Furthermore, they are the initial target of ototoxic drugs such as cisplatin (García-Berrocal et
al., 2007). Other causes of cochleo-vestibular dysfunction such as DFNA9, some variants of
Ménière’s disease and presbyacusis, may be due to the aggression suffered by the fibrocytes
of the inner ear (García-Berrocal et al., 2008). In our study, we found expression of GC-R in
all five fibrocyte subtypes, but MC-R were detected only in fibrocytes type I and V. Based
on this expression pattern, spiral ligament fibrocytes are clearly a target cell population of
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GC in the inner ear, and it is possible that MC-R activated by glucocorticoids and
aldosterone may also play an important role in endolymph homeostasis (Trune et al., 2006).

4.2 GC-R and MC-R were localized at the plasma membrane of organ of Corti cells
Whereas cytoplasmic and nuclear localization of GC-R and MC-R is indisputable, their
membrane localization is still under discussion although multiple observations collectively
support this possibility (Bartholome et al., 2004; Johnson et al., 2005; Liposits et al., 1993;
Pedram et al., 2007; Prager et al., 2010). For instance, when applied intracellularly,
corticosterone cannot induce rapid nongenomic effects making it unlikely that the receptors
are located inside the cells. Moreover, the receptors would be accessible only from outside
of the plasma membrane. This assertion is further supported by experiments with membrane
impermeable corticosterone-BSA and dexamethasone-BSA conjugates, which induce the
same rapid effects as free corticosterone or dexamethasone (Chen et al., 1991; Hua et al.,
1989; Lou et al., 1998). Most convincingly, electron microscopy studies showed association
of MC-R and GC-R with the plasma membrane in neurons, synaptosome extracts and
presynaptic membranes (Komatsuzaki et al., 2005; Qiu et al., 2010; Wang et al., 2009).

Membrane localization may be critical in mediating non-genomic effects in different organs
and tissues, including the inner ear. Since our results indicate that GC-R and MC-R localize
at the plasma membrane in OHCs, Hensen and pillar cells of the guinea pig cochlea, perhaps
the membrane fraction could be responsible for the non-genomic effects recently reported by
our laboratory in guinea pig Hensen cells in vitro (Kalinec et al., 2009). Further experiments
will determine whether GC binding to GC-R, MC-R or both mediate these non-genomic
effects in Hensen cells.

4.3 Dexamethasone induces nuclear translocation of GC-R and MC-R
Many studies have suggested that stress conditions result in progressive activation of MC-R
at a low cortisone concentration followed by activation of GC-R when cortisone levels
increase, and that this effect can modulate neuronal integrity in response to stress
(Magariños et al., 1996) and neuronal excitability associated with changes in neuroendocrine
regulation and behavior (Joëls et al., 1992). As already mentioned, hearing loss associated
with MRL/MpJ-Faslpr autoimmune responses can be reduced through GC and aldosterone
treatment. Moreover, preservation of hearing loss associated with GC treatment is
eliminated with addition of MR-C antagonist spironolactone, whereas GC-R mediated anti-
inflammatory and immunosupressive effect were not diminished (Trune et al., 2006). These
results strongly suggest that activation of MC-R- and GC-R-mediated signaling pathways
might be necessary for GC-mediated otoprotection. Our results showing nuclear
translocation of both GC-R and MC-R by dexamethasone in Hensen cells of the guinea pig
cochlea and the auditory cell line HEI-OC1 are consistent with this hypothesis.

Interestingly, GC-R and MC-R nuclear translocation induced by dexamethasone showed a
U-shaped (or inverted U-shaped) dose-response both in Hensen and HEI-OC1-cells. These
results represent a quite typical case of hormesis (Calabrese et al., 2003). In fact, one of the
earliest studies in which hormesis was observed was associated to GC effect on learning
performance in rodents. Experiments conducted by Yerkes and Dodson more than one
hundred years ago showed that this response was optimized by modest amounts of stress but
diminished with either too little or excessive stress (Lupien et al., 1997; Lupien et al., 2005).
Hormesis is not unexpected for ligands that function through more than one receptor
subtypes with specific, and sometimes antagonistic, characteristics. For example, in the
hippocampus and other brain regions activation of MC-R led to an increase in long-term
potentiation (LTP) while the activation of GC-R led to a decrease in LTP, a frequently
mentioned example of antagonistic effects of MC-R and GC-R activation (Joels, 2008).
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Currently the effect of GC in the hippocampus is one of the best-documented examples of a
U-shaped dose–response relationship, and complex dose-responses are generally associated
with the existence of different MC-R and GC-R variants that could be differentially
distributed among distinct cell populations (Diamond et al., 1992; Joels, 2006; Joels, 2008;
Pascual-Le Tallec et al., 2005; Zhou et al., 2005). Thus, the different U-shaped dose–
response curves observed in Hensen and HEI-OC1 cells could be indicating the presence of
different subtypes of MC-R and GC-R in these populations.

4.4. GC and inflammatory responses
Leukocyte migration to sites of injury or infection is a defining step of inflammatory
responses. However, migrating leukocytes produce and release enzymes and radicals that
can damage normal tissue (Perretti et al., 2003). In the mammalian cochlea leukocyte
migration into the auditory organ must be prevented because it may abolish the
endocochlear potential by disrupting the tight-junction barrier at the organ of Corti luminal
border, leading to apoptosis of OHCs. Accordingly, leukocytes are never found in the organ
of Corti except in cases of extreme, irreversible cochlear damage (Hirose et al., 2003;
Tornabene et al., 2006). Thus, in the scala media, inflammatory responses must be reduced
to the resolution phase, and results from our laboratory suggested a role for the anti-
inflammatory mediator Annexin A1 (ANXA1) released by Hensen cells in this process
(Kalinec et al., 2009). ANXA1 is known to inhibit leukocyte migration, and help to the
resolution of the inflammatory response by promoting phagocytosis of dying cells. In
addition, ANXA1 is a downstream effector of GC and it is believed to be the ultimate
responsible for the anti-inflammatory effects of GCs in the host defense system (Flower,
1988). ANXA 1 and its receptor ALX (Walther et al., 2000) are expressed by Hensen cells
in the organ of Corti, fibrocytes II and III, IV and V of spiral ligament, and marginal cells of
the stria vascularis (Kalinec et al., 2009). Thus, in addition to regulation of ion homeostasis,
GC could have multiple functions in the inner ear including release of ANXA1, inhibition of
leukocyte migration and even promotion of apoptotic cells’ clearance by phagocytosis.

5. Conclusions
The current clinical strategy to protect the auditory organ against damage associated with a
variety of conditions, including noise exposure, ototoxic drugs hearing loss, tinnitus,
Meniére’s disease, and autoimmune diseases as well as bacterial and viral infections, is the
local delivery of GC. However, the mechanisms activated by GC in the cochlea are still
unknown. Our results suggest the effects of GC would be tissue-and concentration specific
and under tight local control by presence and availability of GC-R and MC-R. Through GC-
R- and MC-R-mediated pathways GC would influence at least two different mechanisms in
the guinea pig cochlea, ion homeostasis and the resolution of inflammatory responses. By
pinpointing target effectors and molecular responses of steroid and their receptors it might
be possible in the near future to select specific therapies to prevent or ameliorate hearing
loss associated with a variety of clinical conditions.
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Highlights

> GC-R and MC-R are expressed in epithelial and connective cells of the
guinea pig cochlea

> GC-R and MC-R were found in different compartments of guinea pig
cochlear cells

> GC effects could be associated with activation of GC-R and MC-R mediated
pathways
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Figure 1. Immunohistochemical detection of MC-R in cryo-sections of guinea pig cochlea
MC-R were found expressed in spiral ligament (A and B), spiral limbus (A and C), outer
and inner sulcus cells (A-C), spiral ganglion neurons (D), and the organ of Corti (A).
Interestingly, MC-R expression in stria vascularis and fibrocytes type III was higher in the
basal region (arrowheads in B, cochlea 1st turn), and lower in outer sulcus cells (arrow in B),
than in upper turns of the cochlea (compare with A, cochlea 3rd turn). In contrast, stria
vascularis labeling was near absent in upper turns, whereas strong reactivity was observed in
fibrocytes type I, II and V (arrows in A). No labeling was evident in Claudius and Boetcher
cells (A), as well as in fibrocytes type IV (A and B) in any cochlear region. sv: stria
vascularis, rm: Reisner membrane, sl: spiral ligament, slim: spiral limbus, oc: organ of Corti,
os: outer sulcus cells, is: inner sulcus cells, I: fibrocytes type I, II: fibrocytes type II, III:
fibrocytes type III, V: fibrocytes type V.
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Figure 2. OHCs, Deiters and Hensen cells express MC-R
Immunofluorescent detection of MC-R in the apical (A, B), middle (C, D), and basal (E, F)
turns of the guinea pig cochlea. MC-R were found expressed in the cytoplasm and nucleus
of OHCs (arrowheads), Hensen (arrows) and Deiters cells (small arrows). Note strong
nuclear labeling in Hensen cells. MC-R expression is shown in green, nuclei in blue and
actin in red.
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Figure 3. Immunohistochemical detection of GC-R in cryo-sections of guinea pig cochlea
Labeling of GC-R was evident in spiral ligament fibrocytes type I and IV (A and B), spiral
limbus (A and C), outer and inner sulcus cells (B and C), spiral ganglion neurons (D), and
cells of organ of Corti (A). No labeling was evident in Claudius and Boetcher cells (A). GC-
R expression at the stria vascularis was near absent (A and B), and lower than MC-R
expression at the spiral limbus (A and C. Compare with Fig. 1 A and C) and spiral ganglion
neurons (D. Compare with Fig. 1 D). In contrast, inner sulcus and outer sulcus cells as well
as fibrocytes type III and IV showed generally more intense labeling of GC-R than MC-R.
os: outer sulcus cells, I: fibrocytes type I, II: fibrocytes type II, III: fibrocytes type III, IV:
fibrocytes type IV, V: fibrocytes type V.
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Figure 4. OHCs, Deiters and Hensen cells express GC-R
Immunofluorescence techniques showed expression of GC-R in the organ of Corti at the
apical (A, B), middle (C, D), and basal (E, F) turns of the cochlea. In all these regions GC-R
expression was detected in the nucleus and cytoplasm of OHCs, Deiters and Hensen cells.
Arrowheads indicate OHCs, arrows Hensen cells, and small arrows Deiters cells. GC-R
expression is shown in green, nuclei in blue and actin in red.
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Figure 5. GC-R and MC-R are also expressed in IHCs and pillar cells
GC-R expression is shown in (A-C), and MC-R in (D-F). GC-R was found strongly
expressed in nuclei and cytoplasm of IHCs (C). GC-R was also detected in the nuclei of
inner (C) and outer (B) pillar cells as well as nuclei (B) and cytoplasm (A) of Deiters cells.
MC-R labeling was strong at the cytoplasm and nucleus of IHCs (E). In inner and outer
pillar cells, expression of MC-R was evident at the cells’ boundaries (E-F) and cytoplasm
(D), whereas lower levels of MC-R expression were apparent in their nuclei (D and F).
Deiters cells also showed cytoplasmic and nuclear MC-R expression (D, E). GC-R and MC-
R are shown in green, nuclei in blue and actin in red.
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Figure 6. GC-R and MC-R localize in or at the plasma membrane of organ of Corti cells
GC-R labeling (A-D) was observed in or at the plasma membrane of OHCs (B, arrows),
Hensen cells (C, arrows) and pillar cells (D, arrows). MC-R labeling (E-H) in or near the
plasma membrane of OHCs (F and G, arrows) and pillar cells (H, arrows). Both receptors
colocalized with the membrane dye CellMask (CM), shown in red in panels A-D, E, F and
H. Panel G shows colocalization of MC-R with the plasma membrane marker β-catenin
(red).
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Figure 7. Dexamethasone induced nuclear translocation of GC-R in Hensen cells
A significant (p≤0.05) increase in GC-R reactivity was observed in nuclei of Hensen cells
treated with 10 μM (D, L, H, P) dexamethasone, when compared to untreated explants (A,
E, I, M). No differences in nuclear expression of GC-R were observed in Hensen cell
treated with 100 nM dexamethasone (C, G, K, O) respect to untreated ones. Although it was
a perceptible increase in immunolabeling in Hensen cells treated with 10 pm (B, F, J, N),
differences with the control condition were not statistically significant. Images of Hensen
cell are shown at low magnification in A-H and higher magnification in I-P. Panels E-H and
M-P are identical to panels A-D and I-L, respectively, except that the blue and red channels
were turned off and GC R expression is shown in white to facilitate comparisons. Actin is
shown in red and nuclei in blue in panels A-D and I-L whereas MC-R is shown in green in
panels A-D and I-L or white in panels E-H and M-P.
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Figure 8. Dexamethasone induced nuclear translocation of MC-R in Hensen cells
A reduction in cytoplasmic labeling (p≤0.05) and a moderated increase in nuclear labeling
(p≤0.05) of MC-R was observed in Hensen cells treated with 10 pM dexamethasone (B, F,
J, N) when compared with those untreated (A, E, I, M) or treated with 100 nM (C, G, K, O)
or 10 μM (D, H, L, P) dexamethasone. Images of Hensen cells are shown at low
magnification from A-H and higher magnification is shown in I-P. Panels E-H and M-P
shows only MC- R labeling (in white). Actin is shown in red and nuclei in blue in panels A-
D and I-L, whereas MC-R is shown in green in panels A-D and I-L or white in panels E-H
and M-P.
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Figure 9. MC-R and GC-R relative nuclear labeling in Hensen cells
Relative nuclear labeling of GC-R and MC-R in Hensen cells was evaluated in guinea pig’s
organ of Corti explants (3 explants/condition, n=12) using Two-Way ANOVA techniques. A
– Whereas 10 pM dexamethasone induced no changes in GC-R nuclear labeling in Hensen
cells (1.04±0.06, N.S.), 100 nM result in a significant decrease (0.31±0.08), and 10 μM in a
significant increase (1.69±0.05), in GC-R translocation respect to untreated cells (1.00±0.04,
p≤0.0001). B – Exposure to 10 pM or 100 nM dexamethasone induced a significant increase
(1.57±0.04 and 1.35±0.04, respectively) in MC-R nuclear labeling respect to untreated cells
(1.00±0.04, p≤0.0001), suggesting increased receptor translocation from the cytoplasm. In
contrast, no significant changes were observed with a dose of 10 μM dexamethasone
(0.89±0.05, N.S.). Note that the dose-response is inverted U-shaped rather than lineal for
MC-R, and has an U-shape for GC-R.
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Figure 10. Dexamethasone induced nuclear translocation of GC-R and MC-R in HEI-OC1 cells
A significant (p≤0.05) increase in nuclear GC-R expression was observed in cells treated
with 10 μM dexamethasone (D, H) when compared to untreated cells (A, E) or cells
exposed to 10 pM (B, F) or 100 nM (C, G) dexamethasone. A significantly higher
(p≤0.0016) nuclear expression of MC-R was observed in cells treated with 100 nM
dexamethasone (K, O) when compared to untreated cells (I, M) and cells treated with 10
pM (J, N) or 10 μM (L, P) dexamethasone. Actin is shown in red and nuclei in blue in
panels A-D and I-L, whereas GC-R and MC-R are shown in green in panels A-D and I-L,
respectively, or white in panels E-H and M-P.
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Figure 11. MC-R and GC-R nuclear labeling in HEI-OC1 cells
Nuclear labeling of GC-R and MC-R in HEI-OC1 cells was evaluated in triplicate using
Two-Way ANOVA techniques. A – Whereas 10 pM and 100 nM dexamethasone induced
no changes in GC-R nuclear labeling in HEI-OC1 cells (1.02±0.05 and 1.15±0.06,
respectively), 10 μM result in a significant increase (1.46±0.06) in GC-R translocation
respect to untreated cells (1.00±0.06, p≤0.0001). B – Exposure to 100 nM dexamethasone
induced a significant increase (1.48±0.12) in MC-R nuclear labeling respect to untreated
cells (1.00±0.11, p≤0.001), suggesting increased receptor translocation from the cytoplasm.
In contrast, no significant changes were observed with doses of 10 pM (1.27±0.10, N.S.) and
10 μM dexamethasone (1.15±0.11, N.S.). Note that, just as in Hensen cells (Fig. 9), the
dose-response is inverted U-shaped rather than lineal for MC-R, and has an U-shape for GC-
R.
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Figure 12. Diagram of the guinea pig cochlear partition depicting the distribution of MC-R and
GC-R suggested by the results reported in this study
Red color indicate mostly MC-R protein expression, yellow color indicates both MC-R and
GC-R expression and green indicate GC-R expression. Modified from (Imamura et al.,
2003)
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