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Abstract

Sensory and supporting cells of the mammalian organ of Corti have cytoskeletons containing �- and �-actin isoforms which have
been described as having diVering intracellular distributions in chick cochlear hair cells. Here, we have used post-embedding immu-
nogold labelling for �- and �-actin to investigate semiquantitatively how they are distributed in the guinea-pig cochlea and to com-
pare diVerent frequency locations. Amounts of �-actin decrease and �-actin increase in the order, outer pillar cells, inner pillar cells,
Deiters’ cells and hair cells. There is also more �-actin and less �-actin in outer pillar cells in higher than lower frequency regions. In
hair cells, �-actin is present in the cuticular plate but is more concentrated in the stereocilia, especially in the rootlets and towards the
periphery of their shafts; labelling densities for �-actin diVer less between these locations and it is the predominant isoform of the
hair-cell lateral wall. Alignments of immunogold particles suggest �-actin and �-actin form homomeric Wlaments. These data conWrm
diVerential distribution of these actin isoforms in the mammalian cochlea and reveal systematic diVerences between sensory and sup-
porting cells. Increased expression of �-actin in outer pillar cells towards the cochlear base may contribute to the greater stiVness of
this region.
  2005 Elsevier B.V. All rights reserved.
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1. Introduction

Actin is a major component of hair cells and support-
ing cells in the inner ear. In the mammalian cochlea, var-
ious properties of these cells change systematically along
the length of the cochlear partition (see e.g. Lim, 1986).
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These changes contribute to the processes by which com-
plex sounds are decomposed into their component fre-
quencies (Robles and Ruggero, 2001). Morphological
changes in actin-containing structures along the cochlear
length have been reported (Carlisle et al., 1988) but
whether speciWc variations occur in the types and
amount of actin present has yet to be investigated.

Three subtypes of actin, �, � and �, are distinguish-
able by their diVering isoelectric points on 2D gels (Van-
dekerckhove and Weber, 1978, 1981). Six functional
actin genes have been described in humans, four of
which encode the �- and �-isoforms found in diVerent
muscle types (see e.g. Herman, 1993). The remaining two,
ACTB and ACTG1, code for cytoplasmic �- and �-actin
which are found in a wide range of cell types including
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hair cells and supporting cells (Slepecky and Savage,
1994; Nakazawa et al., 1995; Hofer et al., 1997). Muta-
tions of the human �-actin gene cause progressive non-
syndromic sensorineural hearing loss, DFNA20/26 (Zhu
et al., 2003; Wijk et al., 2003). Given the widespread dis-
tribution of �-actin in the body, this is surprising and
implies that it has a special role in hearing.

The cytoplasmic isoforms, �- and �-actin, diVer in
proportion and distribution in various tissues (e.g. Otey
et al., 1987) and interact with speciWc associated proteins
(Sheterline et al., 1998). Changes in their expression
result in cell phenotype changes, emphasizing their role
in maintaining morphology (see review by Khaitlina,
2001). In the brain, �-actin is restricted to dynamic struc-
tures and is associated with cell processes e.g., dendritic
spines and growth cone Wlopodia, whereas �-actin is
more ubiquitously distributed and occurs in relatively
quiescent regions (Micheva et al., 1998).

In auditory hair cells, actin is found in the stereocilia,
the cuticular plate and a circum-apical ring of Wlaments
(Flock and Cheung, 1977; Flock et al., 1981; Tilney et al.,
1980; Hirokawa and Tilney, 1982; Slepecky and Cham-
berlain, 1982, 1983, 1985, 1986). These networks contain
diVerent cross-linking proteins (Drenckhahn et al., 1991).
Mammalian outer hair cells (OHCs) contain, in addition,
an F-actin cortical lattice that lies between the plasma
lemma and the layers of sub-surface cisternae (Flock
et al., 1986; Bannister et al., 1988; Holley and Ashmore,
1988, 1990). In guinea-pig OHCs at least, there is also an
actin-rich infracuticular network (Carlisle et al., 1988).

The �-actin isoform is known to be involved in
dynamic maintenance of the hair bundle in rodents
(Schneider et al., 2002; Rzadzinska et al., 2004). In chick,
Hofer et al. (1997) reported that �-actin occurs in the
stereocilia but not the cuticular plate, whereas �-actin
occurs in both, and suggested that the ratio of �:� deter-
mines the Wnal size and length of stereocilia. In mam-
mals, decreasing stereociliary length (see e.g. Lim, 1986)
and increasing stiVness of the hair bundles (Flock and
StrelioV, 1984) towards the cochlear base might reXect
changes in the ratio. The possibility that this ratio inXu-
ences the structure and function of subcellular regions in
other cell types makes it worth examining isoform distri-
bution in mammalian hair cells and supporting cells in
detail. We have therefore investigated the distribution of
each isoform in diVerent cell types and in two diVerent
frequency regions in the organ of Corti of guinea pig
using post-embedding immunogold labelling.

2. Materials and methods

2.1. Animals and antibodies

Adult pigmented guinea pigs (500–850 g) exhibiting
Preyer reXexes were killed with an overdose of sodium
pentobarbitone (Vetalar®; 200 mg/kg IP), the bullae
removed and opened. Cochleae were immediately per-
fused with, and immersed in, Wxative for 2 h at room
temperature and washed in phosphate buVered saline
(PBS, pH 7.4). Subsequent processing varied according
to the immunolabelling method. Animals were main-
tained and used in accordance with the “Principles of
laboratory animal care” (NIH publication no. 85-23,
revised 1985) and the UK Animals (ScientiWc Proce-
dures) Act, 1986.

A mouse monoclonal IgG1 anti-�-actin antibody
(clone AC-15, Product no. A-5441, Sigma-Aldrich, Dor-
set, UK) that recognises �-actin exclusively (Gimona
et al., 1994) was used. A rabbit polyclonal antibody to �-
actin that does not cross react with �-actin (Otey et al.,
1987) was the kind gift of Dr JC Bulinski. The latter
antibody, which has been used in the chick (Hofer et al.,
1997) and mammalian cochlea (Slepecky and Savage,
1994), was shown to be speciWc for cytoplasmic �-actin
in both.

2.2. Conventional transmission electron microscopy

Images from the cochleae of 10 normal animals were
used for densitometric measurements and to illustrate
the structures of interest. All cochleae were Wxed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buVer, pH
7.4, for 2 h, followed by 1% osmium tetroxide in the
same buVer for 1 h, dehydrated through an ethanol
series and embedded in Spurr resin as described previ-
ously (Furness and Hackney, 1985). Ultrathin sections
100–120 nm thick were cut, stained in 2% uranyl acetate
in 70% ethanol and 2% aqueous lead citrate and exam-
ined in JEOL 100CX or 1230 transmission electron
microscopes (TEMs) operated at 100 kV. Images were
acquired on Ilford TEM Wlm or with a Megaview III
digital camera and analySIS® software. The electron
density of the Wlamentous structures was analysed using
Adobe Photoshop® v.7.0 in negatives digitised with a
Canon 9900F scanner with transparency adapter. The
Autolevel function was Wrst applied to the scanned
images in order to reduce variability between pictures
from diVerent material. This function selects the bright-
est and darkest pixels in an image and makes them white
and black, respectively. The intermediate pixels are then
assigned grey level values proportionately resulting in a
similar spread of grey levels in pictures of similar struc-
tural content. We then determined the mean pixel grey
level of these regions using the Histogram function.

2.3. ImmunoXuorescence labelling

Two cochleae from two animals were Wxed using 4%
(w/v) freshly dissolved paraformaldehyde in 0.1 M
sodium phosphate buVer (PB, pH 7.4). Cochlear spirals
(modiolus and organ of Corti) were excised in PBS,
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permeabilized in 0.1% (v/v) Triton-X-100 (30 min), incu-
bated in 10% (v/v) goat serum in PBS (GS-PBS)
blocking solution, and then in mixed anti-�-actin
(diluted 1:200) and anti-�-actin (diluted 1:400) in 1% (v/
v) GS-PBS. After washing in 1% GS-PBS, spirals were
incubated in FITC-conjugated goat anti-rabbit and
TRITC-conjugated goat anti-mouse antibodies (diluted
1:50 in 1% GS-PBS) for 2 h, washed, dissected into seg-
ments which were mounted in ‘antifade’ (0.1% w/v p-
phenylene diamine in 30% v/v glycerol and 1.5% w/v
polyvinyl alcohol in PBS) and images were acquired
using a X60/0.70 Nikon objective on a MRC1024 confo-
cal microscope. Sequences of serial optical sections were
obtained by consecutively changing the focal plane in 0.5
�m vertical steps. Images are presented either as single
planes from the sequence or as a Z-stack made by super-
imposing all of the optical sections.

2.4. Post-embedding immunogold labelling

After Wxation with 4% (w/v) freshly dissolved para-
formaldehyde and 0.2% (v/v) glutaraldehyde in PB, the
bony cochlear wall was partially removed and the
cochleae dehydrated in 70%, 80% and 90% (10 min each)
and 100% ethanol dried over molecular sieve (30 min)
and immersed in LR-White resin (Agar ScientiWc Ltd.,
Stansted) for 16 h at room temperature. After several
resin changes, they were placed in gelatin capsules Wlled
with LR-White, capped to exclude air, and the resin
polymerized at 50 °C for 24 h. After polymerisation, seg-
ments of the organ of Corti were obtained by microslic-
ing (Jiang et al., 1993). In Wve cochleae, the length of
organ of Corti was measured and distances from the
apex corresponding approximately to the 0.5 kHz region
(1 mm) and 5 kHz region (10 mm) selected according to
the frequency map of Greenwood (1996). Ultrathin sec-
tions 120-nm thick were cut horizontally (parallel to the
reticular lamina; n D 2) and radially (n D 3). To minimise
diVerences in treatment, a ribbon of sections from one
frequency location was collected onto one half of a 200-
mesh thin bar nickel grid and, after drying, a ribbon
from the second region collected on the other half.

Both single and double labelling were performed.
Grids were incubated at room temperature (unless oth-
erwise stated) in a moist chamber in small drops in the
following sequence: 0.05 M Tris phosphate buVered
saline (TBS, pH 7.4, 5 min); 10–20% (v/v) goat or bovine
serum in TBS (STBS) for 30 min; primary antibody
diluted 1:200–1:1000 in 1% STBS (either overnight at 4
°C or for 2 h at 37 °C); 1% STBS (10 min); 10–20%
STBS (15 min); anti-mouse (for �-actin) or anti-rabbit
(for �-actin) secondary antibody conjugated to gold par-
ticles (British Biocell, UK), diluted 1:20 in 1% STBS (1
h). For double labelling, mixtures of both primary anti-
bodies and both secondary antibodies with diVerent
sized particles (10 and 20 nm, or 5 and 10 nm) were used
where appropriate. For negative controls, mouse ascites
(mouse monoclonal, clone NS-1, Sigma) or rabbit IgG
diluted to similar protein concentration were substituted
for the primary antibody. After washing in distilled
water, sections were dried brieXy, stained with 2% aque-
ous uranyl acetate (20 min) and examined using TEM.
Photographic plates (Ilford EM Wlm) and digital images
acquired with a Megaview II or III digital camera and
analySIS® software, were obtained for analysis.

2.5. Semi-quantitative analysis

We analysed the apical actin-rich Wlamentous struc-
tures of the hair cells and supporting cells illustrated by
conventional TEM in Fig. 1. To determine the relative
density of labelling for each isoform in diVerent cell
types we analysed double-labelled sections of the two
frequency regions from each animal collected on the
same grid. Large gold particles were used for �-actin and
small gold particles for �-actin. Digital images were col-
lected at a Wxed magniWcation and particle density deter-
mined for each isoform. The areas of analysis varied
because the relative size of each structure diVered from
section to section and between diVerent structures.

The ratio of �- to �-actin has been determined previ-
ously in a range of Wbrocyte tissues in diVerent species

Fig. 1. (a) Radial TEM section illustrating cytoskeletal structures of
the inner (IPC) and outer (OPC) pillar cell heads, Deiters’ cell apex
(DC) and the stereocilia (s) above the cuticular plates of IHCs and
OHCs. The outer pillar cell head material appears denser than cuticu-
lar plate material. Scale bar D 10 �m. The two inset panels show 5£
enlargements of equal areas of the row 2 OHC cuticular plate (left)
and the OPC head (right) for direct comparison of their relative den-
sity. (b) Horizontal section at the level of the apical cytoskeletal net-
works. The Wrst row of OHCs is separated from the IHCs by pillar cell
apices, with a process from each outer pillar cell (arrow) separating
adjacent OHCs. Abbreviations as for (a). Scale bar D 10 �m.
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(Skalli et al., 1987). To estimate this ratio in cells of the
organ of Corti from the relative labelling density, images
were taken of type II Wbrocytes in the cochlear wall in
the same sections to determine the relative density of the
labelling for each isoform.

Finally, qualitative observations suggested that
monomeric Wlaments of each isoform were present. We
assessed whether particles of one size were self-associ-
ated or randomly distributed amongst the other size of
particles in images of outer pillar cells. To do this, we
determined the proportion of each particle size and then,
to account for possible aggregation, the proportion
which had one or more of the same-sized particles within
one particle width over an adjacent tissue-free area of
resin. We then calculated the probability of random self-
association of each particle size and the contributions of
aggregation to obtain an expected frequency of associa-
tion. We examined areas containing about 300 particles
each in three pillar-cell images, and scored the particle
size, together with the size of the nearest neighbour. The
observed number in each category was compared with
the predicted number using a �2 test.

3. Results

3.1. ImmunoXuorescence

ImmunoXuorescence labelling of whole mounts for
confocal microscopy revealed diVerential distributions
of the two isoforms of actin in hair cells and supporting
cells (Fig. 2(a)–(e)) which could be compared with distri-
butions observed by post-embedding immunogold
(Fig. 2(f)–(h)). Labelling for �-actin was most prominent
in the pillar-cell foot and head and at the ends of the
phalangeal process of the outer pillar cell (Fig. 2(a)–(c))
but the centre of the head region was unlabelled
(Fig. 2(c)). Within the cytoplasm of the outer pillar cell
and Deiters’ cell phalanges (Fig. 2(b)) and the OHC
(Fig. 2(c)), the labelling was predominantly for �-actin.
Some areas showed strong colocalisation of both iso-
forms, in particular, the stereocilia and the actin associ-
ated with the microtubular bundles especially of both
pillar cells and Deiters’ cells (Fig. 2(a) and (c)). However,
the colocalisation in the stereocilia was not homogenous.
A sequence of three focal planes down through hair bun-
dles showed apparently higher �-actin labelling towards
the tips of stereocilia, with colocalisation in the middle
region and �-actin concentrated more at the base where
the stereocilia insert into the cuticular plate (Fig. 3(a)).

3.2. Post-embedding immunogold labelling

With post-embedding immunogold, labelling could
be seen which to some extent correlated with that
observed by confocal microscopy but which also showed
diVerences. Heavy labelling for �-actin could be seen
throughout the head of the outer pillar cell (Fig. 2(f) and
(h)), and in the phalangeal process (Fig. 2(f)). Heavy
labelling for �-actin was found over these locations, as
well as on the cuticular plate of the hair cells which was
diYcult to detect by confocal microscopy (Fig. 2(g) and
(h)). Exclusion of labelling from areas of high protein
density has been noted previously in pre-embedding
labelling for TEM (where the procedure is similar to
immunoXuorescence up to the point of visualisation)
and is probably due to lack of penetration of antibodies
into these regions (Mahendrasingam et al., 1998).

3.3. Hair cells

Gold labelling for �-actin was observed over the ster-
eocilia and cuticular plates of both inner hair cells (IHCs
– not shown) and OHCs (Fig. 3(b) and (c)). Labelling
occurred throughout the cuticular plate but was particu-
larly noticeable over the rootlets when they lay in the
surface of the section (Fig. 3(b) and (d)), which is consis-
tent with the Xuorescence labelling showing greater �-
actin towards the base (Fig. 3(a)).

In the shaft of the stereocilia, �-actin particles were
found throughout the core but more frequently near
the perimeter of the stereocilia (Fig. 3(c)). In order to
determine whether this was a speciWc distribution, we
compared the observed proportion of �-actin particles
occurring peripherally versus that expected from a ran-
dom distribution throughout the core. To be assigned
to a ‘peripheral’ category, we chose to score particles
that lie within one particle width (10 nm) of the bound-
ary of the stereocilium. This is a conservative estimate
because particles may lie up to »25 nm from their
target epitope (Matsubara et al., 1996). Thus, periphe-
ral particles occupied a ring of 20 nm width with the
stereocilium boundary as its centre, whereas all those
inside this portion were assigned to a ‘central’ category
(illustrated in the conventional TEM in Fig. 3(e)).
Approximately 300 labelled proWles were assessed and
all particles for �-actin placed into either the peripheral
or central category.

By determining the relative areas of the ring and the
total cross sectional area, based on an approximate
diameter of 200 nm, we estimated that there was a 34%
probability of the particles falling randomly in the
peripheral ring. The counts showed, however, that 65%
of the particles were peripheral and 35% central. The
diVerence between the observed and predicted number
of particles in each category was signiWcant (�2 test with
Yates’ correction for one degree of freedom, p > 0.001).
Thus the �-actin appears to be concentrated at the
periphery of stereocilia. In conventional TEM, a zone
of thicker dense Wlaments (diameter approx. 10 nm) can
be observed in this region especially in the lower shaft
of the stereocilia (Fig. 3(e) and (f)). These Wlaments
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Fig. 2. (a–c) Confocal Xuorescence images of an organ of Corti whole mount after double labelling for �-actin (red) and �-actin (green); areas of colo-
calization appear yellow. (a) Horizontal Z-stack showing pillar cell heads (pch) and the end of the outer pillar cell process (arrowhead) rich in �-actin
whilst stereocilia (s) show colocalisation. Scale bar D 10 �m. (b) Single image showing �-actin in the cytoplasm of the outer pillar cell process (*) and
�-actin at the end (arrowhead). Scale bar D 10 �m. (c) Radial view showing strong �-actin labelling in the pillar cell heads (*), and colocalization in
pillar cell feet (pcf) and microtubule bundles (arrow), and Deiters’ cell microtubule bundle (arrowheads). Scale bar D 20 �m. (d, e) Transmitted light
micrograph of (c) and diagram superimposed on (d) to show the tunnel of Corti (tc), pillar cells (IPC, OPC) and their head region (*), Deiters’ cells
(DC), IHC and OHCs. Red areas deWne the Deiters’ and pillar cell apices and green areas, the hair cell apices investigated semi-quantitatively by
immunogold labelling. Scale as in (c). (f) Horizontal TEM section immunogold labelled for �- (large particles) and �-actin (small particles). The outer
pillar cell (OPC) head is rich in �-actin but the OHCs show less labelling; boxes indicate regions shown at higher magniWcation in (g) and (h). Scale
bar D 1 �m. (g) The �-actin rich end of the outer pillar cell process also contains high levels of �-actin. (h) Comparison showing weaker labelling of �-
actin but high levels for �-actin in the OHC compared with the outer pillar cell (OPC). Scale bars (g, h) D 200 nm. (For interpretation of the refer-
ences to colour in this Wgure legend, the reader is referred to the web version of this article.)
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appear to be distinct from the central core of actin Wla-
ments and also from an area of enhanced density asso-
ciated with the anchoring of the lateral links between
adjacent stereocilia (Fig. 3(e)). There was sparse label-
ling over the cytoplasm of the hair cells for �-actin
(Fig. 3(g)).
Fig. 3. (a) Sequential confocal images of four OHC stereociliary bundles separated by 0.5 �m steps in the z-direction after double labelling for �-actin
(red) and �-actin (green). Note that the upper image (towards the tips) appears green, i.e., representing predominantly �-actin, the middle one, yellow,
showing colocalisation, and the lower one, red, representing predominantly �-actin. Scale bar D 10 �m. (b) Radial TEM section of an OHC apex dou-
ble immunogold labelled for �- (large particles) and �-actin (small particles). Labelling for both �- and �-actin occurs over the stereocilia and cuticu-
lar plate (cp) with �-actin labelling being particularly associated with the rootlets (arrows). Particles for �-actin appear to occur both peripherally
and centrally in stereocilia. However, it is not possible to tell whether longitudinal sections, which are »half the thickness of the stereocilia, also graze
the periphery of the shaft and expose it to labelling in one or other surface of the section because it would be superimposed over the wider central
region. Thus, apparently central labelling cannot be unambiguously distinguished from peripheral labelling in this plane of section. Scale bar D 200
nm. (c) In horizontal sections of stereocilia, there is equal access to the central core and the periphery for immunogold labelling. The majority of the
labelling for �-actin is peripheral (e.g., arrows), but there are also some central particles. The labelling for �-actin is more uniformly distributed. Scale
bar D 200 nm. (d) Horizontal sections single labelled for �-actin show labelling of rootlets (r). Scale bar D 100 nm. (e) Conventional TEM showing
thicker Wlaments (arrowheads) in the periphery (p) compared with the core (c). Scale bar D 100 nm. (f) Longitudinal section showing peripheral thick
Wlaments (arrowheads). Scale bar D 100 nm. (g) OHC cytoplasm showing sparse labelling for both isoforms. Gold particles of the same sizes (small –
arrowhead; large – arrow) tend to associate with each other. Scale bar D 100 nm. (h) Lateral wall of a double labelled OHC showing only �-actin
associated with the dense band (arrowheads) between the outermost layer (arrow) of cisternae (ci) and the plasma membrane. Scale bar D 150 nm.
Inset: Tangential view of the lateral wall showing a clear line of �-actin particles in the region of the Wlamentous cortical lattice beneath the plasma
membrane. Scale bar D 50 nm. (i) Region of the lateral wall below the nucleus and next to the Deiters’ cell (DC) cup. Note the labelling for �-actin
becomes very sparse after the lattice terminates (arrowhead). Scale bar D 100 nm. (For interpretation of the references to colour in this Wgure legend,
the reader is referred to the web version of this article.)
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Gold labelling for �-actin was present over the stereo-
cilia and cuticular plate (Fig. 3(b) and (c)). The distribu-
tion throughout these structures appeared to be fairly
homogeneous. Labelling was also found to be present
throughout the cytoplasm (Fig. 3(g)) but was particu-
larly associated with the lateral wall of the OHCs
(Fig. 3(h)) and IHCs (not shown). This lateral wall label-
ling occupied a distinct region closer to the plasma mem-
brane compared with the nearby labelling for �-actin
which was deeper within the cell, and became sparse
where the cortical lattice terminates below the region of
the nucleus (Fig. 3(i)).
Fig. 4. Post-embedding double labelling in supporting cells. (a) Outer pillar cell foot (pcf) showing dense labelling for both isoforms. Scale bar D 1
�m. (b) Central portion of an outer pillar cell head showing particles of both sizes forming lines and groups consisting of one size or the other (e.g.,
arrows; arrowheads). Scale bar D 50 nm. (c) Horizontal section of Deiters’ cell (DC), and outer pillar cell (OPC) apices. Labelling for �-actin occurs
throughout the pillar cell microtubule bundle (mtb) whilst that for �-actin is denser at the edges (e.g., arrows). Scale bar D 750 nm. (d) Radial section
of a Deiters’ cell. Labelling for both isoforms is stronger at the edge of the microtubule bundle (arrow) but also occurs within it. Scale bar D 200 nm.
(e) Radial section of Deiters’ cell (DC) and OHC junction; there is dense labelling for �- and �-actin in the DC, whereas �-actin predominates in the
hair-cell cuticular plate. Scale bar D 200 nm. (f) Radial section of an OHC and outer pillar cell (OPC) junction. Labelled Wlaments are oriented
towards the junction (e.g., arrowheads). Scale bar D 100 nm.
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3.4. Supporting cells

In both inner and outer pillar cells, a much higher
density of �-actin gold particles was seen over the Wla-
mentous plates of the head and foot regions compared
with the cuticular plate and stereocilia of hair cells (Figs.
3(b), 4). The centre of the head plate was heavily labelled
(Fig. 4(b)). Labelling was also prominent alongside the
outer margins of the microtubule bundles of the pillar
cells and on the anchoring Wlaments at their ends, and to
a lesser extent within the bundles (Fig. 4(c)).

Labelling for �-actin was noted in the same locations
(Fig 4(a)–(c)). However, the diVerence in density of par-
ticles between hair-cell and supporting-cell apical cyto-
skeletal structures appeared qualitatively to be less than
the diVerences in density of labelling for �-actin in these
two areas, suggesting diVerences in the relative distribu-
tion of the two.

In Deiters’ cells, labelling for both �- and �-actin was
strongly present over the dense material adjacent to the
apical junctional complex (Fig. 4(d) and (e)), along the
microtubule bundles (Fig. 4(d)) and over the ‘cup’ region
enclosing the base of the OHC. �-actin was especially
enriched adjacent to the plasma membrane of the cup
abutting the OHC (Figs. 3(i), 5). Dense labelling for both
isoforms was also seen over the Wlamentous structures
adjacent to the junctions in border cells and inner pha-
langeal cells (data not shown).

3.5. Innervation

Both aVerent and eVerent nerve endings onto IHC
and OHC bases labelled for �-actin (Fig. 5). In the aVer-
ent endings, gold particles were found predominantly
along the inner side of the plasma membrane facing the
hair cells, whilst in the eVerent endings labelling was
found over the cytoplasm and was particularly concen-
trated along the lateral membranes. There was little

Fig. 5. Single labelling for �-actin over the synaptic region of an OHC.
In the eVerent (ef), labelling occurs over the lateral margins (arrow),
whilst in the aVerent (af), labelling occurs alongside the membrane
abutting the hair cell (arrowheads). Labelling is also concentrated near
the membrane of the Deiters’ cell cup (*) around the OHC. Scale
bar D 1 �m.
labelling on the hair-cell side of the synaptic regions.
Labelling for �-actin was found over both terminal types
but no consistent pattern was detected (not shown).

3.6. Semi-quantitative analysis

It cannot be assumed that the two antibodies label
their respective antigens with equal eYciency so it is not
possible to compare directly the densities of labelling for
the two isoforms without calibrating their relative ability
to label the target (see later). Thus we have primarily
compared labelling density in diVerent structures sepa-
rately for each isoform. We also compared two diVerent
cochlear regions, the 0.5 and 5 kHz-regions.

Counts of gold particles for �-actin conWrmed that
the supporting-cell cytoskeletal structures were labelled
very strongly compared to the hair-cell cuticular plate

Fig. 6. Mean proportional labelling densities of �-actin and �-actin in
cells of the organ of Corti. Data obtained from 7 diVerent groups of
sections (5 from the 0.5 kHz-region and 2 from the 5-kHz region) from
5 animals. Groups were excluded if some cell types were not repre-
sented. Note high levels of �-actin in supporting cells compared with
hair cells, and the almost converse relationship for �-actin. However,
both isoforms are more concentrated in the stereocilia than the cuticu-
lar plate. Data for hair cells are derived from both IHCs and OHCs.
HCCP D hair cell cuticular plate; HCSC D hair cell stereocilia;
DC D Deiters’ cell; IPC D inner pillar cell; OPC D outer pillar cell.
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and stereocilia. The mean relative labelling density deter-
mined from at least three cell proWles per region per ani-
mal decreased in the following order: outer pillar
cells > inner pillar cells > Deiters’ cells > hair cells
(Fig. 6). In the hair cells, the density of labelling for �-
actin was higher in the stereocilia than in the cuticular
plate. The overall amounts are summarised in Table 1,
relative to the density of labelling for each isoform in the
hair-cell cuticular plate. Thus, outer pillar cell heads had
almost 20-fold higher labelling than the cuticular plate
of hair cells for �-actin and inner pillar cells and Deiters’
cells over 10-fold. The stereocilia were about 2.5-fold
more heavily labelled than the cuticular plate overall.

In comparison, labelling density for �-actin showed
almost the converse pattern, but relative diVerences were
smaller than for �-actin (Fig. 6). Thus, hair-cell cuticular
plates were about 2-fold more densely labelled than
outer pillar cell heads, with the other cells in between
(Table 1). The only exception to this reversal of pattern
compared with that for �-actin was that labelling for �-
actin in the stereocilia was marginally higher than in the
cuticular plate, but only by about 1.1-fold, i.e., less than
the diVerence observed for �-actin.

The only consistent diVerence detected between the
0.5- and 5-kHz frequency regions was in the outer pillar
cells which showed a decrease in the 5-kHz region in �-
actin labelling, overall by 1.4-fold and an increase in the
�-actin of 1.5-fold (Fig. 7). These diVerences were signiW-
cant (median test, p < 0.01). Whilst the mean relative
labelling of the cuticular plate of OHCs appeared to be
higher for �-actin in the 0.5-kHz region, a signiWcant
diVerence was not detected.

3.7. Ratios of �- to �-actin

Some sections also had portions of the cochlear lat-
eral wall which contains Wbrocytes. Fibroblastic tissues
from diVerent sources such as cornea and endometrium
in rats and humans always contain more �-actin than �-
actin, on average about 2.6:1 �:� (range from 2.5 to 4.2;

Table 1
Comparison of labelling densities between diVerent cell types for each
isoform

Relative �-actin or �-actin labelling density is expressed with respect to
the cuticular plate/apical region in both cases. The labelling density for
�-actin in outer pillar cells is 20-fold that in the hair cells, with the
other cells in between. The diVerences in relative density of �-actin
between cells are much smaller. HCCP D OHC cuticular plate;
HCSC D hair cell stereocilia; DC D Deiters’ cell; IPC D inner pillar
cell; OPC D outer pillar cell.

Cell structure Relative �-actin density Relative �-actin density

HCCP 1 1
HCSC 2.57 1.1
DC apex 10.71 0.86
IPC head 11.37 0.67
OPC head 19.36 0.44
Skalli et al., 1987). Thus, we assumed a similar ratio of
�:� in cochlear Wbrocytes in order to calibrate the label-
ling density for the two isoforms. In 10 random pictures
of Wbrocytes from one section, the mean �:� labelling
density was 1:22, which when adjusted for the predicted
ratio, indicates that the �-actin antibody labels 60£
more heavily than the �-actin antibody on this section.
We used this measure of relative binding to estimate the
ratio of �:� in the hair cells and supporting cells in the
same section.

Fig. 7. Graphs comparing labelling in diVerent frequency regions
expressed as ratios (i.e., density in the 0.5-kHz [1 mm] divided by den-
sity in 5-kHz [10 mm] region). The number of samples is given in
brackets. IHCs have been omitted from this comparison because of
small numbers. Consistent diVerences only occurred in outer pillar
cells which showed higher labelling for �-actin and lower labelling for
�-actin in the 5-kHz region (ratios signiWcantly diVerent from 1;
median test, p > 0.01). The variance in the stereociliary and cuticular
plate labelling for �-actin was high. OHCCP D OHC cuticular plate;
OHCSC D OHC stereocilia; DC D Deiters’ cell; IPC D inner pillar cell;
OPC D outer pillar cell.
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The estimated �:� ratio is illustrated in Fig. 8. These
values suggest that there is a considerable diVerence
between hair cells and supporting cells. Thus the �:�
ratio for a hair-cell cuticular plate is in the order of 1:5,
whilst the �:� ratio for an outer pillar cell head is around
10:1. However, because there is more enrichment of �-
actin (2.5-fold) in stereocilia compared with the cuticular
plate than is the case for �-actin (1.1-fold); the �:� ratio
there may be about 1:2.

We noticed that in conventional TEMs, the outer pil-
lar cell head in particular appeared to be denser than
cuticular plates (Fig. 1). To conWrm this, we measured
the grey levels (electron density) of these regions in digi-
tised images. The mean grey level of the OHC cuticular
plate was 90% § 4% (mean § SD) that of the outer pillar
cell head.

3.8. Monomeric Wlaments

In pillar and Deiters’ cells apices, where particles for
both �-actin and �-actin were well represented, there were
chains of particles of the same size (Fig. 4(b)). Often parti-
cles formed parallel rows which may represent groups of
parallel Wlaments (Fig. 4(f)). In the lateral wall of the
OHCs, there was virtually no coincidence between label-
ling for �- or �-actin (Fig. 3(h) and (i)). In the hair-cell cyto-
plasm, particles representing both isoforms were rarely
associated with each other, instead tending to associate
preferentially with particles of the same size (Fig. 3(g)). We
therefore investigated the possibility that there were homo-
meric Wlaments in cells of the organ of Corti.

We analysed images of labelled pillar-cell apices to
determine whether adjacent particles were randomly
associated or segregated to some degree into the two
sizes. We also assessed aggregation over nearby tissue-
free resin. The densities and therefore probabilities, var-

Fig. 8. Histogram illustrating the ratio of �:� labelling density after the
adjusting values according to the relative aYnity of the two antibodies
for their respective antigens under these tissue preparation conditions.
Their relative aYnity was determined from labelling densities in Wbro-
cytes where the �:� ratio has been obtained in other studies. After
adjustment, the �:� ratio appears to be highest in outer pillar cells and
lowest in hair cells.
ied for each image, because they came from diVerent
experiments, but in one example, 60% of particles repre-
sented �-actin. Thus, the probability of two �-actin
particles self-associating was 0.6 £ 0.6 D 0.36 (36%) with
aggregation accounting for a further 5% (total 41%);
however, the observed association of �-actin particles
was 50%. The probability of two �-actin particles associ-
ating was 0.4 £ 0.4 D 0.16 (16%) with an additional 1%
contribution from aggregation (total 17%) whilst the
observed association was 36%. The probability of
the two diVerent particles sizes associating is 100 ¡
(41 + 17) D 42%, whilst the observed value was 24%. The
diVerences between observed and expected values for all
three images were signiWcant (�2 test, p > 0.01). Thus, the
self-association of particles suggested that the isoforms
are not randomly distributed but are self-associated.

3.9. Control sections

When either rabbit IgG or mouse ascites Xuid was
substituted for the primary antibody, there was virtually
no labelling (not shown).

4. Discussion

4.1. Post-embedding immunogold assessment of actin 
isoform distributions

We describe here relative distributions of �- and �-
actin isoforms in hair cells and supporting cells in the
guinea-pig organ of Corti, thus extending previous
immunocytochemical studies by Slepecky and Savage
(1994) and Hofer et al. (1997). The semi-quantitative
data were derived from immunogold labelling densities
in equivalent cochlear regions from 5 animals. Consis-
tent relative diVerences between cell types were found
in all samples, even though comparative labelling densi-
ties for the two isoforms varied, probably due to diVer-
ences in experimental conditions in diVerent labelling
runs.

Our results show that there is more �-actin but less �-
actin in supporting cells relative to hair cells and that
there is more �-actin and less �-actin in outer pillar cells
from a high frequency than a low frequency location. We
also found isoform ratios of 1:5 �:� in stereocilia and 1:2
in the cuticular plate of hair cells, similar to the ratio
obtained in chick from Western blots of 1:2 �:� (Hofer
et al., 1997). In contrast, the pillar cell apical plate may
contain 10:1 �:�; the latter has greater electron density
than hair-cell cuticular plates suggesting a higher Wla-
ment density and/or a diVerent constellation of actin-
associated proteins.

The two isoforms also appear to form homomeric Wla-
ments or to at least form regions of Wlament composed of
one isoform. This has not been shown previously, to our



32 D.N. Furness et al. / Hearing Research 207 (2005) 22–34
knowledge, and together with other aspects of isoform
sorting implies that the isoforms may be spatially inde-
pendently regulated.

4.2. Sorting of the actin isoforms

One suggested mechanism for sorting is that each iso-
form interacts preferentially with particular associated
proteins, themselves distributed diVerentially (Hofer
et al., 1997). One protein that displays a similar distribu-
tion to �-actin in the organ of Corti is spectrin. Spectrin
is found in supporting cells (Mahendrasingam et al.,
1998) and in hair cells in the cuticular plate (Slepecky
and Ulfendahl, 1992) and stereocilia (Zine and Romand,
1993, Mahendrasingam et al., 1998), and it cross links
actin Xaments in the OHC lateral wall (Holley and Ash-
more, 1988, 1990). The smaller relative diVerence in �-
actin between supporting cells and hair cells compared
with �-actin and its predominance in similar locations to
spectrin is consistent with such an association.

Cytoplasmic actins are also known to interact with
the plastin-Wmbrin family (Prassler et al., 1997) and I-
plastin is present in the cuticular plate and stereocilia of
hair cells where it presumably cross-links actin Wlaments
(Daudet and Lebart, 2002). Another actin cross-linker,
espin, appears to be conWned to stereocilia (Loomis
et al., 2003). The latter may thus associate selectively
with �-actin within hair cells.

The peripheral localisation of �-actin in stereociliary
shaft and its predominance in the rootlets is of interest
because it could represent localised sorting of the iso-
forms in the actin bundle. This peripheral localisation
was not reported in the developing rat cochlea by Schnei-
der et al. (2002) nor by Rzadzinska et al. (2004). However,
it only became apparent to us in adult guinea pigs when
we cut and labelled transverse sections of the stereocilia
towards their bases. Neither �-actin antibodies nor sec-
ondary antibodies alone preferentially labelled the
periphery so this distribution seems unlikely to be a Wxa-
tion artefact. However, one possibility is that cross-link-
ing proteins in the core might mask or alter the epitopic
site recognised by the �-actin antibody and thereby
inhibit labelling over the centre. Alternatively, �-actin
may indeed be speciWcally associated with proteins found
in the periphery and rootlets. Peripheral proteins include
myosin VIIa, myosin 1c (Garcia et al., 1998) and myosin-
associated proteins such as harmonin, vezatin and whirlin
(see review by Frolenkov et al., 2004). Myosin VI (Hasson
et al., 1997) and radixin (Pataky et al., 2004), a member of
the ERM family of proteins, occur towards the ankle/
taper region. Our sequential confocal images suggest that
�-actin is more prominent in the lower part of the stereo-
cilia, thus potentially colocalising with the radixin. In fact,
in epithelial cells of rabbit gastric glands, labelling near
the apical membrane suggests that �-actin interacts with
ezrin (Yao et al., 1995) which has homology to radixin
(Sato et al., 1992). Radixin may thus play an analogous
role in linking �-actin to the membrane.

We observed marginally thicker, dense Wlaments in the
periphery of the stereociliary shaft by conventional TEM.
This denser appearance could reXect a higher �-actin con-
tent, compared with central Wlaments. PuriWed actin iso-
forms form structurally diVerent Wlaments (Allen et al.,
1996) implying that they could also appear diVerent in
TEM. Alternatively, the denser appearance of the periphe-
ral Wlaments could be a result of other proteins being linked
to them that do not occur in the centre of the stereocilia.

The relatively high levels of �-actin in supporting cells
suggest the latter may contain unique features that inXu-
ence actin localisation; for example, myosin 1b has been
reported to be exclusive to supporting cells (Dumont
et al., 2002). However, levels of �-actin expression corre-
spond most notably with the quantity of microtubules in
the supporting-cell bundles, i.e., it is greatest in outer pil-
lar cells and increases towards the cochlear base as do the
number of microtubules (Kikuchi et al., 1991). Labelling
for �-actin was clearly associated with the microtubule
bundles in the supporting cells and with the electron-
dense regions in which they terminate. Pillar and Deiters’
cell microtubules are unusual, containing 15 protoWla-
ments as compared with hair-cell microtubules which,
like most others, have 13. They may thus have unique
features that enable them to interact preferentially with
�-actin. It is furthermore possible that microtubule asso-
ciated proteins (MAPs) inXuence actin distributions; for
example, it is known that MAP1b and MAP2 have actin
binding domains (see review by Dehmelt and Halpain,
2004). A 205 kDa MAP is present in both hair cells and
supporting cells (Oshima et al., 1992), although so far no
interaction with actin has been reported.

4.3. Functional diVerences between actin isoforms

Despite the considerable sequence similarity (see
review by Khaitlina, 2001), �- and �-actin may confer
diVerent properties on hair cells and supporting cells. In
other tissues (see e.g. Erba et al., 1988), diVerences in dis-
tribution, interaction with binding proteins and develop-
mental time course of expression imply distinct
functional roles, with �-actin found in more dynamic
regions, whilst �-actin is associated with more stable
regions of the cell (Micheva et al., 1998).

The observations made by Schneider et al. (2002) in
early postnatal rodent cochlear organ culture show that
�-actin is incorporated into the stereocilium tip and trav-
els down the shaft at the rate of 2.5 �m per day. This
indicates a relatively dynamic expression at least during
development that might be modulated to eVect repair or
to confer greater resistance to damage in adulthood.
Indeed, relatively long duration sound stimulation
apparently alters F-actin expression in the adult organ
of Corti (Hu and Henderson, 1997).
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It is also possible that diVerences in isoform composi-
tion inXuence the mechanical properties of the cells. OHC
motility is thought to be based on prestin (Zheng et al.,
2000), a basolateral plasma membrane molecule that
changes conformation with changes in membrane poten-
tial. The cortical lattice that underlies the plasma mem-
brane, which predominantly contains �-actin, probably
helps to convey these motile forces to the cell as a whole
(Holley and Ashmore, 1988, 1990). If �-actin is crucial to
the prestin-driven length changes that underlies the role of
these cells in cochlear ampliWcation (Zheng et al., 2000),
this may explain the nonsyndromic hearing loss that
occurs when the gene for it is mutated (Wijk et al., 2003).

The supporting cell microtubule bundles are embedded
at either end in plates (Kikuchi et al., 1991; Henderson
et al., 1995) which our data suggest are enriched in �-actin.
Biophysical measurements indicate that the pillar cells are
structures of particular stiVness. They have an axial stiV-

ness 3 to 4 orders of magnitude greater than OHCs (Tolo-
meo and Holley, 1997a,b), primarily due to the
microtubule bundle. The maximum linear stiVness of the
basilar membrane measured between the radial anchoring
points occurs under the outer pillar cells, suggesting that
they may contribute more to its stiVness than other cells
(Olson and Mountain, 1994; Emadi et al., 2004) and the
basilar membrane itself becomes stiVer towards the base.
It is possible that �-actin expression increases where
greater anchoring or stiVening of structures is required in
the organ of Corti, presumably to anchor the microtubu-
lar bundle which enables them to act as supporting or
stiVening elements. Consistent with this, gels composed
only of �-actin are apparently very inelastic compared
with the other isoforms so far measured (Allen et al.,
1996), although their study did not examine cytoplasmic
�-actin. However, systematic measurements of the stiVness
or strength of the apical structures enriched in the diVer-
ent isoforms in the organ of Corti are not yet available.
Thus, to deduce the respective roles of these isoforms in
the cochlea requires further investigation of their speciWc
associations with other proteins and the biophysical prop-
erties of the diVerent cell types.
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