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Abstract
Sensory transduction in the mammalian cochlea requires the maintenance of specialized fluid
compartments with distinct ionic compositions. This is achieved by the concerted action of diverse
ion channels and transporters, some of which can interact with the PDZ scaffolds, Na+-H+ exchanger
regulatory factors 1 and 2 (NHERF-1, NHERF-2). Here, we report that NHERF-1 and NHERF-2 are
widely expressed in the rat cochlea, and that their expression is developmentally regulated. Reverse
transcription/polymerase chain reaction (RT-PCR) and Western blotting initially confirmed the RNA
and protein expression of NHERFs. We then performed immunohistochemistry on cochlea during
various stages of postnatal development. Prior to the onset of hearing (P8), NHERF-1
immunolabeling was prominently polarized to the apical membrane of cells lining the endolymphatic
compartment, including the stereocilia and cuticular plates of the inner and outer hair cells, marginal
cells of the stria vascularis, Reissner’s epithelia, and tectorial membrane. With maturation (P21, P70),
NHERF-1 immunolabeling was reduced in the above structures, whereas labeling increased in the
apical membrane of the interdental cells of the spiral limbus and the inner and outer sulcus cells,
Hensen’s cells, the inner and outer pillar cells, Deiters cells, the inner border cells, spiral ligament
fibrocytes, and spiral ganglion neurons (particularly type II). NHERF-1 expression in strial basal and
intermediate cells was persistent. NHERF-2 immunolabeling was similar to that for NHERF-1 during
postnatal development, with the exception of expression in the synaptic regions beneath the outer
hair cells. NHERF-1 and NHERF-2 co-localized with glial fibrillary acidic protein and vimentin in
glia. The cochlear localization of NHERF scaffolds suggests that they play important roles in the
developmental regulation of ion transport, homeostasis, and auditory neurotransmission.
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Introduction
The endolymph is a unique extracellular solution with an unusual ionic composition that is
rich in K+ (160 mM) and low in Na+ (1.5 mM). This ionic composition is essential for the
normal function of sensory hair cells in which K+ provides the major charge carrier for sensory
transduction process (Salt 2001; Wangemann 2002; Peters et al. 2004). In contrast, the
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perilymph is similar to other extracellular fluids with low K+ and high Na+. The epithelial cells
lining the endolymphatic compartment form a polarized interface between these two fluid
compartments and possess mechanisms for establishing these ion gradients. For example,
active extrusion of Na+ from the endolymph is necessary for cochlear sensory transduction
process. Several pathways and mechanisms have been proposed to contribute to Na+

reabsorption in the cochlea, including the amiloride-sensitive epithelial Na+ channel in the
apical membranes of strial marginal cells (Couloigner et al. 2001) and Reissner’s membrane
epithelium (Lee and Marcus 2003), the Na+-H+ exchanger isoform 3 (NHE3) in the apical
membrane of strial marginal cells (Bond et al. 1998), and a Gd3+-sensitive P2X2 purinoceptor-
mediated non-selective cation current in outer sulcus cells (Lee et al. 2001). More recently, the
Na+-HCO3 − co-transporter isoform 3 (NBC3) has been shown to be critical in dissipating the
acid generated by neuronal and sensory cell activity (Bok et al. 2003).

In addition to the proteins directly involved in ion transport, there is increasing evidence that
protein scaffolds play important roles in cochlear function (Verpy et al. 2000; Davies et al.
2001; Boeda et al. 2002; Mburu et al. 2003; Bao et al. 2004; Belyantseva et al. 2005; Kikkawa
et al. 2005). For example, the postsynaptic density of the 95-kDa-disc large-zona occludens-1
(PDZ) domain protein harmonin has been shown to anchor cadherin 23 to the stereocilia
microfilaments and is thought to contribute to shaping the hair bundle (Boeda et al. 2002).
Mutations in harmonin have been implicated in Usher syndrome type 1C, which results in
sensorineural deafness, vestibular dysfunction, and blindness (Verpy et al. 2000; Boeda et al.
2002). The interaction of another PDZ scaffold, whirlin, with myosin-XVa is also critical in
normal hair-bundle morphogenesis (Mburu et al. 2003; Belyantseva et al. 2005; Kikkawa et
al. 2005), and mutations in whirlin also result in deafness (Delprat et al. 2005).

Both NHE3 and NBC isoforms were originally described in kidney epithelial cells in which
they were shown to interact with NHERF PDZ scaffolds. NHERF-1 (also called EBP50) was
the first scaffold identified for an epithelial transporter and was found to mediate protein kinase
A (PKA) inhibition of NHE3 in renal brush border vesicles (Weinman et al. 1995).
Subsequently, its close relative NHERF-2 (also called E3KARP) was cloned and characterized
(Yun et al. 1997). NHERF-1 and NHERF-2 consist of 358 and 337 amino acids, respectively,
sharing 54% homology and possess two PDZ domains and a C-terminal ezrin-radixin-moesin-
merlin (ERM)-binding domain that can interact with the actin cytoskeleton (Fanning and
Anderson 1999; Shenolikar and Weinman 2001; Wade et al. 2003; Yun 2003; Shenolikar et
al. 2004). NHERF-1 and NHERF-2 bind PDZ motifs in the C-termini of target proteins to
assemble signaling/transport complexes at the plasma membrane. These target protein partners
include channels and transporters, such as NHE3, NBC3, and the transient receptor potential
channels (TRPC4 and TRPC5), the sodium-phosphate cotransporter (Na+-Pi), and receptors,
such as P2Y1 and β-adrenergic (Fanning and Anderson 1999; Shenolikar and Weinman
2001; Yun 2003; Shenolikar et al. 2004; Fam et al. 2005; Lee-Kwon et al. 2005; Weinman et
al. 2005). NHERFs also serve to recruit signaling molecules, such as PKA, PKC, and PI-3
kinase, to the receptor complexes (Fanning and Anderson 1999; Shenolikar and Weinman
2001; Yun 2003; Shenolikar et al. 2004; Lee-Kwon et al. 2005; Weinman et al. 2005).
Importantly, although NHERF-1 and NHERF-2 were originally described in the kidney,
Northern blot analysis shows an overlapping and wide-spread distribution pattern for
NHERF-1 and NHERF-2 mRNAs in human tissues, including brain, heart, colon, small
intestine, liver, prostate, spleen, and placenta (Weinman et al. 1995; Yun et al. 1997).
Immunohistochemical studies have demonstrated NHERF-1 and NHERF-2 in the human
(Weinman et al. 2002) and mouse (Wade et al. 2003) kidney, NHERF-1 in the mouse retina
(Nawrot et al. 2004) and Schwann cell processes (Gatto et al. 2003), and NHERF-2 in
endothelia and pericytes from rat descending vasa recta (Lee-Kwon et al. 2005).
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The finding that the cochlea possesses specialized epithelia that express NHE3 and NBC3 and
the widespread distribution of NHERFs in the body raise the question as to whether NHERF-1
and NHERF-2 are present in the cochlea. The current study was therefore undertaken to
investigate the expression and distribution of NHERF-1 and NHERF-2 in the rat cochlea during
three stages of development at postnatal day (P) 8 (prior to onset of hearing), P21 (at maturation
of hearing), and P70 (adult).

Materials and methods
All experiments were performed in accordance with the guidelines of the University of
Queensland Animal Ethics Committee. Tissues for reverse transcription/polymerase chain
reaction (RT-PCR), Western blotting, and immunohistochemistry were obtained from albino
Wistar rats killed with sodium pentobarbitone (100 mg/kg; Valabarb, Jurox, Rutherford, NSW,
Australia).

RT-PCR protocol
Total RNAwas extracted from snap-frozen P14–P26 albino Wistar rat cochleas (n=8) by using
the Trizol reagent and following the manufacturer’s instructions (Invitrogen, San Diego, CA).
RNA (2 μg) was reverse-transcribed by using the One-step RT-PCR kit (Qiagen) with primers
based on NHERF-1 and NHERF-2 mouse sequences. The primer sequences were as follows:
NHERF-1 sense (5′-CTA AGC CAG GCC AGT TCA TCC GAG CAG T-3′) and antisense
(5′-TGG GGT CAG AGG AGG AGG AGG AGG TAG A-3′), with a PCR product size of 447
bp (Ahn et al. 2001); NHERF-2 sense (5′-CTCAATGGTGGCTCTGCGTGC-3′) and antisense
(5′-TGATTTCTGGGCASTGGCAGG-3′), with a PCR product size of 346 bp (Yun et al.
2002). The house-keeping gene, β-actin, was amplified as a control for the RT-PCR by using
commercially available primers, giving a PCR product of 320 bp (Promega). Samples without
reverse transcriptase were also run in parallel as a control. Thirty PCR cycles were run at 94°
C, 55°C, and 72°C, for 1 min each. RT-PCR products were electrophoresed on a 2% agarose
gel and visualized with ethidium bromide.

Western blotting
Cochleas were obtained from P21 albino Wistar rats (n=8). Tissues were homogenized in lysis
buffer (50 mM TRIS-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, and Complete Protease
inhibitors; Roche) by using a mortar. Samples were centrifuged at 12,000g for 10 min at 4°C.
A 50-μg aliquot for each tissue was resolved by 7% SDS-polyacrylamide gel electrophoresis
and then transferred to a nitrocellulose membrane (Bio-Rad). NHERF proteins were detected
with polyclonal NHERF-1 (1:10,000) and NHERF-2 (1:1,000) antibodies. NHERF-1
polyclonal antibody was raised in rabbit against the recombinant protein from the carboxyl-
terminal 105 amino acids of the NHERF-1 sequence (Yun et al. 2002). NHERF-2 polyclonal
antibody (Ab2570) was raised in rabbit against the carboxyl-terminal 106 amino acids of
NHERF-2 (Yun et al. 1998). In peptide competition, NHERF-1 and NHERF-2 antibodies
(1:5,000) were incubated with a five-fold excess of their corresponding recombinant proteins
at room temperature for 8 h and added to the nitrocellulose membranes overnight at 4°C. In
reverse peptide competition experiments, antibodies were incubated with non-target peptides
directed to other isoform (i.e., NHERF-1 antibody with NHERF-2 peptide and NHERF-2
antibody with NHERF-1 peptide) at five-fold excess, as for the peptide block experiments. A
goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (Pierce) at a dilution
of 1:1,000 and SuperSignal Dura Extended Substrate (Pierce) were used to detect immunoblots
as described previously (Hryciw et al. 2004).
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Immunohistochemistry
Tissue preparation and immunocytochemical procedures were modified from previous studies
(Housley et al. 1999; Kanjhan et al. 2004a). Five albino Wistar rats (10 cochleas; approximately
10 sections/cochlea) for each age group (P8, P21, and P70) were used for the analysis. After
intracardiac perfusion with heparinized 0.9% NaCl solution containing 1.45 mM NaNO2, the
ears were fixed in situ with 4% formaldehyde freshly prepared from paraformaldehyde in 0.1
M phosphate buffer (pH 7.4). Ears were removed and post-fixed overnight at 4°C in the same
fixative solution. Tissues were then cryoprotected in 10% and 30% sucrose in 0.1 M phosphate-
buffered saline (PBS; pH 7.4). Sections (25–50 μm thick) were cut either in mid-modiolar or
planar plane by using a cryostat and were subsequently permeabilised by using 0.5% Triton
X-100 in 0.1 M PBS and blocked with 2% bovine serum albumin (BSA; Sigma, St Louis, Mo.,
USA) in PBS.

Free-floating cochlear sections were incubated for 8 h at 4°C in polyclonal rabbit NHERF-1
or NHERF-2 antibodies at 1:250 in PBS containing 2% BSA. Thereafter, sections were washed
in PBS and then incubated for 6 h in secondary antibody (goat anti-rabbit IgG) conjugated to
Texas Red sulfonyl chloride (TRSC; Jackson ImmunoResearch, West Grove, Pa., USA) at a
1:100 dilution. In double-labeling experiments, NHERF-1 or NHERF-2 immunolabeled
sections were incubated for 11 h at 4°C with either mouse monoclonal glial fibrillary acidic
protein (GFAP; 1:2,500; Sigma) or mouse polyclonal vimentin (1:250; Dakopatts, Sweden)
antibodies in 0.1 M PBS containing 2% BSA. Sections were then washed in 0.1 M PBS prior
to treatment in secondary anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC;
Silenus, Australia) at a 1:100 dilution (in 0.1 M PBS containing 2% BSA) for 6 h. The sections
were washed with 0.1 M PBS prior to mounting. Control experiments, including incubations
without the primary antibody (PBS control) and peptide block experiments in which the
antibodies were pre-incubated (2 h) with their corresponding peptides at three-fold excess,
were run in parallel.

After being immunolabeled, sections were mounted with a mounting medium containing 90%
glycerol and 10% paraphenylenediamine (10 mg/ml in PBS; pH 8.0). Sections were viewed
by using an Olympus BX60 microscope, and digital images were acquired with a cooled
charge-coupled device camera, downloaded, and analyzed with Image-Pro Express software
as previously described (Kanjhan et al. 2004a). Some of the immunolabeled cochlear sections
(3–5 per group) were also examined by using a confocal microscope (Zeiss LSM 510 Meta)
fitted with a Plan-Apochromat 100× oil objective. TRSC was excited at 534 nm, and emission
was detected at 570 nm wavelength. Ten to 25 z-stacks (1 μm) per cochlear section were
obtained at 1,024×1,024 size and 8 bit mode. Zeiss LSM Image Browser software (http://
www.zeiss.com) was used for subsequent image analysis. Tissue preparation,
immunohistochemical procedures, and image processing were performed in parallel and under
identical conditions to allow comparisons between age groups. Tissue integrity (e.g., presence
of stereocilia) was confirmed by light microscopy.

Results
Detection of NHERF-1 and NHERF-2 mRNA and protein in rat cochlea

NHERF-1 and NHERF-2 mRNA transcripts were detected in P14–P26 rat cochlea by using
RT-PCR (Fig. 1a) as a single band at 447 bp corresponding to NHERF-1 and a band at 346 bp
for NHERF-2 (Fig. 1a). In control experiments, in which the reverse transcriptase enzyme was
omitted, no bands were detected (Fig. 1a), and β-actin was amplified as a single-band PCR
product at 320 bp (Fig. 1a). NHERF-1 and NHERF-2 proteins were detected by Western
blotting as single bands at approximately 52 kDa and 48 kDa, respectively, from P21 rat cochlea
(Fig. 1b). Tissue samples from kidney and eye (known to express both proteins) were used as
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controls (not shown). In order to confirm the specificity of the NHERF antibodies, the
antibodies were pre-incubated with their corresponding peptides; this resulted in no bands
appearing on the Western blot (Fig. 1b). The antibodies were also pre-incubated with the non-
target peptides and the protein bands at the predicted sizes observed.

The specificity of NHERF antibodies for their targets was further supported by the
immunohistochemical control experiments. Little background labeling was observed when the
primary antibodies were omitted (Fig. 2j), and the NHERF-1 and NHERF-2 labeling was
blocked when the antibodies were pre-incubated with their target peptides (Fig. 2k,l).

NHERF-1 labeling in the rat cochlea during postnatal development
Specific NHERF-1 and NHERF-2 immunolabeling in the rat cochlea was associated with
significant changes between the postnatal developmental stages, particularly when compared
between immature P8 (prior to onset of hearing) and mature P21 (immediately after onset of
hearing; Table 1). NHERF-1 and NHERF-2 often showed an overlapping expression pattern
within the same cochlear regions or cell groups, although several significant exceptions were
also noted (Table 1).

Immunolabeling for NHERF-1 revealed a widespread distribution of NHERF-1 at all
developmental stages examined (Table 1). In the immature P8 rat cochlea prior to the onset of
hearing, intense NHERF-1 immunolabeling was mostly confined to the apical membrane of
the cells lining the endolymphatic compartment (Figs. 2a–c, 3a, 4a,e, 5a,c, Table 1). Dense
NHERF-1-labeled structures in the P8 cochlea included the stereocilia and cuticular plates of
inner and outer hair cells (IHC and OHC; Figs. 3a, 4a), the apical membrane of strial marginal
cells (Fig. 4e) and Reissner’s epithelia (Figs. 3i, 5c), the apical surface of supporting cells in
the organ of Corti including the inner and outer pillar cells, Hensen’s cells, inner border cells
(Figs. 3a, 4a), and the tectorial membrane particularly at the limbal zone near the insertion into
the interdental cell area of the spiral limbus (Fig. 5a). In the immature organ of Corti, NHERF-1
labeling was particularly dense in the apical region between the IHC and the first row of OHC
(Figs. 2c, 3a, 4a). Intense NHERF-1 labeling was also seen in the basal and intermediate cell
region of the stria vascularis located between the strial marginal cells and the spiral ligament
(Figs. 2a–c, 4e). Moderate NHERF-1 labeling was evident in a number of structures including
the apical membrane of the spiral limbus interdental cells and fibrocytes (Figs. 2c, 5a), the
inner and outer sulcus cells (Figs. 2c, 5a), spiral ligament fibrocytes (Figs. 2b,c, 4e), Claudius
cells (Fig. 3a), spiral ganglion neurons (Figs. 2a,b, 3b, 4c), the walls of the large blood vessels
including spiral modiolar artery and vein, and glial cells in the cochlear nerve (Fig. 2a).

In the P21 rat cochlea, upon completion of the onset of hearing, the distribution of NHERF-1
differed significantly from the P8 cochlea (Table 1, Figs. 2d–f, 3c,d, 4b,d,f, 5b,d,e). Most
notably, the levels of NHERF-1 labeling were significantly reduced at the apical surfaces of
the organ of Corti, including the hair cell stereocilia (compare Figs. 3c, 4b, 5e with Figs. 3a,
4a), the structural integrity of which was confirmed by light microscopy (Fig. 5f,h). The
reduction in NHERF-1 labeling was also evident at the apical membranes of the marginal cells
of the stria vascularis (compare Fig. 4e with Fig. 4f) and in the Reissner’s membrane (compare
Fig. 5c with Fig. 5d). This reduction was associated with an increase in NHERF-1
immunolabeling in other structures including the apical membranes of the interdental cells
from the spiral limbus (compare Fig. 5a with Fig. 5b), the inner and outer sulcus cells (compare
Fig. 5a with Fig. 5b), and the supporting cells of the organ of Corti including Hensen’s, inner
and outer pillar cells, inner border cells, and Deiters cells (compare Figs. 2f, 3c, 4b with Figs.
2c, 3a, 4a). In mature cochlea, dense labeling was detected by confocal analysis in Deiters cell
processes extending in both basal and apical directions, the processes wrapping the outer hair
cell bodies and reaching toward the cuticular plates (Fig. 4b). Increased NHERF-1 labeling
was also observed in spiral ganglion neurons (compare Figs. 3d, 4d with Figs. 3b, 4c),
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particularly in a subpopulation of small diameter neurons (arrows, Figs. 3d, 4d). The labeling
in satellite cells associated with the spiral ganglion neurons remained weak between P8 and
P21 (compare Fig. 4d with Fig. 4c). In the lateral wall, a small decrease of intensity in the basal
and intermediate cell region of stria vascularis was observed (compare Figs. 2f, 4f with Figs.
2c, 4e). In other regions or cell groups, no significant change was observed in the intensity of
NHERF-1 immunolabeling between P21 and P8 (Table 1), including glial cell bodies and
processes located in the cochlear nerve (Fig. 8f).

In mature rat cochlea at P70, the NHERF-1 expression pattern was similar to that at P21;
however, the differences between P70 and P8 were more pronounced than between P21 and
P8 (Table 1, Figs. 2g–i, 3e–h). Small increases in NHERF-1 immunolabeling at P70 cochlea
compared with P21 were seen in the inner sulcus cells (compare Fig. 2e with Fig. 2h) and spiral
ganglion neurons (compare Figs. 2h, 3f with Figs. 2e, 3d). In contrast, a small decrease in
NHERF-1 labeling at P70 cochlea compared with P21 was noted in the tectorial membrane
and its limbal zone (compare Fig. 2d with Fig. 2g), Reissner’s membrane (compare Fig. 2g–i
with Fig. 2d,e), and hair cell soma and cuticular plate region (compare Fig. 3c with Fig. 3e).
The walls of large blood vessels, including spiral modiolar artery and vein, located in the
modiolus adjacent to the cochlear nerve showed strong expression at all layers including the
endothelia, smooth muscle, and adventitia (Figs. 2g, 3g, 9d), with a similar labeling between
age groups (compare Fig. 2a with Fig. 2g, see Table 1).

NHERF-2 in the rat cochlea during postnatal development
The expression pattern and developmental changes of NHERF-2 were mostly similar to those
for NHERF-1 (Figs. 6, 7, 8, Table 1). In the immature P8 cochlea, intense NHERF-2 expression
was located at apical membranes or structures of cells lining the endolymphatic compartment
(Figs. 6a,b, 7a,e, 8a,c). These structures included IHC and OHC stereocilia and cuticular plates
(Figs. 6a,b, 7a), apical terminals of supporting cells of the organ of Corti including the inner
and outer pillar cells, Hensen’s cells, and inner border cells (Figs. 6a, 7a), the apical membrane
of marginal cells of the stria vascularis (Figs. 6a, 7e, 8c), the apical membrane of interdental
cells of the spiral limbus (Figs. 6a, 8a), the apical surface of Reissner’s membrane epithelia as
a continuation of the labeling in the marginal cell layer (Figs. 6a, 8c), and the limbal zone of
the tectorial membrane (Table 1). In the immature organ of Corti, NHERF-2 labeling was
particularly dense in the apical region between the IHC and the first row of OHC (Figs. 6a,b,
7a). Moderate NHERF-2 immunolabeling was also evident in the basal and intermediate cell
layers of the stria vascularis and fibrocytes of the spiral ligament (Figs. 6a, 7e), spiral ganglion
neurons, and satellite cells (Fig. 7c) and of the walls of large blood vessels including spiral
modiolar artery and vein and glial cells located in the cochlear nerve (Table 1). Interestingly,
unlike NHERF-1, moderate NHERF-2 labeling was also seen at the synaptic region beneath
the OHCs (Figs. 6b, 7b).

In the mature P21 cochlea, NHERF-2 immunolabeling was mostly reduced in the apical
membranes lining the endolymphatic compartment (Figs. 5g, 6c,d, 7f, 8b,d, Table 1).
NHERF-2 labeling in the hair cell stereocilia had diminished, whereas labeling of the cuticular
plates of the hair cells was mostly maintained (compare Figs. 6d, 7b with Figs. 6b, 7a). The
structural integrity of the stereocilia was confirmed by light microscopy (Fig. 5f,h). The
intensity of the remaining NHERF-2 labeling of mature hair cell cuticular (apical) plates and
the lack of labeling in stereocilia was also evident in planar cochlear sections (Fig. 6g–i).
NHERF-2 labeling was reduced in the apical membranes of the strial marginal cells (compare
Fig. 7e with Fig. 7f), limbal interdental cells (compare Fig. 8a with Fig. 8b), and the Reissner’s
epithelia (compare Fig. 8c with Fig. 8d). In contrast, NHERF-2 labeling was increased in the
inner and outer sulcus cells (compare Figs. 6c, 8b with Figs. 6a, 8a), spiral ganglion neurons
and satellite cells (compare Figs. 6c, 7d with Figs. 6a, 7c), synaptic regions beneath the OHCs
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(compare Figs. 6d, 7b with Figs. 6b, 7a), supporting cells of the organ of Corti including Deiters
and Hensen’s cells and the inner and outer pillar and inner border cells (compare Figs. 6d, 7b
with Figs. 6b, 7a), and the basal and intermediate cell region of the stria vascularis (compare
Figs. 6c, 7f with Figs. 6a, 7e). NHERF-2 labeling intensity of the glial cell bodies and processes
in the cochlear nerve did not show marked changes (Fig. 8e, Table 1).

NHERF-2 labeling was mostly associated with the plasma membranes and cellular process
(e.g., stereocilia, axons, glial processes; Figs. 7, 8). However, unlike NHERF-1 labeling,
punctate NHERF-2 labeling was also associated with the nucleus of several cell types including
hair cells, supporting cells of the organ of Corti, spiral ganglion neurons, inner sulcus cells,
and neuroglia (Figs. 7a–d, 8b,e). Nuclear labeling with NHERF-2 antibody was not seen in
other cell types such as the strial marginal cell epithelia (Fig. 7e,f), Reissner’s epithelia (Fig.
8c,d) and limbal interdental cells (Fig. 8a,b). NHERF-2 nuclear labeling in most of these cell
types increased with maturation (compare Figs. 7b,d, 8b with Figs. 7a,c, 8a).

In the adult (P70) cochlea, NHERF-2 immunolabeling was mostly similar to P21 levels (Fig.
6e,f, Table 1). The densest NHERF-2 immunolabeling in the P70 organ of Corti was in the
synaptic regions beneath the OHC (Fig. 6f) and in supporting cells of the organ of Corti,
including the inner and outer pillar and Deiters cells (Fig. 6e,f). A marked increase in NHERF-2
immunolabeling was also evident in P70 compared with P8 and P21 in the subcentral and
marginal regions of spiral ligament (compare Fig. 6a,c with Fig. 6e). A decrease in the intensity
of NHERF-2 was also noted in the spiral limbus (compare Fig. 6c with Fig. 6e).

Co-localization of NHERF-1 and NHERF-2 with GFAP and vimentin
NHERF-1 and NHERF-2 localization in the cochlea was compared with the intermediate
filament markers GFAP (a marker for several types of glial cells, including fibrous astrocytes
and non-myelinating Schwann cells) and vim-entin (a marker for mesenchymal-derived cells,
such as microglia and radial glia including retinal Müller and cerebellar Bergmann glia).
NHERF-1 expression was seen in the cochlear nerve glial cells (e.g., astrocytes) identified by
double-labeling with GFAP (Fig. 9a–c). NHERF-1 labeling in nerve covering (epineurium),
external adventitia layer of large blood vessel walls, and glial cells (e.g., microglia) in the
cochlear nerve was co-localized with vimentin (Fig. 9d–f). Various types of glial cells (e.g.,
astrocytes vs. microglia) were labeled with GFAP and vimentin antibodies respectively
(compare Fig. 9e with Fig. 9h). NHERF-1 immunolabeling was co-localized with vimentin in
Deiters cells in the adult organ of Corti (Fig. 9m–o) and in the strial basal and intermediate
cells in which vimentin labeling was relatively weak (not shown). NHERF-2 immunolabeling
in the cochlear nerve, epineurium, and walls of large blood vessels (including spiral modiolar
artery and vein) was similar to that for NHERF-1 (compare Fig. 9d with Fig. 9g). NHERF-2
immunolabeling was co-localized with GFAP in a well-defined subpopulation of glial cells at
the center of the nerve (Fig. 9g–i). NHERF-2 immunolabeling co-localized with vimentin in
the nerve covering and the external adventitia layer of the large blood vessel walls (Fig. 9j–l).
High-power confocal images showed NHERF-1 (Fig. 8f) and NHERF-2 (Fig. 8e) labeling in
glial cells located in the cochlear nerve in which glial cell bodies and their processes were
closely associated with capillaries and nerve coverings.

Discussion
This study reports the presence of NHERF-1 and NHERF-2 in the rat cochlea and changes in
their expression during postnatal development. The major findings are (1) that both proteins
exhibit an overlapping distribution pattern with a predominant apical localization in cells lining
the endolymphatic compartment prior to the onset of hearing (P8), and (2) that significant
changes occur on the maturation of hearing at P21, when the expression pattern of the NHERFs
mainly shifts to other cell types including the supporting cells involved in ion transport,
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recycling, and maintenance of cochlear homeostasis. These developmental changes in the
expression pattern of NHERFs parallel the changes seen in the ionic composition of the
endolymph, before and after the onset of hearing, i.e., the endolymph becomes rich in K+ and
low in Na+ and Ca2+ with maturation (see Introduction; Salt 2001; Wangemann 2002; Peters
et al. 2004).

The onset of hearing is associated with increased ionic and metabolic activity and with changes
in cell proliferation and growth. It is clear from the literature that NHERFs play key roles in
mediating a number of transport and signaling phenomena by forming macromolecular
complexes of transporters, ion channels, receptors, and structural proteins (Hall et al. 1998;
Fanning and Anderson 1999; Lederer et al. 2003; Pushkin et al. 2003; Yun 2003; Fam et al.
2005; Weinman et al. 2005). The rationale for the current study comes from the finding that
the cochlea contains a number of proteins known to interact with NHERFs, plus numerous
other proteins that have PDZ domains that could potentially interact with NHERFs. These
cochlear proteins include NHE3 (Bond et al. 1998), the ERM family (Kitajiri et al. 2004), actin
(Geal-Dor et al. 1993; Nishida et al. 1998), myosin (Boeda et al. 2002; Johnson et al. 2003;
Mburu et al. 2003; Kitajiri et al. 2004; Belyantseva et al. 2005; Kikkawa et al. 2005), NBC3
(Bok et al. 2003), P2Y1 (Teixeira et al. 2000), β-adrenergic receptors (Fauser et al. 2004), the
vacuolar proton pump v-H+-ATPase (Stankovic et al. 1997), Na+-K+ ATPase (Ichimiya et al.
1994; Erichsen et al. 1996), growth factor receptors (Pickles and van Heumen 1997),
glucocorticoid receptors (Erichsen et al. 1996), TASK-1 background K+ channels (Kanjhan et
al. 2004a), inwardly rectifying K+ channels Kir1.1 (ROMK1) (Glowatzki et al. 1995), Kir4.1
and Kir5.1 (Hibino et al. 2004), aquaporin-4 (Mhatre et al. 2002), glutamate transporter GLAST
(Furness and Lehre 1997), and plasma membrane Ca2+-ATPase (Ichimiya et al. 1994; Dumont
et al. 2001).

One of the most striking observed developmental changes was the down-regulation of
NHERF-1 and NHERF-2 following maturation in the apical membrane of cells lining the
endolymphatic compartment, including hair cell stereocilia, marginal cells of the stria
vascularis, and Reissner’s membrane epithelial cells. In contrast, expression of NHERFs was
increased or maintained in the apical membranes of several other cell types facing the
endolymphatic compartment, such as the inner and outer sulcus cells and the interdental cells
of the spiral limbus, and of the supporting cells of the organ of Corti and the spiral ligament
fibrocytes. These cell groups are known to be involved in the recycling of various ions including
K+, which is crucial for mechanotransduction process (Salt 2001; Wangemann 2002; Peters et
al. 2004). Therefore, NHERFs may act as scaffolds to various ion channels (e.g., K+ channels)
and transporters along these pathways upon the maturation of hearing when K+ recycling is
required and metabolic activity is increased.

In the rodent cochlea, stereocilia sprout from the apical surface of sensory hair cells at
embryonic day 15 and the hair bundles reach their final adult shape by P6, whereas the organ
of Corti reaches its adult size by P10, becomes functional at around P12–P14, and is considered
morphologically and functionally mature at P21 (Geal-Dor et al. 1993; Nishida et al. 1998).
The temporal restriction of NHERF-1 and NHERF-2 expression in the immature hair cell
stereocilia at P8 is consistent with developmental and transient expression in the hair cell
stereocilia of other PDZ domain or binding proteins (e.g., ezrin, harmonin, and whirlin), which
critically regulate development and morphogenesis (e.g., elongation) of cochlear stereocilia
prior to the onset of hearing by binding target proteins such as myosin VIIa, cadherin 23,
protocadherin 15, and Sans (Boeda et al. 2002; Johnson et al. 2003; Mburu et al. 2003; Kitajiri
et al. 2004; Belyantseva et al. 2005; Kikkawa et al. 2005). The stereocilia are composed of
bundles of actin filaments of which radixin is a prominent constituent (Kitajiri et al. 2004).
After P14, ezrin expression in the stereocilia is replaced by radixin, the deficiency of which
causes deafness by the degeneration of stereocilia (Kitajiri et al. 2004). Therefore, the
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expression of ezrin correlates with NHERF-1 and NHERF-2 in the stereocilia during early
postnatal development. Strong evidence has also been provided that NHERF-1 and NHERF-2
can organize ERM proteins in specific functional clusters at the plasma membrane (Morales
et al. 2004). Therefore, NHERFs probably play a significant role in organizing actin and
associated proteins in the developing stereocilia.

The marked decline in the expression of NHERFs in the apical membranes of strial marginal
cells with the maturation of hearing was unexpected, given that these cells in the adult gerbil
have been reported to express high levels of NHE3 solely in their apical membranes (Bond et
al. 1998). The strong expression of NHERFs at the basal barrier, which is formed by basal and
intermediate cells, suggests that these factors are involved with regulating ion transport and
homeostasis at regions where the endocochlear potential is generated by KCNJ10 (Kir 4.1)
channels located in the intermediate cells (Marcus et al. 2002; Gow et al. 2004; Wangemann
et al. 2004; Spicer and Schulte 2005). NHERFs may spatially constrain Kir4.1 channels in
intermediate cells. Spiral ligament fibrocytes express carbonic anhydrase and a Na-bicarbonate
co-transporter (NBC3) essential for H+/base transport, bicarbonate recycling, endolymph
production, the maintenance of hair cell morphology, and normal auditory function (Salt
2001; Bok et al. 2003). NHERF-1 has been shown to be involved in interactions between the
carboxy termini of NBC3 and the vacuolar proton pump v-H+-ATPase (Pushkin et al. 2003).

The increased expression of NHERFs, particularly of NHERF-1, at the maturation of the
supporting cells of the cochlea (e.g., Hensen’s, inner and outer pillar, Deiters, and inner border
cells), spiral ligament fibrocytes, inner sulcus, and spiral limbus suggests that they play a role
in the cochlear K+ cycling process (Salt 2001; Wangemann 2002; Peters et al. 2004). Increased
expression of NHERFs in fibrocytes after the onset of hearing suggests their regulatory
involvement in increased transporter and ionic activity. Extracellular ATP affects cochlear
function by influencing the endocochlear potential, micromechanics, and neurotransmission
via P2X and P2Ypurinergic receptors (Housley et al. 1999; Lee et al. 2001; Housley et al.
2002). The interaction of NHERF-2 with the PDZ-binding motif containing P2Y1 receptors
(Hall et al. 1998; Fam et al. 2005) and the localization of P2Y1 receptors in sensory, supporting
(e.g., Deiters cells and glia), and secretory cells of the cochlea (Teixeira et al. 2000), in which
we have shown NHERF-2 expression, indicate a potential role for NHERFs in the modulation
of purinergic signaling.

In spiral ganglion neurons, NHERF-1 immunolabeling intensity levels are notably increased
at and after the onset of hearing, particularly in a small subpopulation of neurons that probably
belong to the type II neurons comprising around 5% of the total population (Jagger and Housley
2003). Anatomical, functional, pharmacological, and biophysical properties of type II spiral
ganglion neurons differ from those of type I that innervate IHCs (Jagger and Housley 2003).
Type II neurons predominantly innervate OHCs, although recent studies have also shown a
significant innervation, by their collaterals, of Deiters and Hensen’s cells (Jagger and Housley
2003). However, NHERF-1 labeling is confined to the neuronal cell bodies (i.e., plasma
membrane and cytoplasm). In contrast, NHERF-2 has been detected in the plasma membrane
and nucleus and in the axons of spiral ganglion neurons. NHERF-2 labeling increases with
maturation in both type I and type II spiral ganglion neurons and in their synaptic region beneath
the OHC, suggesting involvement in the facilitation of synaptic efficiency between type II
spiral ganglion neurons and OHC. On the other hand, a lack of detectable labeling for NHERFs
in the IHC synaptic region suggests no direct role for NHERFs in the regulation of type-I-
mediated synaptic transmission. The PSD-95 family of scaffolding proteins (e.g., PSD-93)
have previously been localized at the synaptic region of OHCs (Davies et al. 2001). A recent
study has demonstrated activity-dependent up-regulation of PSD-95 in spiral ganglion neurons
by neuregulin-1 and Eos (Bao et al. 2004). NHERFs may also be regulated in spiral ganglion
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neurons and at their synaptic regions with OHCs by similar neuroplastic and activity-dependent
mechanisms.

The co-localization of NHERF-1 with vimentin in Deiters cells is consistent with the co-
localization of NHERF-1 with cellular retinaldehyde-binding protein in mouse retinal Müller
cells, which also express vimentin (Nawrot et al. 2004). NHERF-1 and NHERF-2 scaffolds
co-localize with GFAP and vimentin in different types of glial cells in the cochlear nerve:
GFAP-labeled astrocytes are located centrally and vimentin-labeled microglia are located in
the nerve coverings. Accordingly, NHERF-1 has been reported to co-immunoprecipitate with
TRPC4 in cultured astrocytes (Song et al. 2005), and the glutamate transporter GLAST
expressed in glia has been shown to have a functional PDZ-binding motif (Marie and Attwell
1999). We have recently identified NHERF-1 protein co-immunoprecipitating with TASK-1
(unpublished observations), a developmentally regulated PDZ-domain-containing two-pore
domain K+ channel strongly expressed in radial and Bergmann glia in the central nervous
system (Kanjhan et al. 2004b) and in the cochlea (Deiters and pillar cells and neuroglia;
Kanjhan et al. 2004a). Cochlear glial cells, including spiral ganglion satellite cells, have
previously been shown to express a number of Kir channels, e.g., Kir4.1 (Hibino et al. 2004).
NHERF-1 and ERM proteins have also been reported in polarized Schwann cell processes
where they have been implicated in the formation of the nodes of Ranvier (Gatto et al. 2003).
NHERF-2 has recently been shown to co-localize with P2Y1 in glial cells, in which NHERF-2
interaction regulates P2Y1-mediated Ca2+ signaling (Fam et al. 2005). Thus, the presence of
NHERF-1 and NHERF-2 in the glial cells located in the cochlear nerve and the spiral ganglion
(satellite cells) is in keeping with its known expression in other glial cells. These results suggest
important roles for NHERFs in supporting cells that closely interact with principal cells (e.g.,
neuroglial interaction) and that maintain a homeostatic environment for normal function.

In conclusion, we have found a broad and overlapping distribution of NHERF-1 and NHERF-2
in various cochlear cell types, including epithelia (sensory and supporting), neuron, glia
(astrocyte and microglia), fibrocyte, endothelial, and smooth muscle cells. The localization of
NHERFs in the cochlea is consistent with the expression of proteins known to interact with
NHERF scaffolds in other tissues. The changes in expression during postnatal development
strongly suggest diverse regulatory roles for NHERF-1 and NHERF-2 in the structural and
functional development of the cochlea; they might interact with and facilitate the assembly of
the macromolecular complexes involved in the growth, transport, and neurotransmission
required for the development and maintenance of hearing.
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Fig. 1.
a Detection of NHERF-1 and NHERF-2 mRNA transcripts in the P14 rat cochlea by RT-PCR.
NHERF-1 and NHERF-2 mRNA transcripts were detected as single bands at predicted 447
and 346 bp, respectively. A house-keeping gene, β-actin, was amplified as a control for the
RT-PCR and was seen as a strong single band at 320 bp. No band was detected when the reverse
transcriptase enzyme was omitted (no RT). The ladder indicates band sizes from 300 to 500
bp at 100-bp intervals. b Detection of NHERF-1 and NHERF-2 proteins as a single band at
the predicted size of approximately 52 kDa and 48 kDa respectively in the P21 rat cochlea by
Western blotting. The bands detected by NHERF-1 and NHERF-2 antibodies (N-1a, N-2a)
were blocked when the antibodies were pre-incubated with their corresponding target peptides
(N-1a+N-1p, N-2a+ N-2p). The bands were not blocked when the antibodies were pre-
incubated with other peptides (N-1a+N-2p, N-2a+N-1p). Each lane was loaded with 50 μg
tissue lysate
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Fig. 2.
NHERF-1 immunolabeling in newborn (P8), juvenile (P21), and adult (P70) rat cochlea in
cross section (a artery, ad tunica adventitia or the outermost layer of the blood vessel wall,
ap apical membrane, ax axon, bi basal and intermediate cell region of the stria vascularis, bl
basolateral membrane, bv blood vessel, ca capillary, cc Claudius cells, cn cochlear nerve, dc
Deiters cells, ep epithelial cells of the Reissner’s membrane, et endothelium layer of the blood
vessel wall, fi fibrocytes, g glial cell, hc Hensen’s cells, ib inner border cell, ic interdental cells,
ihc inner hair cell, ipc inner pillar cell, is inner sulcus, lig spiral ligament, lz limbal zone of the
tectorial membrane, m marginal cells of the stria vascularis, mr marginal region of the spiral
ligament, n nucleus, nc nerve covering or epineurium, oc organ of Corti, ohc outer hair cell,
opc outer pillar cell, os outer sulcus, pc pillar cells, rm Reissner’s membrane, s satellite cell,
sc subcentral region of the spiral ligament, sg spiral ganglion, sl spiral limbus, sml smooth
muscle layer of the blood vessel wall, sr synaptic region, stc stereocilia and cuticular plates,
sv stria vascularis, tm tectorial membrane, v vein); conventional fluorescence microscopy. a–
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c NHERF-1 labeling in the P8 rat cochlea. The densest labeling was seen in the basal and
intermediate cells of the stria vascularis. Dense labeling was seen in the stereocilia of the inner
and outer hair cells, the apical end (i.e., cuticular plates) of the inner and outer pillar cells facing
the endolymph, and the limbal zone of the tectorial membrane. d–f NHERF-1 labeling in the
P21 rat cochlea. The densest labeling was located to Hensen’s cells. Dense labeling was seen
at the spiral limbus, Deiters cells, inner and outer pillar cells, and limbal zone of the tectorial
membrane. g–i NHERF-1 labeling in the P70 rat cochlea. The most intense labeling was seen
in Hensen’s cells and the inner and outer pillar cells. Labeling was dense in the inner sulcus
cells, interdental cells, and a subpopulation of spiral ganglion neurons. j PBS control; primary
antibodies were omitted. Low level of background labeling in P70 cochlea. k–l Blocking of
immunolabeling in P21 cochlea when NHERF-1 and NHERF-2 antibodies were incubated
with their corresponding peptides. Note that, in albino rats, the intermediate cells occupy
significantly less volume than in normal rats, with a compensatory increase in the marginal
cell layer (see also Fig. 6a,c,e). Bar 100 μm
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Fig. 3.
NHERF-1 immunolabeling in newborn (P8), juvenile (P21), and adult (P70) rat organ of Corti
and spiral ganglion in cross section; conventional fluorescence microscopy. a In P8 organ of
Corti, intense labeling was seen at the inner (IHC) and outer hair cell (OHC) stereocilia and
apical end inner and outer pillar cells facing the endolymph. b In spiral ganglion neurons at
P8, NHERF-1 labeling was low. c In organ of Corti at P21, the densest labeling was seen at
Hensen’s cells. Note the reduction in NHERF-1 labeling in comparison to P8 at hair cell
stereocilia. d In spiral ganglion neurons at P21, NHERF-1 labeling was notably increased in
a small subpopulation of neurons with small diameter cell bodies (arrows). e In organ of Corti
at P70, NHERF-1 was very dense in Hensen’s, inner and outer pillar, Deiters, and inner sulcus
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cells. f In spiral ganglion at P70, NHERF-1 labeling was increased in most neurons, with higher
levels being maintained in a subpopulation. g NHERF-1 labeling was observed in all layers of
blood vessel walls, as seen here for a large artery (i.e., spiral modiolar artery) located in the
modiolus adjacent to the cochlear nerve of a P70 rat. h NHERF-1 labeling was very dense in
the inner sulcus cells of the adult organ of Corti. i Epithelial cells of the Reissner’s membrane;
a flat piece showing dense NHERF-1 labeling at P8. Abbreviations as in legend to Fig. 2.
Bar 25 μm
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Fig. 4.
Confocal optical sections (1 μm) showing NHERF-1 labeling in the P8 and P21 organ of Corti,
spiral ganglion, and stria vascularis in cross section. a Strong NHERF-1 labeling in the P8
organ of Corti was detected in the apical membranes of sensory hair cells and supporting cells
lining the endolymphatic compartment, including developing hair cell stereocilia and cuticular
plates at which the stereocilia are attached. b NHERF-1 labeling in P21 organ of Corti was
significantly reduced in the apical membrane and stereocilia of hair cells but was increased in
supporting cells including Hensen’s, Deiters, pillar, and inner border cells. The labeling
surrounding the outer hair cell (OHC) bodies belong to Deiters cell phalangeal (apical)
processes extending toward the OHC cuticular plates. c NHERF-1 labeling in P8 spiral
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ganglion neurons was weak and homogenous. Weak labeling was also evident in satellite cells
attached to neurons. d At P21, neuronal NHERF-1 labeling intensity increased in the spiral
ganglion, in particular in a small subpopulation of neurons with a smaller diameter. Labeling
in the satellite cells remained unchanged. e NHERF-1 labeling in P8 stria vascularis was very
strong in the basal and intermediate cell region and in the apical membrane of the marginal
cells of the stria vascularis. f At P21, NHERF-1 labeling in the apical membrane of the marginal
cells showed a marked reduction, whereas relatively dense labeling was maintained at the basal
and intermediate cell region. Abbreviations as in legend to Fig. 2. Bar 25 μm
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Fig. 5.
Confocal optical sections (1 μm) showing NHERF-1 labeling in the spiral limbus (P8, P21)
and Reissners’ membrane (P8). a NHERF-1 labeling at the P8 spiral limbus was weak in
interdental cells and showed apical localization at the region of attachment of the tectorial and
Reissners’ membranes. Inner sulcus cells also showed weak labeling. Note the dense labeling
at the limbal zone of the tectorial membrane. b At P21, NHERF-1 labeling in the interdental
cells and inner sulcus cells showed a marked increase, particularly in their apical membranes.
c NHERF-1 labeling in P8 Reissner’s membrane was mostly confined to the apical membrane
facing the endolymphatic compartment. d NHERF-1 labeling at the apical membrane of
Reissner’s epithelia was reduced after the onset of hearing. e Lack of labeling with NHERF-1
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antibody of the P21 hair cell stereocilia, the structural integrity of which was confirmed by
light microcopy (f). g Lack of NHERF-2 labeling of the P21 hair cell stereocilia, which were
present as visualized by light microscopy (h). Abbreviations as in legend to Fig. 2. Bars 25
μm (a–d), 10 μm (e–h)
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Fig. 6.
NHERF-2 immunolabeling in the newborn (P8), juvenile (P21), and adult (P70) rat cochlea
in mid-modiolar (cross) and planar orientations; conventional fluorescence microscopy. a, b
Wide-spread distribution of NHERF-2 labeling in P8 cochlea including stria vascularis, spiral
limbus, Reissner’s membrane (a) and organ of Corti (b) with dense labeling in the apical
membrane and stereocilia of sensory and supporting cells. c, d Distribution of NHERF-2
labeling in P21 cochlea (c) and organ of Corti (d) showing increased levels of labeling in the
spiral ganglion neurons and the synaptic region where they terminate underneath the OHC,
supporting cells in the organ of Corti, and inner sulcus cells. At P21 organ of Corti, NHERF-2
labeling in the stereocilia and apical membranes of the cells lining endolymphatic compartment
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is markedly reduced but is maintained at cuticular plates of hair cells. e, f Increased NHERF-2
labeling in the synaptic regions beneath the OHC and in supporting cells of the organ of Corti
in which labeling in sensory hair cell bodies and stereocilia is absent, but maintained at cuticular
plates, in P70 cochlea. g–i Wide-spread distribution of NHERF-2 labeling in planar plane of
cochlea showing the spiral ligament, organ of Corti, and Rosenthal’s canal including spiral
ganglion neurons and cochlear nerve. Abbreviations as in legend to Fig. 2. Bars 100 μm (a,
c, e, g–i), 25 μm (b, d, f)
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Fig. 7.
Confocal optical sections (1 μm) showing NHERF-2 labeling in the P8 and P21 organ of Corti,
spiral ganglion, and stria vascularis in cross section. a In organ of Corti at P8, NHERF-2
labeling was dense at the apical surface including hair cell stereocilia. Weak labeling was also
evident at the synaptic regions beneath the outer hair cells. b NHERF-2 labeling in the apical
surface and hair cell stereocilia showed marked reduction in organ of Corti at P21, whereas
labeling in OHC and IHC cuticular plates was maintained. NHERF-2 labeling was increased
at the synaptic regions beneath the OHC and supporting cells including Hensen’s, Deiters,
inner border, and inner and outer pillar cells. Dense punctuate staining was associated with
nucleus and/or nuclear membranes of hair cells and supporting cells. Dense NHERF-1 labeling
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in the Hensen’s, inner and outer pillar, Deiters, and inner sulcus cells. c Weak NHERF-2
labeling in spiral ganglion neurons of P8 cochlea was associated with punctuate labeling of
nucleus and plasma membrane. Satellite cells also showed weak NHERF-2 labeling. d At P21,
NHERF-2 labeling intensity in the spiral ganglion increased in neurons and satellite cells. Note
that the NHERF-2 labeling is mostly associated with the plasma membrane, nucleus, and
cellular processes (e.g., axonal membranes). e The P8 stria vascularis showed the densest
NHERF-2 labeling in the apical membrane of marginal cells. Dense NHERF-2 labeling was
also evident in the basal and intermediate cell layers and fibrocytes of the spiral ligament. f At
P21, NHERF-2 labeling in the apical membrane of strial marginal cells was mostly reduced,
whereas intensity increased at the basal and intermediate cell layers and spiral ligament
fibrocytes. Abbreviations as in legend to Fig. 2. Bars 25 μm
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Fig. 8.
Confocal optical sections (1 μm) showing NHERF-2 labeling in the spiral limbus (P8, P21),
Reissner’s membrane (P8), and cochlear nerve glia (P21). a In the spiral limbus at P8,
NHERF-2 labeling was intense at the apical membrane of interdental cells and the fibrocytes
beneath. Inner sulcus cells showed weak labeling. b NHERF-2 labeling was reduced at the
apical surface of interdental cells but increased at the inner sulcus cells. c At P8, dense
NHERF-2 labeling in Reissner’s membrane was mostly associated with the apical
(endolymphatic) membrane of epithelial cells, as a continuation of the apical labeling in strial
marginal cells. d Reduction in NHERF-2 labeling in the apical membrane of the Reissner’s
epithelia at P21. e Dense NHERF-2 labeling in the P21 cochlear nerve glial cell bodies and
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processes associated with capillaries. Note that the labeling associated with nerve coverings is
denser. f NHERF-1 labeling was moderate in glial cell bodies and their processes located in
the cochlear nerve (P21). Abbreviations as in legend to Fig. 2. Bars 25 μm
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Fig. 9.
Co-localization of NHERF-1 and NHERF-2 with GFAP and vimentin. a–c NHERF-1 and
GFAP are co-localized in glial cells of the cochlear nerve (arrows). d–f Co-localization of
NHERF-1 and vimentin in cochlear nerve, nerve covering (epineurium), and large blood vessel
(spiral modiolar artery and vein) walls and surrounding tissues. Large arteries and veins
positioned next to each other were distinguished by the thickness of their walls and internal
diameter, arteries having relatively thicker walls and smaller diameters. g–i Co-localization of
NHERF-2 with GFAP-expressing glial cells in the cochlear nerve. j–l Co-localization of
NHERF-2 and vimentin in the cochlear nerve, epineurium, and external layer of large blood
vessels. m–o Co-localization of NHERF-1 and vimentin in Deiters cells of organ of Corti from
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P70 rat. Note also the NHERF-1 labeling alone in the synaptic region beneath the OHC.
Abbreviations as in legend to Fig. 2. Bars 100 μm (a–l), 25 μm (m–o)
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Table 1
Relative and qualitative density levels of NHERF-1 and NHERF-2 immunolabeling in cochlear tissues at three
postnatal stages

Region/cell type Age NHERF-1 NHERF-2

Inner and outer hair cells (stereocilia) P8 ++++ +++++
P21 + +
P70 − −

Inner and outer hair cells (cuticular plates) P8 ++++ ++++
P21 +++ +++
P70 ++ ++

Synaptic regions beneath the outer hair
cells

P8 − ++

P21 + +++
P70 + ++++

Strial marginal cells (apical membranes) P8 ++++ ++++
P21 ++ ++
P70 + +

Basal and intermediate cell region of stria
vascularis

P8 +++++ ++

P21 ++++ +++
P70 ++++ +++

Reissner’s membrane epithelia P8 ++++ +++
P21 ++ +
P70 + +

Inner sulcus cells P8 + +
P21 ++++ +++
P70 +++++ +++

Outer sulcus cells P8 ++ ++
P21 ++++ +++
P70 ++++ +++

Spiral limbus (interdental cells) P8 ++ ++++
P21 ++++ ++
P70 ++++ ++

Hensen’s cells P8 ++ ++
P21 +++++ +++
P70 +++++ +++

Inner border cells P8 ++ ++
P21 +++ +++
P70 +++++ +++

Deiters cells P8 ++ ++
P21 ++++ ++++
P70 ++++ ++++

Inner and outer pillar cells P8 ++ ++
P21 ++++ ++++
P70 +++++ ++++

Spiral ganglion neurons P8 ++ ++
P21 ++++ +++
P70 ++++ ++++

Spiral ligament (fibrocytes) P8 ++ ++
P21 +++ +++
P70 +++ +++

Claudius cells P8 ++ ++
P21 ++ +
P70 ++ +

Limbal zone of tectorial membrane P8 +++++ +++
P21 +++ +
P70 + −

Tectorial membrane P8 +++ ++
P21 ++ +
P70 − −

Cochlear nerve (glia) P8 ++ +++
P21 ++ +++
P70 ++ +++

Walls of large blood vessels (artery and
vein)

P8 +++ +++

P21 ++++ +++
P70 ++++ +++

The data were generated by conventional and confocal microscopic analysis of cochlear sections (minimum 50 sections per age group) by using 40× and
100× objectives. Immunolabeling density was scored as absent (−), threshold (+), moderate (++), dense (+++), very dense (++++), and saturating levels
(+++++) for major cochlear structures
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