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Abstract
Calcium is tightly regulated in cochlear outer hair cells (OHCs). It enters mainly via
mechanotransducer (MT) channels and is extruded by the PMCA2 isoform of the plasma
membrane calcium ATPase, mutations in which cause hearing loss. To assess how pump
expression matches the demands of Ca2+ homeostasis, the distribution of PMCA2 at different
cochlear locations during development was quantified using immunofluorescence and post-
embedding immunogold labeling. The PMCA2 isoform was confined to stereociliary bundles, first
appearing at the base of the cochlea around post-natal day 0 (P0) followed by the middle and then
the apex by P3, and was unchanged after P8. The developmental appearance matches maturation
of the MT channels in rat OHCs. High-resolution immunogold labeling in adult rats showed
PMCA2 was distributed along the membranes of all three rows of OHC stereocilia at similar
densities and at about a quarter the density in IHC stereocilia. The difference between OHCs and
inner hair cells (IHCs) is similar to the ratio of their MT channel resting open probabilities. Gold
particle counts revealed no difference in PMCA2 density between low- and high-frequency OHC
bundles despite larger MT currents in high-frequency OHCs. The PMCA2 density in OHC
stereocilia was determined in low- and high-frequency regions from calibration of immunogold
particle counts as 2200/μm2 from which an extrusion rate of ~200 ions·s−1 per pump was inferred.
The limited ability of PMCA2 to extrude the Ca2+ load through MT channels may constitute a
major cause of OHC vulnerability and high-frequency hearing loss.
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INTRODUCTION
Calcium homeostasis is crucial in the performance and viability of outer hair cells (OHCs)
(Beurg et al., 2010), one of two types of sensory receptor cell in the mammalian cochlea.
Inner hair cells (IHCs), the main transmission route for auditory signals, synaptically contact
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auditory nerve fiber dendrites (Glowatzki et al 2008) whereas OHCs, by voltage-dependent
contractions of their cylindrical soma, are thought to amplify and tune the cochlear response
(Dallos et al., 2006; Fettiplace & Hackney 2006). Acoustic stimuli are detected by vibrations
of the hair cell stereociliary bundles thereby activating Ca2+-permeable mechanotransducer
(MT) channels located at the tips of the stereocilia (Beurg et al., 2006; 2009). Ca2+ enters
through these MT channels during stimulation and the change in its intracellular
concentration is thought to trigger MT channel adaptation (Fettiplace & Ricci 2003) and
may also modulate OHC electromotile behavior (Frolenkov et al., 2000). The sole route of
Ca2+ extrusion is via a plasma membrane calcium ATPase pump, which is present as the
PMCA2 isoform in OHC stereocilia (Dumont et al., 2001). A number of mutations of the
PMCA2 gene (Atp2b2) have been described, all of which cause some degree of hearing loss
or deafness in mice (Street et al., 1998; Kozel et al., 1998; Spiden et al., 2008; Bortolozi et
al., 2010). PMCA2 has a restricted neuronal distribution (Stauffer et al., 1995) but the
severity of its mutation on hearing is surprising. In humans, mutation of the Atp2b2 gene is
also implicated in hearing loss (Schultz et al., 2005; Ficarella et al., 2007). Some mouse
mutations are null alleles whereas others exhibit a partial loss of function attributable to
reduction in the rate of Ca2+ pumping. Those mutations in which the pump is still present
but has reduced capacity (e.g., heterozygous Oblivion, Obl/+) are associated with
progressive hearing loss and OHC apoptosis which begins at the high-frequency base of the
cochlea and proceeds towards the low-frequency apex (Spiden et al., 2008). The mechanism
of hearing loss stemming from PMCA2 mutation is not well understood. It has been
suggested to be partly due to a decrease in endolymphatic Ca2+ that weakens tip links
(Wood et al., 2004).

To address further the question of Ca2+ handling in the hair bundle, we employed
quantitative immunofluorescence and post-embedding immunogold labeling to determine
how PMCA2 expression matches the differing demands of the hair cells. By calibrating the
immunogold labeling we determined the absolute pump density in stereocilia of OHCs with
low-and high-characteristic frequencies (CF). Comparison with the Ca2+ pump fluxes
measured physiologically in low-CF OHCs (Beurg et al 2010) enabled us to derive an
important parameter, the extrusion rate per pump. Because of the difficulty of recording
from high-CF OHCs at the cochlear base, the Ca2+ extrusion rate in these cells is not known.
Here, knowledge of the density of PMCA2 pumps at multiple cochlear locations allowed us
to infer total extrusion rate in high-CF OHCs and examine the hypothesis that these OHCs
may be more susceptible to Ca2+ overload.

MATERIALS AND METHODS
Primary antibodies

The primary antibodies were the affinity purified rabbit polyclonal, NR2, an antibody
against an N-terminal peptide sequence of PMCA2 (PA1–915 from ThermoFisher
Scientific, Pittsburgh, USA and Loughborough, UK, and ab3529 from Abcam, Cambridge
UK), and the monoclonal 5F10 antibody (MA3–914 from Af nity Bioreagents, Golden, CO
supplied by ThermoFisher Scientific). The NR2 antibodies recognize human and rat
PMCA2a and PMCA2b splice variants (Filoteo et al., 1997). It was shown to label
stereociliary bundles of rat OHCs (Dumont et al., 2001) and mice OHCs but, in the latter,
label disappeared in deafwaddler2J (Wood et al 2004), which is a truncated and effectively
null mutation in PMCA2. On Western blots of rat organ of Corti lysates, NR2 from Abcam
labels two bands at ~127 kDa and 133 kDa probably corresponding to PMCA2a and
PMCA2b respectively (Chen et al., 2011). The 5F10 monoclonal antibody recognizes all
four PMCA isozymes and has previously been shown to label hair bundles and basolateral
membranes of hair cells (Crouch & Schulte, 1995; Yamoah et al., 1998) and a single 140 –
170 kDa band on Western blots of frog saccular hair cells (Yamoah et al., 1998).
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Immunofluorescence
The methods of PMCA immunofluorescence staining of cochlear coils were as previously
described (Beurg et al., 2010). Sprague–Dawley rats between 0 and 21 days postnatal (P0–
P21) were anesthetized with isoflurane and killed by decapitation according to methods
approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin. Cochleae were obtained from at least three pups at each developmental time
point. After decapitation, the cochleae were rapidly isolated at 4°C in Hepes buffered salt
solution (HBSS) and fixed in 4% paraformaldehyde in phosphate buffer (PB) for 90 min at
room temperature. Cochleae from rats older than P10 were decalcified in ethylene diamine
tetraacetic acid (EDTA) (pH 7.2–7.4) for 3–4 days at 4°C. After unpeeling cochlear bone
and removing the stria vascularis and tectorial membrane, the cochlear coils were isolated,
divided into apical, middle and basal turns, and treated with 0.5% Triton X-100 for 30 min
at room temperature and rinsed in phosphate-buffered saline (PBS). The cochlear coils were
then immersed in 10 per cent normal goat serum (Invitrogen Life Sciences) for 1h at room
temperature to block non-specific labeling and incubated overnight at 4°C with primary
antibody (either NR2 or 5F10 at dilutions of 1:400). The blocking solution was used instead
of primary antibody in the control groups. After rinsing in PBS, specimens were incubated
with Alexa Fluor 488 goat anti-rabbit IgG antibody (1:400; Invitrogen Life Sciences, CA) or
Alexa Fluor 488 goat anti-mouse IgG antibody (1:400; Jackson ImmunoResearch
Laboratories, West Grove, PA) diluted in blocking solution for 2h at room temperature,
rinsed in PBS, incubated with Alexa Fluor 568 phalloidin (1:200; Invitrogen Life Sciences)
for 60 min at room temperature and rinsed in PBS. The preparations were mounted in
Prolong Antifade medium (Invitrogen Life Sciences, CA) with cover slips and viewed under
a 60X (Nikon ELWD Plan uor, NA = 1.4) oil-immersion objective using a Bio-Rad
MRC-1024ES laser scanning microscope system (Bio Rad, Hemel Hempstead, UK)
operating in confocal mode. Immunostaining for PMCA2 and for all four isoforms was
analyzed in the apical, middle, and basal turns of cochlear coils at each time point. The time
points were: P0, P2, P4, P6, P8, P10, P13, and P21 for the NR2 antibody and P2, P6, P9, and
P14 for the 5F10 antibody. The three cochlear locations were at approximate fractional
distances (distance along the cochlea from its basal end normalized to its total length, which
is about 10 mm) of 0.8, 0.5 and 0.2 and corresponded to CFs of 4, 14 and 30 kHz (Müller,
1991). The fluorescence intensity was measured from confocal images taken under identical
conditions and equal photomultiplier settings using ImageJ software (National Institute of
Health, Bethesda, MD) or Adobe Photoshop (version 8.0, San Jose, CA). In each
preparation, fifteen OHCs (from all three rows) and five IHCs were randomly selected to
measure the fluorescence intensity through hair cell bundle and hair cell body and the
averaged fluorescence intensity was calculated.

Immunogold labeling
Fixation and LR-white resin embedding—Cochlear segments were isolated from
three Sprague-Dawley rats (P26) using procedures approved by the Animal Care Committee
at the University of Wisconsin and in accordance with the UK Animals Scientific
Procedures (Act of 1986). Two animals were given an overdose of sodium pentobarbitone
(IP; Pentoject, 100 mg/kg) (Animalcare Ltd, York, UK), decapitated, the bullae opened and
each cochlea was fixed by perfusion with 4% paraformaldehyde and 0.1% glutaraldehyde in
0.1M phosphate buffer (PB, pH 7.4) through the round window and a small hole in the apex,
then immersed in the same fixative for 2h. A third animal was fixed transcardially for 1 min
with a vascular flush of PBS containing 5% dextran or heparin (7.2 U/min) and 0.15%
procaine HCl and then for 10 min with 4% PFA and 0.1% GTA in (pH 7.4), followed by
further fixation by perfusion of the same fixative via small holes made in the cochlear base
and apex, followed by immersion in the same fixative for 2 h at room temperature (Hackney
et al., 2005). After washing in 0.1M PB, the bony walls of the cochleae were removed and

Chen et al. Page 3

Eur J Neurosci. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the cochleae were dissected into apical, middle and basal segments. The dissected cochlear
segments were then dehydrated in a graded series of ethanols (70%, 80%, 90%, 100%, and
dry 100%) for 15 min in each, infiltrated with LR-White resin (Agar Scientific, Stanstead,
UK) at room temperature for 24 h and embedded in pure resin polymerized at 50°C for 24h
in gelatin capsules. Ultrathin radial sections (100 nm) were cut from apical, middle and
basal regions of the cochlea on a Leica Ultracut UCT or a Reichert Ultracut E Microtome
and collected on 200-mesh thin bar nickel grids.

Post-embedding immunogold labeling—The grids containing sections were washed
in 0.05M Tris buffered saline (TBS, pH 7.4), non-specific labeling blocked with TBS
containing 20% goat serum (GS) and 0.2% Tween 20 (TBS-GS-T20) for 30 min at room
temperature (~ 20°C). Grids were then incubated overnight at 4°C in one of the primary
antibodies (NR2 at dilutions of 1: 50 [20 μg/ml] or 1:200 [5 μg/ml] and 5F10 at a dilution of
1:10) in TBS containing 1% bovine serum albumin (BSA) and 0.2% Tween 20 (TBS-BSA-
T20). For a negative control, grids containing sections were incubated in TBS-BSA-T20
without the primary antibody. The sections were then incubated in TBS-BSA-T20 (3 × 10
min), non-specific labeling blocked in TBS-GS-T20 (15 min) and incubated in goat anti-
rabbit IgG (British BioCell, Cardiff, UK) conjugated to 10 or 15 nm gold particles diluted
1:20 in TBS-BSA-T20 for 2 h at room temperature. The sections were then washed in TBS
followed by distilled water, stained in 2% aqueous uranyl acetate for 20 min and examined
using a JEOL-100CX or JEOL JEM 1230 transmission electron microscope operated at an
accelerating voltage of 100 kV.

Quantification of PMCA2 using peptide standards—The density of PMCA2 in the
stereocilia was quantified by calibrating the immunogold particle counts against known
concentrations of the antigen, a procedure previously used for determining the concentration
of calcium binding proteins in hair cells (Hackney et al., 2003; 2005). In the current
application, stereociliary gold particle counts were calibrated against a gel containing the
peptide antigen rather than the entire PMCA2 membrane protein which would not be
soluble. The PMCA2 antibody was raised against an N-terminal peptide intracellular
sequence of amino acid residues 5–19 (TNSDFYSKNQRNESS) from human PMCA2.
Solutions of the 15-residue peptide antigen (ThermoFisher Scientific) were made up at four
concentrations of 2, 0.4, 0.08 and 0.016 mg/ml in 10% BSA plus 4% paraformaldehyde in
0.1M PB (pH 7.4) and were solidified into gels by the addition of 0.1% glutaraldehyde. 1–2
mm blocks of each gel standard were dehydrated and embedded in LR White resin in the
same way as the rat cochlear segments to provide peptide standards. Ultrathin sections of the
peptide standard gels were cut onto nickel grids and immunogold labeled with NR2 antibody
(ThermoFisher, diluted 1:200 (5 μg/ml) or Abcam diluted 1:50) and 10 nm gold conjugated
goat anti-rabbit IgG diluted 1:20, both in TBS-BSA-T20 under the same conditions and in
parallel with radial sections from apical and basal locations, stained in 2% aqueous uranyl
acetate for 20 min and all micrographs were taken at X 30,000.

The stereociliary bundle and gel labeling were compared in two ways: by determining the
linear density along the membrane and from the areal density. In the former method, two
random micrographs (from each standard gel) of the PMCA2 peptide standard gels were
used, and five random lines were drawn on each micrograph. Gold particles were found to
lie specifically over dense areas in the images which were assumed to represent areas of
precipitated BSA containing the peptide. The density of gold particles/μm length of line was
calculated by measuring the lengths of dense regions along the random lines and by
counting the number of gold particles on and within the spatial resolution (21 nm) of both
sides of the dense regions on each line. The density of gold particles/μm2 of the peptide
standard gels was calculated by using the same micrographs and by placing a grid overlay of
equally spaced lines over each micrograph and counting the number of points on the dense
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areas to estimate the dense area and counting the gold particles on the dense areas. The
average gold particle density in the gels for the four different peptide concentrations was
found to increase linearly with concentration, thus ruling out problems that would be caused
by saturation. Electron micrographs of OHC stereociliary bundles from apical and basal
locations were used to measure the length of the stereociliary membrane and the area of the
stereocilia by using the area/perimeter measurement tool in analySIS (Olympus) software.
The number of gold particles on the stereociliary membrane and within the spatial resolution
(21 nm) of either side of the membrane was counted to determine the density of gold
particles/μm length of stereociliary membrane, and the number of gold particles on the
stereocilia and within 21 nm external to the stereociliary membrane was counted to calculate
the density of gold particles/μm2. The linear and areal methods gave virtually identical
values for the concentration of PMCA2 pumps in the stereocilia (see Results). Having
ascertained the gel concentration (in mg/ml) corresponding to the stereociliary label, this
was converted into number of molecules (CP = molecules/μm3) using a peptide molecular
weight of 1777, and the membrane density (molecules/μm2) was calculated as [CP]2/3.

Freeze Fracture
Freeze fracture replicas of outer hair cells of the human organ of Corti were kindly provided
from a previous study by Dan Bagger-Sjöbäck and Berit Engström (Engstrom et al., 1985).
These were examined in a JEOL-100CX transmission electron microscope.

Statistics
For the immunofluorescence measurements, values are presented as mean ± standard error
of the mean (SEM). Three or more animals were used to construct each data point. Two-way
analysis of variance (ANOVA) was used to determine the significance of fluorescence
intensity differences during cochlear development. Data were statistically evaluated for
significance. The immunogold results are based on three animals. For each cochlear
location, multiple fields of view were sampled, and measurements were averaged over the
fields of view of both inner and outer hair cells. Multiple fields of view were averaged on a
series of micrographs at each location and for each experimental condition. There was no
substantive evidence for differences between the three rows of outer hair cells, so the results
were pooled across the rows. Values are quoted as mean ± standard error of the mean (SEM)
and differences were evaluated with a two-tailed t test or a Wilcoxon signed rank test
depending on the distribution of data points or ANOVA.

RESULTS
Immunofluorescence

Immunofluorescence labeling for PMCA2 with the NR2 antibody increased in OHCs over
the first postnatal week, appearing first at the base of the cochlea then proceeding towards
the apex (Fig. 1A – D), the time difference between the two locations being about two to
three days. Half-maximal labeling occurred around P0 at the base and P3 at the apex (Fig.
1D). After P8, the labeling in all three turns reached adult levels and no significant
difference between the fluorescence intensity at the three locations was observed. In order to
check that a difference in bundle labeling between the locations was not concealed by
saturation, fluorescence intensities at P21 were measured at a range of photomultiplier gains
and this confirmed that there was no significant difference along the cochlea (Fig. 1E).
PMCA2 labeling of the bundles of IHCs was less than that of OHCs (the maximum ratio
OHC: IHC bundles was about 5:1) and was also more variable, being visible in some
sections especially earlier in development (see Fig. 1B; P6). The reason for the variability is
unclear but the relative labeling of the two cell types will be addressed in more depth in the
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immunogold experiments. No labeling for PMCA2 was ever observed in the lateral
membranes of either OHCs or IHCs (Fig. 1C).

The results illustrated in Fig. 1 provide evidence for only one PMCA isoform. The
distribution of all isoforms was examined using the monoclonal 5F10 (Fig. 2A–C) antibody,
which recognizes the four PMCA isoforms (Crouch & Schulte, 1995). The acquisition of
5F10 labeling in OHC bundles was very similar to that seen with PMCA2 labeling,
appearing first at the base of the cochlea, followed by the middle and then the apex. It
reached mature levels by P8 and thereafter little difference was present among three turns
(Fig. 2E). These results are consistent with PMCA2 being the sole isoform in OHC bundles
(Dumont et al., 2001). As with the PMCA2 antibody, labeling of IHCs bundles with the
5F10 was more variable and most prominent earlier on, where its maximal intensity was
about a quarter to a fifth of that in the OHCs (Fig. 2F). In contrast to PMCA2 there was
additional label in the lateral membranes of both types of hair cell, reaching a peak around
P6 and then declining at older ages in both OHCs and IHCs (Fig. 2G, H). The most likely
isoform to account for labeling of the basolateral membrane with the 5F10 antibody is
PMCA1 (Dumont et al., 2001). This non-monotonic change in labeling of the basolateral
membrane mirrors the development of the voltage-dependent Ca2+ current, which reaches a
peak at P6 – P8 in IHCs (Johnson et al., 2005; Knirsch et al., 2007) and at about P4 in OHCs
(Beurg et al., 2008). Thereafter, the Ca2+ current declines to a steady level, which is several-
fold larger in IHCs than in OHCs.

The immunofluorescence results demonstrate that hair bundle labeling for PMCA2 increases
during the first postnatal week and is fully developed in both apical (low-CF) and basal
(high-CF) rat OHCs prior to the onset of hearing around P12. During this period other
PMCA isoforms, probably PMCA1 (Dumont et al., 2001; Chen & Fettiplace, unpublished)
are present in the OHC lateral membrane but, by the onset of hearing, the intensity of
labeling of the lateral membrane is less than a tenth of that in the hair bundle. The results
also suggest there is no significant difference (two-way ANOVA; p > 0.05) in labeling
intensity between OHCs in the low- and high-frequency regions of the cochlea but this
conclusion was tested more quantitatively by using immunogold counts in electron
microscopic sections which permit sub-cellular resolution.

Post-embedding immunogold
Use of high resolution TEM images allowed a more detailed description of the subcellular
distribution of the Ca2+ pump; the experiments were performed in adult (P26) rats. PMCA2
labeling was present along the membrane of all three rows of OHC stereocilia (Fig. 3A – C)
and a low level of labeling was also observed along the apical membrane as reported by
Grati et al., (2006). The results were quantified by counting the number of gold particles in
the three different rows and along the stereociliary length. The mean density of gold
particles per μm of stereociliary membrane was 0.91 ± 0.04 (± SEM) for the tallest row,
1.03 ± 0.06 (± SEM) for the intermediate row and 1.05 ± 0.06 (± SEM) for the shortest row
of stereocilia. No significant difference in labeling was detected between stereociliary rows
(one-way ANOVA; p > 0.05). Of 91 micrographs assayed for middle turn OHCs, 13 short,
15 intermediate and 32 tall stereocilia were measured (Figure 3C), selecting only stereocilia
whose full height was identifiable by their stereociliary tips. The mean heights of the
stereocilia were 0.86 μm (range 0.25–1.17 μm) for the shortest row, 1.48 μm (range 1.20–
1.73 μm) for the intermediate row and 2.27 μm (range 1.75–2.62 μm) for the tallest row.
The distance of each gold particle from the cuticular plate was then measured in relation to
the height of the stereociliary tips of each row (Figure 3C). Although label was evident at
the tips of the stereocilia and along their entire length, in all three rows gold particle counts
were larger along the main shaft compared with the ankle region adjacent to the cuticular
plate or tips of the stereocilia (Fig. 3C).
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Sparser labeling but with a similar distribution was seen in IHC stereocilia (Fig. 4). Two sets
of counts from one animal made in the basal region were: 0.6 ± 0.1 gold particles/μm in
OHCs (n = 13) and 0.16 ± 0.1 particles/μm in IHCs (n = 4) (± SEM) giving a ratio of 3.75;
and 1.53 ± 0.10 gold particles/μm in OHCs (n = 8) and 0.41 ± 0.1 particles/μm in IHCs (n =
4) (± SEM) giving a ratio of 3.8. In both counts the difference between OHCs and IHCs was
significant (Wilcoxon signed rank test; p < 0.05). The measurements indicate a four-fold
greater PMCA2 labeling in OHCs than IHCs and confirm the immunofluorescence results
which gave up to a five-fold difference between the stereociliary bundles of the two hair cell
types.

Immunogold low-CF/high-CF comparison
The MT current in high-CF OHCs at the base of the cochlea is several-fold larger than that
in low-CF OHCs at the apex, the current magnitude increasing systematically with CF
(Beurg et al., 2006; Johnson et al., 2011). This gradient implies that the hair bundle Ca2+

load increase significantly along the cochlea, it is therefore important to determine whether
there are any concomitant changes in PMCA2 density. Labeling for PMCA2 in OHC
bundles was quantified at low-CF and high-CF cochlear locations and gold particle counts
indicated no major difference between the two locations. Gold particle counts were
expressed both as a linear density along the plasma membrane and as an areal density and, to
minimize steric hindrance, in most experiments 10 nm gold particles were used. Values for
three P26 rats, using both linear and areal counts are given in Table 1. The ratio of gold
particle densities between the high-CF and low-CF regions using the linear counts was 1.07
± 0.2, 1.02 ± 0.29 and 1.31 ± 0.24 (± SEM) in the three animals respectively. In all cases,
therefore, stereociliary labeling was slightly higher in the high-CF than in the low-CF
region, but the differences were not significant in any of the animals (Wilcoxon signed rank
test; P > 0.05). Pooling the two methods in the three animals gave a mean high-CF/low-CF
ratio of 1.19 ± 0.19 (± SEM). These results suggest there is no difference in PMCA2 pump
density between the low-frequency apical and high-frequency basal OHCs.

The quantification was extended to obtain the absolute pump density by calibrating the
immunogold labeling against labeling of a gel containing a known concentration of the
peptide antigen. Use of the peptide antigen rather than the insoluble PMCA2 membrane
protein assumes that the peptide alone adopts a similar conformation to the same sequence
in the protein and thus will bind the antibody with the same efficiency as the native protein.
Since the peptide is hydrophilic and originates from near the free intracellular amino
terminus of the pump, this assumption seems under the circumstances to be reasonable. The
peptide was made up at a range of concentrations into gels that were fixed and sectioned and
the sections were then treated identically to the tissue sections. The ratio of gold particle
densities in the OHC bundles and in the gel (Fig. 5) was then used to infer the PMCA2
concentration in the bundle.

The gold particle densities were determined in two ways, as a count along the stereociliary
membrane (linear) and as a count over the area of the stereocilia (areal). In one animal, the
linear gold particle density on the OHC stereociliary membrane was 1.31 ±0.07/μm (n = 23;
low-CF region) and 1.02 ±0.08/μm (n = 23; high-CF region) (± SEM) using the NR2
antibody from ThermoFisher. Comparison with the gel gave a concentration of 0.33 ± 0.02
mg/ml (± SEM) in low-CF OHCs and 0.24 ± 0.02 mg/ml (± SEM) in high-CF OHCs. If the
areal density was used on the same micrographs, the gold particle density in the OHC
bundle was 37.6 ± 2.3/μm2 (n = 23; low-CF) and 38.3 ± 1.9/μm2 (n = 23; high-CF) (±
SEM). The corresponding peptide concentrations were 0.45 ± 0.04 mg/ml (± SEM) in low-
CF OHCs and 0.45 ± 0.03 mg/ml (± SEM) in high-CF OHCs. Similar measurements were
made employing both linear and areal counts with the NR2 antibody from Abcam. These
gave peptide concentrations in the OHC stereocilia of 0.16 ± 0.01 mg/ml and 0.14 ± 0.01
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mg/ml (± SEM) for the low-CF and high-CF regions respectively with linear counts and of
0.30 ± 0.02 mg/ml and 0.40 ± 0.02 mg/ml (± SEM) for the low-CF and high-CF using areal
counts. For both antibodies, the values for low and high frequency regions were very similar
irrespective of the method used and again indicated no substantial difference between the
two cochlear locations. Combining the four values at each position irrespective of technique
or antibody gave peptide concentrations of 0.31 ± 0.11 mg/ml (± SEM) in the low-frequency
region and 0.31 ± 0.14 mg/ml (± SEM) in the high-frequency region. These values represent
the concentrations of the peptide in the gel the immunolabeling of which is equivalent to the
PMCA2 in the hair bundle. They can be converted into PMCA2 densities by calculating the
molecular concentration (molecules/μm3) using the molecular weight of the peptide and
then taking the two-thirds power to give the areal density in molecules/μm2 (see Methods).
Taking the means of the two methods and antibody sources gives equivalent PMCA2
densities of 2197 ± 542 molecules/μm2 (± SEM) in the low-CF region and 2159 ± 708
molecules/μm2 (± SEM) in the high-CF region. These results further reinforce the
conclusion that there is no difference in PMCA2 density in the stereocilia of low-CF and
high-CF OHCs.

Freeze fracture
Correlations of this high pump density were observed in freeze fractures of human OHC
stereocilia (Fig. 6) prepared for a previous study (Engström et al., 1985). The inner leaflet
face of the membrane of the stereociliary shaft was adorned with a roughly uniform array of
particles at a density of 2000 – 2500 particles/μm2 (mean = 2355/μm2). A measurement in
the ankle region gave a lower density of 813/μm2. The size of the particles, the majority of
which are ~8 nm in diameter, is consistent with the dimensions of the inner surface of the
sarcoplasmic reticulum Ca2+-ATPase predicted from x-ray diffraction, no x-ray diffraction
data yet being available for the PMCA (Toyoshima, 2008; Brini & Carafoli, 2009). If the
particles do indeed primarily represent PMCA2 molecules, their density is consistent with
quantification of the immunolabeling and further indicates that the pump exists largely in a
monomeric form, not multimeric as has been suggested (Sackett & Kosk-Kosicka, 1996).

DISCUSSION
Developmental appearance and distribution of PMCA2

We have used both immunofluorescence and post-embedding immunogold labeling to
quantify the development and distribution of the PMCA2 isoform in rat cochlear hair cells.
Several conclusions of functional relevance can be drawn from the measurements. Firstly,
labeling of the OHC stereociliary bundles with the PMCA2 isoform exhibited a base to apex
development similar to many other properties that change during cochlear maturation. The
high-CF OHCs at the cochlear base attained maximal labeling at P2, preceding the apex by
about two to three days, and thereafter there was no change into adulthood (P21). This time
course is very similar to the appearance of the MT channels in rat OHCs, where all cells are
transducing by P2 in the base and P5 in the apex (Waguespack et al., 2007). Other properties
of transduction, including Ca2+-driven adaptation, matured over the same time frame. The
close correspondence in the time courses suggests either that the two properties are co-
regulated or else they are causally linked as, for example, might occur if the elevation of
intracellular Ca2+ by influx through newly-acquired MT channels provides a signal for
incorporation of Ca2+ pumps into the stereociliary membrane.

A second conclusion concerns the stereociliary distribution of pumps deduced form
immunogold labeling. For OHCs, PMCA2 labeling of the bundles showed all three rows of
stereocilia were equally labeled approximately evenly along their shafts. Similar results have
been reported (Apicella et al., 1997) and were evident in previous immunofluorescence
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labeling (Grati et al., 2006). The equal distribution of label contrasts with the observation
that the MT channels are present only in the middle and short stereociliary rows (Beurg et
al., 2009). However, this discrepancy might merely reflect utilization of the entire
membrane area of the bundle given the high packing density of the pumps. Furthermore,
since the pumps operate on a slow time scale of seconds (e.g., Beurg et al., 2010), and the
PMCA2 has a high Ca2+ affinity (0.1 μM; Elwess et al., 1997), they would still be in a
position to extrude Ca2+ that had diffused back into the tallest row from the other
stereociliary rows (Beurg et al., 2009). A similar pattern of labeling was evident on the IHC
stereocilia, though the gold particle density was a quarter of that seen in the OHCs. A
possible explanation for this difference in pump density between the two types of hair cell is
that, in the steady state, the fraction of MT channels open at rest (and therefore the resting
Ca2+ load) is smaller in IHCs than in OHCs: the resting probability of the channels being
open is 0.17 in IHCs and 0.5 in OHCs (Johnson et al., 2011). If this explanation is correct, it
implies that the main load on the stereociliary pumps is the resting Ca2+ influx via the MT
channels.

This conclusion, however, is at odds with the similarity of labeling along the cochlea.
Independent observations using immunofluorescence and immunogold indicated that there
was no significant difference in pump density between basal and apical OHCs bundles. This
result is surprising as the peak amplitude of the MT current in OHCs increases several fold
between apex and base. The maximum apex-base gradient in the rat cochlea is 4.6, estimated
under in vivo conditions, including the presence of an endolymphatic potential (Johnson et
al., 2011). A more than a four-fold gradient in MT current amplitude from apex to base
suggests there will be a substantial increase in the stereociliary Ca2+ load in the basal OHCs
compared to the apical ones, assuming the MT channels at the two locations have the same
Ca2+ permeability.

Ca2+ homeostasis
We have previously determined the peak Ca2+ load as about 7 pA in rat apical OHCs when
all the MT channels are open (Beurg et al., 2010); under resting conditions with no
stimulation, the probability of opening is ~0.5 (Johnson et al. 2011) which implies there is a
continuous resting load of 3.5 pA. This value may be compared with the peak extrusion by
the hair bundle PMCA2, which was measured as 18 pA (Beurg et al., 2010). Therefore at the
apex, a good safety margin exists and all the Ca2+ entering though the MT channels can be
pumped out. However, extrapolation of these results to basal OHCs indicates that, because
of an increase in the amplitude of the MT currents, the standing Ca2+ load will be 16 pA and
the peak load will be twice that. Clearly if the pumps in the high-CF basal OHCs perform at
the same rate, they will barely extrude even the resting load, let alone the extra amount
entering during acoustic stimulation. Furthermore, because of the three-fold decrease in
stereociliary height from 6 μm at the apex to 2 μm at the base (Roth & Bruns, 1992) and the
concomitant reduction in stereociliary diameter (0.25 μm to 0.15 μm; Johnson et al., 2011;
Fig. 4B), the volume of the hair bundle compartment will be much reduced as will the total
membrane area of the hair bundle. As a consequence, the Ca2+ concentration in this
restricted compartment due to Ca2+ influx through the MT channels will be at least four-fold
larger thus causing saturation of the cytoplasmic Ca2+ buffers. We propose that the
propensity for Ca2+ overload in the basal high-CF OHCs may be a contributory factor to
their greater vulnerability, especially if the pump efficiency is reduced, as in some PMCA2
mutations where OHC loss progresses from the high-CF base to the low-CF apex (Spiden et
al., 2008; Bortolozzi et al., 2010).
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PMCA2 density and turnover rate
A new finding in the present work was a value of ~2200/μm2 for the OHC stereociliary
density of PMCA2 pumps which are predominantly present as the PMCA2 w/a splice
variant (Hill et al., 2006; Chen et al., 2011). Since the maximum pump rate (18 pA), inferred
from the electrogenic pump current in apical OHCs (Beurg et al. 2010), is known, this
allows calculation of the rate of a single PMCA2 monomer as 200 Ca2+ ions·s−1 (at room
temperature), assuming an area of 250/μm2 for the stereociliary membrane of rat apical
OHCs based on reported dimensions (Roth & Bruns, 1992). The calculation assumes that the
PMCA2 is predominantly in monomeric form in the stereociliary membrane. However, if
some or all of the pumps were dimeric (Vorherr et al., 1991; Sackett & Kosk-Kosicka,
1996), the inferred pump density may be up to two-fold larger (due to possible steric
hindrance, each 10 nm-immunogold particle may label only one of the PMCA2 molecules in
each dimer) and the pumping rate would be correspondingly smaller. The inferred pumping
rate is large for P-type ATPases. For example, the single molecule turnover rate for the Na-
K ATPase pump has been measured as 60 ions·s−1, also at room temperature (Friedrich et
al., 1996). A range of 5 to 100 ions·s−1 (Kubitscheck et al., 1995) was inferred (as here from
the total extrusion rate and the pump density) for the Ca2+ ATPase pump in erythrocytes
(mainly PMCA4) and the present estimate is outside this range. A density of ~2000/μm2 and
a pump rate of 120 ions·s−1 was estimated for the same isoform in bullfrog stereocilia
(Yamoah et al., 1998). PMCA2 is regarded as a fast neuronal Ca2+ pump (Caride et al.,
2001) and the high single-molecule turnover rate of ~200/s inferred here accords with this
notion. PMCA2 is located at sites of high Ca2+ turnover, particularly dendritic spines of both
Purkinje cells and hippocampal pyramidal cells (Burette et al., 2009; 2010) where its role in
Ca2+ regulation may be crucial for expression of long term potentiation (Simons et al.,
2009). In the spines, as in the dimensionally similar stereocilia, the high pumping rate may
be critical for maintaining Ca2+ homeostasis in a small sub-cellular compartment subject to
a large Ca2+ load.
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Abbreviations

BSA bovine serum albumen

CF characteristic frequency

EDTA ethylene diamine tetra-acetic acid

HBSS Hank’s buffered saline solution

IHC inner hair cell

MT mechanotransducer

OHC outer hair cell

P postnatal day

PB phosphate buffer

PBS phosphate buffered saline

PFA paraformaldehyde
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PMCA plasma membrane calcium ATPase

TBS-BSA-T20 Tris-buffered saline containing 1% bovine serum albumin and 0.2%
Tween 20

TBS-GS-T20 Tris-buffered saline containing 20% goat serum and 0.2% Tween 20
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Figure 1.
Developmental appearance of PMCA2 in the rat cochlea. Whole mounts of apical (low-CF),
middle (mid-CF) and basal (high-CF) cochlear regions at: A. postnatal day 0 (P0); B1, B2,
P6; C, P21. Whole mounts were labeled with the NR2 antibody and with phalloidin to mark
the actin and focused on the hair bundle (HB; A, B1, C) and at the cell body (CB; B2).
Three rows of outer hair cell bundles (ohc) and one row of inner hair cell bundles (ihc)
indicated by arrows in B1 and the corresponding cell bodies in B2. D. Plots of PMCA2
fluorescence intensity in the OHC stereociliary bundle as a function of postnatal age for the
three cochlear regions. Each point is the mean ± SEM of 15 OHCs in each of three
preparations. E. Plots of the fluorescence intensity in the OHC bundle at P21 as a function of
confocal photo-multiplier gain showing no difference between apex, middle and base. F.
Schematic diagram of the organ of Corti showing approximate positions of the confocal
planes through the hair bundles (HB) and cell bodies (CB) of OHC and IHC.
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Figure 2.
Developmental appearance of PMCA in the rat cochlea. Whole mounts of apical low-CF
cochlear region at P2 (A) P6 (B) P9 (C) and P14 (D). Whole mounts were labeled with the
5F10 monoclonal antibody to all PMCA isoforms and with phalloidin to mark actin and
focused on the hair bundle (HB) and cell body (CB); the two confocal planes are shown
schematically in Fig. 1F. The 50 μm scale bar applies to B, C and D. Changes in the
fluorescence intensities in the OHC bundle (E) and IHC bundle (F) are shown as a function
of postnatal age for the apical, middle and basal cochlear regions. Changes in the
fluorescence intensities in the OHC (G) and the IHC (H) basolateral membranes are shown
as a function of postnatal age for the three cochlear regions. Each point in Fig. 2E and Fig.
2G is the mean ± SEM of 15 OHCs in each of three preparations and in Fig. 2D and Fig. 2H
is the mean ± SEM of 5 IHCs in three preparations.
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Figure 3.
Post-embedding immunogold labeling for PMCA2 in rat OHCs. A. Transmission electron
micrograph of an OHC bundle showing tall and middle row stereocilia labeled with NR2
antibody. Note that labeling is concentrated along the stereociliary membrane of each row
with a lower level of labeling found within the actin core. B. Transmission electron
micrograph showing labeling in all three stereociliary rows of another OHC; sc,
stereocilium; cp, cuticular plate. Scale bar applies to both (A) and (B). C. Histograms
showing PMCA2 gold particle labeling in each stereociliary row (short, middle and tall) as a
function of the distance from the top of the cuticular plate along the OHC stereociliary
membranes. In each histogram, the black line indicates the range of stereociliary heights
measurable for each row, the mean height being indicated by the arrow. All OHCs are from
the middle region of the cochlea.
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Figure 4.
PMCA2 labeling in rat OHCs and IHCs. A. Radial sections through stereociliary bundles of
two OHCs and one IHC from the middle-CF region of the cochlea labeled with NR2
antibody against PMCA2 at the same (1:50) dilution and in the same experiment. Note the
heavier labeling of the OHCs than the IHC. The scale bar applies to all images. B. PMCA2
labeling in apical and basal OHCs. Radial sections through stereociliary bundles of OHCs
from the apical low- CF (left) and basal high-CF (right) regions of the same rat cochlea
labeled with the NR2 antibody (1:50 dilution) in the same experiment. Gold particles are
present at roughly the same density in the hair bundles of apical and basal cells. Since the
scale bar applies to both micrographs, note the stereocilia at the apex have a larger diameter
than those at the base.
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Figure 5.
Calibration of the immunogold labeling. A. Stereociliary bundle of an apical low-CF OHC
labeled with the NR2 anti-PMCA2 antibody. B. Stereociliary bundle of a basal high-CF
OHC labeled with the same PMCA2 antibody as in (A). C. Labeling with PMCA2 antibody
of a section of a gel containing 2 mg/ml of the antigenic peptide against which the antibody
was raised (see Methods). Gel and cochlear sections were labeled at the same time with the
same antibody dilution. Scale bar applies to all three micrographs. D. Gold particle density
in gel, from both areal and linear measurements in gel for four peptide concentrations.
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Figure 6.
Freeze fracture of an outer hair cell stereocilium (sc). The fracture plane has gone through
the middle of the plasma membrane (between the outer and the inner leaflets of the plasma
membrane) to show the inner leaflet over most of the shaft of the stereocilium, with particles
clearly visible. The outer leaflet of the membrane is obscuring the particles lower down.
Scale bar = 200 nm.
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Table 1

PMCA2 immunogold counts in OHC stereociliary bundles

Animal Method Base Apex Base/apex

R81 linear 1.41 ± 0.17 (27) 1.08 ± 0.07 (14) 1.31 ± 0.24

R81 area 43.9 ± 3.2 (35) 30.5 ± 1.2 (38) 1.44 ± 0.06*

R97 linear 1.54 ± 0.17 (6) 1.51 ± 0.24 (6) 1.02 ± 0.20

R97 area 18.2 ± 2.5 (13) 13.3 ± 1.2 (13) 1.37 ± 0.23

R98 linear 0.16 ± 0.04 (12) 0.15 ± 0.02 (13) 1.07 ± 0.29

R98 area 5.02 ± 1.34 (12) 5.42 ± 1.28 (13) 0.93 ± 0.34

Immunogold particle counts (mean ± SEM, number of micrographs) in stereociliary bundles of OHCs in the high-CF (basal) and low-CF (apical)
regions of the cochlea obtained with either linear counts along the membrane or areal counts over the stereocilia. For all except *, there was no
significant difference between the apical and basal counts (Wilcoxon signed rank test; P > 0.05).

Eur J Neurosci. Author manuscript; available in PMC 2013 August 01.


