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Abstract 

Laser scanning confocal microscopy was used to determine the distribution of actin, spectrin and tubulin in whole mounts of 
the organ of Corti of guinea pig, monkey, rat and chinchilla. Actin, spectrin and tubulin were localized in all cell types in the 
auditory cpithelium. No specialized cytoskeletal organization of tubulin was detected in the cytoplasmic domain of hair cells. The 
only specialized organization of actin and spectrin in the cytoplasmic domain was the infra-cuticular network, found exclusively 

in apical guinea pig outer hair cells. In contrast, the lateral wall of inner and outer hair cells contained a homogenous 
distribution of label specific for actin and spectrin. The label intensity was similar in the base and the apex of the cochlea. These 
results indicate that the distribution of spectrin and actin in the auditory cpithelium is similar to that in other cpithclial cells, 
suggesting that actin and spectrin participate in the formation of cellular shape and possibly in docking molecules to the 
membrane. 
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1. Introduction 

The cytoarchitecture of the organ of Corti and the 
shape and molecular organization of its cellular and 

extracellular elements are important factors in the 
function of the cochlea. The inner hair cells (IHCs) 
serve as its main mechanoelectrical transducers. The 

outer hair cells (OHCs) appear to play a major role in 
the active biomechanical mechanism that provides en- 
hanced sensitivity and tuning in transduction (see Dal- 
los, 1993, for review), perhaps through their motile 

response (Brownell et al., 1985; Kachar et al., 1986; 
Zenner, 1986). OHCs may actively exert forces during 
sound transduction. Previous studies of the cytoskele- 

ton, membrane skeleton and plasma membrane of 
OHCs have provided a large amount of information on 

the cytoskeletal organization of the organ of Corti. 
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Nevertheless, the cyto-molecular system and organiza- 
tion that underlie the active function of OHCs and its 
translation into cochlear mechanics have not been elu- 
cidated. 

To understand the active and passive mechanics in 

the organ of Corti, it is important to determine the 
structural specialization of OHCs and supporting cells. 
From physical considerations of the size of most ani- 
mal cells, it appears that surface tension is a dominant 
physical force between the lipid bilayer of the plasma 
membrane and the extracellular fluid (reviewed by 

Albrecht-Buehler, 1990). The theoretical and practical 
consequence of surface tension is that cells tend to be 
spherical shaped, unless a force greater than the sur- 
face tension is exerted, enabling cells to assume a 
shape other than round. Such forces may arise from 
internal cytoskeletal structures and/or by external ad- 
hesions with other cells or extracellular elements. 

In the organ of Corti, both hair cells (HCs) and 
supporting cells are highly specialized in structure and 
function. OHCs are elongated and cylindrical in shape, 
pillar cells are long and slender in their middle seg- 
ment and more bulky in the basal and apical portions, 
whereas Deiters cells have a cuboidal-like basal por- 
tion. from which a slender process projects apically at 



an oblique angle. To maintain these shapes, cells must 
have a specialized cytoskeletal organization, as in the 
conspicuous stress fibers in cultured fibroblasts or the 
extensive array of actin filaments along neural axons. 
Indeed, elongated supporting cells in the organ of 
Corti, such as Deiters cells and pillar cells, have an 
extensive network of microtubules and F-actin running 
parallel to their long axis. In contrast, a cytoplasmic 
cytoskeletal network that may establish the shape of 
HCs, especially OHCs, has not been found. Micro- 
tubules in the cytoplasmic domain of OHCs are few 
and are not organized in a pattern that seems to 
support cell shape (Steyger et al., 1989). Cytokeratins, 
the intermediate filament proteins which are present in 
most epithelial cells and are thought to provide me- 
chanical stability to these cells, were not found in 
OHCs (Raphael et al., 1987; Anniko et al., 1989; 
Bauwens et al., 1991; Raphael and Altschuler, 1991; 
Kuijpers et al., 1991, 1992). In the absence of a con- 
spicuous cytoplasmic cytoskeleton, the shape of OHCs 
most probably depends on the membrane skeleton. 

The membrane skeleton is a cytoskeletal domain 
closely associated with the plasma membrane of many 
cell types. In the absence of a cytoplasmic cytoskeletal 
network in HCs, the membrane skeleton may conceiv- 
ably undertake functions related to the establishment 
and control of cell shape. Actin, spectrin (also known 
as fodrin) and other proteins have been localized to the 
membrane skeleton in erythrocytes and non-erythroid 
cells (see Burridge et al., 1982; Bretscher, 1991; 
Repasky and Gregorio, 1991, for reviews on membrane 
skeleton and its various proteins). 

In OHCs, actin and spectrin have been localized to 
the area of the lateral membrane (Holley and Ash- 
more, 1988, 1990; Slepecky, 1989; Ylikoski et al., 1990, 
1992; Holley et al., 1992; Slepecky and Ulfendahl, 
1992; Nishida et al., 1993; Weaver et al., 1993). Fur- 
thermore, the circumferential lattice, a mesh of actin 
and spectrin similar to that found in the membrane 
skeleton of red blood cells, has been described in 
OHCs (Halley and Ashmore, 1988, 1990; Bannister et 
al., 1988; Forge, 1991). The circumferential lattice is 
anchored to the lateral membrane via the so-called 
pillars, which are 5-30 nm wide structures of unidenti- 
fied protein, first described in the guinea pig (Flock et 

al., 1986) and the mole rat (Raphael and Wroblewski. 
1986). 

At present, it is not known whether the static shape 
in HCs is formed by the same molecular system re- 
sponsible for the dynamic mechanical characteristics 
associated with HC motility and the active biomechani- 
cal mechanism. It is important to determine whether 
cytoskeletal proteins associated with the membrane 
and the membrane skeleton in HCs are directly related 
to motility, maintenance of cell shape or a combination 
thereof. In any case, the establishment of shape in HCs 
and supporting cells in the organ of Corti is probably a 
crucial factor in normal function and in exertion of the 
forces created by the active process. 

The goal of these studies was therefore to localize 
the cytoskeletal and membrane skeletal proteins actin, 
spectrin and tubulin in the organ of Corti, using laser 
scanning confocal microscopy (LSCM) and to evaluate 
their distribution in the context of possible functions. 

2. Materials and Methods 

We use three structural domains to describe HCs: 
(a) the apical domain, including the stereocilia, apical 
junctions and cuticular plate, (b) the lateral wall, in- 
cluding the lateral plasma membrane and the associ- 
ated circumferential mesh and subsurface cisternae 
@SC) and (c) the cytoplasmic domain, including the 
remaining cytoplasm and organelles. The apical do- 
main can be resolved well without the aid of LSCM, as 
evidenced by several high-resolution fluorescence mi- 
croscopy studies (Steyger et al., 1989; Raphael and 
Altschuler, 1992). In contrast, structures located in 
basal arcas, closer to the basement membrane of this 
epithelium, cannot be well resolved because of glare 
resulting from out-of-focus signals. The use of LSCM 
provides the increased resolution necessary for analysis 
of the deeper areas of the tissue, away from the surface 
facing the objective lens. 

The animals included in this study were 10 pig- 
mented guinea pigs and one each of the following: rat, 
monkey, chinchilla and mouse. The preparation of the 
tissue in this study did not involve dehydration nor 
other steps that are required for plastic embedding or 

Fig. 1. Z-series taken from whole aunt of the second turn of a guinea pig organ of Corti labeled with phallo~din. (a) Actin-specific label is in the 
stereocilia of OHCs (arrow) and in association with the adherens junction complex between HCs and sup~Tting cells. (b) The distribution of 
actin in the adherens junction is asymmetric, with more intense label at the supporting cell side of the junction, especially the medial and lateral 
sides of the supporting cells (arrow). (c) The apical domain of inner pillar cells is heavily labeled with phalloidin. Intense label is also seen in the 
apical domain of the outer pillar cells (arrow). d. The cytoplasm of OHCs in all three rows (1, 2, 3) lacks actin label, but a distinctive band of 
label is seen around the lateral membrane of the cells. (e) Actin is seen around the OHC perimeter and in the Deiters cell cup which is in contact 
with the basal domain of OHC. Label is found in the phalangeal processes of Deiters ceils that traverse obliquely on their way to the luminal 
surface (arrow). (f> Intense actin label is in the basai domain of the outer pillar ceils and in the Deiters cell cup. A faint and slender line of actin 
iabel is present in the perimeter of OHCs. Bar, 20 pm. 
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scanning electron microscopy, such as osmication or 
critical point drying. Therefore, shrinkage and other 
structural artifacts were minimized. Fixation was done 
either systemically, through intracardiac perfusion, or 
locally, via cochlear perfusion. For systemic perfusion, 
animals were deeply anesthetized and perfused with 
2% paraformaldehyde in 0.15 M phosphate buffer at 
pH 7.35. For local fixation, the bullae were removed 
from the skull, and the cochleae were rapidly exposed 
and immersed in a solution containing 2% para- 
formaldehyde, 0.15% Triton X-100 and rhodamine 
phalloidin (1: 500, Molecular Probes) in phosphate 
buffer. This approach resulted in a very rapid fixation 
of the microfilament system. The primate inner ears 
were from an animal used for other projects and were 
shipped to our laboratory fixed in 4% paraformalde- 
hyde. 

The bony capsule surrounding the cochlea was re- 
moved with forceps. In the primate cochlea, the bony 
wall had to be thinned by drilling before it was possible 
to remove it with forceps. After fixation, the bony 
capsule was removed and the lateral wall tissues (spiral 
ligament and stria vascularis) were separated from the 
organ of Corti, which remained attached to the modio- 
lus. The process of immunolabeling was performed 
with the tissue in this state of dissection. 

The tissue was further permeabilized with 0.3% 
Triton X-100 in PBS for 5 min, incubated in primary 
antibody for 90 min, rinsed thoroughly and incubated 
for 30 min with a solution containing fluorescein phal- 
loidin and fissamine rhodamine-conjugated goat anti 
mouse secondary antibody (1: 100, Jackson Immuno- 
Research, West Grove, PA). Primary antibodies were 
monoclonal anti-spectrin (Chemicon International, 
Temecula, CA) or monoclonal anti-tubulin (Sigma). All 
dilutions of immuno- and histochemicals were in PBS 
and all incubations were at room temperature. After a 
final rinse, the organ of Corti was separated from the 
modiolus and half turns were placed in the center of a 
microscope slide, between two spacing coverslips. A 
third coverslip was placed above the specimen. Several 
specimens were mounted directly between the glass 
slide and the coversiip, without spacers. The mounting 

solution was 60% glycerol in sodium carbonate buffer 

(pH 8.5) with p-phenylenediamine to reduce fading. 
Confocal 1.5 ,um optical sections were obtained 

using a Biorad MRC-6~ LSCM attached to an in- 
verted microscope (Nikon Diaphot). Images were ob- 
tained using X60 (NA = 1.4) and Xl00 (NA = 1.4) oil 
objectives. Selected images were produced by scanning 
only a fraction of the field of view, effectively magnify- 
ing the original image file as much as eightfold. Image 
magnification was not modi~ed by software-based im- 
age processing. 

Full-screen double-label micrographs were obtained 
by taking a Z-series in the fluorescein channel using 
the BHS cube set, followed by successive rhodamine 
(lex = 547 nm) micrographs using the GHS cube set. 
This was done because (a) it was found that, for 
double-label experiments, the cross-talk could be more 
effectively minimized using this method (see below), 
rather than by using the Kl/K2 cube set; and (b) the 
split-screen imaging option could be avoided, resulting 
in images with twice the field of view. In addition, no 
mechanical X-Y translation of the specimen stage was 
performed between data collection runs. Post process- 
ing of the images using a cross-correlation subroutine 
(Inovision Corporation, Research Triangle Park, NC) 
indicated a minimal translational shift between the 
images, most IikeIy due to chromatic shift (Athey, 
unpublished observations). Cross-talk between the 
channels was minimized by using very bright 0.1 mm 
green and red beads of appropriate wavelengths 
(Molecular Probes, Eugene, OR). The gain and the 
dark-current settings were adjusted to reject bead im- 
ages from competing imaging channels. These markers 
were also used to verify the minimal X-Y translation 
between imaging channels reported above, The vertical 
displacement between the two data sets along the 
Z-axis was carefully monitored during data collection 
and found to be fess than or equa1 to 0.5 pm. The 
Z-axis motor is routinely calibrated, and backlash is 
corrected for in the Khoros software package (Bio-Rad, 
Cambridge, MA). 

Micrographs were processed on a Sun Microsystems 
SPARCz workstation using the image analysis program 

Fig. 2. A Z-series from the basal turn of the monkey cochlea (a-c), and single optical sections of the second turn of the guinea pig organ of Corti 
cd), and the middle portion (e) and the apical end ff) of the monkey organ of Corti, labeled with fluorescent phalloidin. (a) In the apical domain 
OHC actin label reveals three lines of stereocilia in a W-shaped bundle. Label in cuticular plate is in close proximity to the junctional actin, but 
actin-free gaps lie between the two actin domains. The fonticulus is a large actin-free space, surrounding the microtubule organizing center. 
Label in the adherens junction region includes both HC and supporting cell sides of the junction. (b) Several gaps are seen in the lower portion 
of the cuticular plate. (cl No ICN is observed in monkey; thus, subcuticular regions contain actin only in association with the lateral membrane of 
the cell. td) Actin in the supporting cell side of the adherens junction is more abundant than in the HC side. The uppermost portion of the ICN 
is seen beneath the fonticulus (in second row OHCs). In more basal regions (third row OHCs), the ICN appears like a flower. Actin is evenly 
distributed at the perimeter of OHCs at this focal plane. (e) Intense actin labeling in the subapical region of pillar cells appears like a spring with 
the sharp tip directed laterally. Actin is distributed evenly around the perimeter of OHCs. Faint label is also detected in phalangeal processes of 
Deiters cells. if) The spring-like actin in the pillar region is shorter in the apical turn. OHC perimeter and phalangeal processes of Deiters cells 
arc distinctively labeled. Bars. 2 burn in (c) and 10 grn in if) (for d-0. 
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ANALYZE (Mayo Medical Ventures, Rochester, MN). 3. Results 
Eight-bit raster files were produced and copied onto 
Kodak T-max 100 film with a Polaroid CI-5000 slide- The distributions of actin, spectrin and tubulin were 
maker. viewed in z-axis series through the different levels of 
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the organ of Corti, from reticular lamina to basilar 
membrane. Unless otherwise noted, results are com- 

mon to all species investigated. 

Actin in OHCs 
At low magnification, F-actin label is seen in the 

apical and the baso-lateral domain of OHCs in a 
Z-series of guinea pig organ of Corti (Fig. 1). At the 
apical domain of OHCs, labeled stereocilia show the W 

shape of the bundle (Fig. la). At the level of the 
adherens junction complex, the label is intense and the 
distribution on the supporting cell side of the junction 

is larger than on the HC side (Fig. lb). Beneath the 
level of the cuticular plate and the adherens junction, 

the cytoplasm does not contain large amounts of actin 

(Fig. lc-f). 
The head plates of pillar cells label very intensely 

for actin (Fig. lc-d). The label along the lateral mem- 
brane in the infra-junctional area is rather faint, yet 
clearly distinguishable around the cell perimeter and 
along the long axis (Fig. Id-e). Actin is abundant in 
the Deiters cell cup, which half surrounds the basal 

domain of the OHC on its lateral aspect (i.e., away 
from the modiolus) (Fig. lf). The cup is located at the 
lateral (away from the modiolus) side of the HC. The 

phalangeal processes of Deiters cells and the lower 
portion of the pillar cells also exhibit intense actin 
labeling. Analysis at low magnification, as shown in 
Fig. 1, allows us to assess the presence and condition of 

the various cellular components of the organ of Corti 
based on the distribution of known molecules. 

Analysis at higher magnification permits a more 
detailed study of structure and molecular composition 

of the organ of Corti (Fig. 2). In the apical domain of 
OHCs, actin is known to be present in the stereocilia, 
cuticular plate and in association with the adherens 
junction. LSCM analysis of actin label in the apical 

domain of monkey OHCs reveals three rows of stere- 
ocilia extending apically from the apical surface (Fig. 
2a). Individual stereocilia can be resolved. The cuticu- 
lar plate extends to the lateral wall in some areas along 

the circumference of the cell, but in other areas, there 
are actin-free gaps separating the cuticular plate from 
the lateral wall. The single largest actin-free space is 
the fonticulus (Hawkins, 1976), the area where the 

basal body and the presumptive microtubule organizing 
center reside. Additional gaps are found in other areas 

along the perimeter of the OHCs (Figs. 2b, c). The 
gaps seem to be continuous through consecutive focal 

planes, suggesting that these gaps are actin-free gaps 
connecting the baso-lateral domain of HCs with the 
apical domain. 

In the monkey organ of Corti, subcuticular regions 
contain actin only in association with the lateral mem- 

brane of the cell (Fig. 2~). This is also the case in the 
rat and the chinchilla (not shown). In contrast, OHCs 

in the guinea pig organ of Corti contain an infracuticu- 
lar network (ICN) of actin (Held, 1926; Angelborg and 
Engstriim, 1973; Thorne et al., 1987). With the analyti- 
cal power of the LSCM, it becomes apparent that the 

ICN is associated, at its apical end, with the fonticulus 
(Fig. 2d). From there, it descends into the central 

portion of the cell and appears in the optical sections 
like a flower with two or three petals (Fig. 2d). Thus, 

the predicted 3-D structure of the ICN is a multi- 
stranded core of actin. As previously reported (Thorne 
et al., 19X7), the ICN is most prominent in the OHC of 
the third turn of the guinea pig cochlear duct. 

Actin labeling at the subapical region of pillar cells 
is very intense. In the area where the head plates of 
inner and outer pillar cells overlap, an extension of 

actin is observed in the lateral direction (away from the 
modiolus), resembling a spring (Fig. 2e). Actin is 
prominent in association with the apical domain of 
OHCs, associated with stereocilia, the cuticular plate 

and the adherens junction, but it is also found in the 
perimeter, along the entire length of the lateral wall 
(Figs. 2e, f). The intensity of label appears similar in 
basal and apical turns of the cochlea. Actin is also 
found in the phalangeal processes of Deiters cells 
(Figs. 2e, f). In agreement with a previous report 
(Carlisle et al., 1988) an ICN of actin is not found in 

any of the mammals studied here, except for the guinea 

pig. 

Actin in IHCs 

The distribution of actin in the IHC area of the 
monkey inner ear is depicted in Fig. 3. Actin in IHCs is 
found in the stereocilia, cuticular plate and adherens 
junction. Stereocilia in monkey IHCs are arranged in 
two rows, one about twice as tall as the other (Fig. 3a). 
The area of contact between the cuticular plate and 
the adherens junction includes some gaps, similar to 

these observed in OHCs (Fig. 3b, compare to 2a and 

Fig. 3. A Z-series (a-d) and a single optical section (e) showing the actin distribution in the IHC region of the monkey organ of Corti. (a) 

Stereocilia are arranged in two rows. (bl At the apical domain of IHCs, gaps can be seen between the cuticular plate and the functional actin 

ring. IHCs appear surrounded by four or five supporting cells. The latter have an apical contour resembling a figure eight (arrows point to two 

ends of one supporting cell). A faint line of staining is along the lateral membrane of the IHCs. (cl Supporting cells between IHCs contain large 

amounts of actin in the subapical region. Actin cables extend laterally in the area of overlap between the inner and outer pillar cells (curved 

arrow). (d) The actin in the apical domain of pillar cells appears like a spring (curved arrow). (el An image composed of several sections. 

depicting the spatial relationship between the spring (curved arrow) and other elements in the IHC region, including the IHC (ihc) and the inner 

pillar cell (ipcl. Bars, 10 Frn in fd) and 5 wrn in tel. 



4e). IHCs are surrounded by 4 or 5 supporting cells. the lateral membrane of IHCs (Figs. 3c, d). Consider- 
Two neighboring IHCs are separated by a supporting ing that no fluid space separates the lateral membrane 
cell with a figure-eight shape (Fig. 3b). A faint but of IHCs from neighboring supporting cells, it is not 
clear line of actin label is found along the contour of possible determine unequivocally whether the label is 
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in the HC, the supporting cell or both based on the 

present data. 

Large amounts of actin are present in the apical 
domain of pillar cells (Figs. 3c, d). A spring-like struc- 
ture made of actin is found in the pillar cell area (Fig. 
3d). The spatial relationship between the spring and 
the other actin-containing structures in the IHC region 

of the apical cochlear turn is presented in Fig. 3e. 

Spectrin in the organ of Corti 

Spectrin immunoreactivity was detected in the cutic- 
ular plate and the lateral membrane of monkey OHCs, 
but not in the stereocilia (Fig. 4a). In the infra-cuticu- 
lar area of guinea pig OHCs, spectrin was co-localized 
with the actin in the ICN and in the lateral membrane, 
immediately beneath the adherens junction (Fig. 4b). 

Heterologous junctional complexes between adjacent 
supporting cells also contained a faint spectrin-specific 

label (Fig. 4b). The lateral membrane label was evenly 

distributed along the long axis of the cell and along its 
round circumference (Fig. 4a). As the focal plane ap- 
proached the basal domain of the HCs, label in the 
Deiters cup, and possibly in neural tissue, created 
asymmetry in the distribution of the label around the 
perimeter (Fig. 4~). The narrow phalangeal processes 

of pillar cells contained large amounts of spectrin, not 
only in the periphery but also in the central core of the 

cell (Fig. 4d). It therefore appeared that spectrin was 
co-localized with actin in all domains except the stere- 
ocilia. 

Actin and spectrin in the cuticular plate 

The distribution of actin and spectrin in the cuticu- 
lar plate is similar in guinea pig and monkey prepara- 

tions (guinea pig results are shown below). At the 
apical domain of IHCs, spectrin is found in the cuticu- 
lar plate, which extends laterally to meet the junctional 
complex. The fonticulus does not show spectrin im- 
munolabeling (Figs. 5a, b). In the infracuticular region, 
spectrin is associated with the lateral membrane (Figs. 

Sb, c). Spectrin-free areas are also present as gaps 
between the lateral membrane and the cuticular plate 

(Fig. Sb). A distinctive ring of spectrin is present along 
the adherens junction complex surrounding IHCs (Fig. 
SC). Spectrin is also found in junctional complexes 
between supporting cells located medial to the IHCs 

(Fig. SC). 

The cuticular plate of OHCs also shows positive 

immunolabeling for spectrin. The pattern of spectrin- 
specific label is not precisely co-localized with the 
actin-specific label. Rather, spectrin is packed into 
dense strands that seem to extend from the center of 
the cell to the periphery in a quasi-radial fashion (Fig. 
5d). In contrast, actin in the cuticular plate is evenly 

distributed (Fig. 5f). Gaps are seen in the periphery of 
the cuticular plate, along the line of contact between 
the cuticular plate and the circumferential adherens 

junction with both spectrin (Fig. 5d) and actin (Fig. 5e) 
labels. The gaps were present at different optical sec- 
tions (at the Z-axis) suggesting that cuticular-free chan- 
nels run between the lateral membrane and the cuticu- 
lar plate. The size of the gaps varies at different focal 
planes (compare Figs. Sd to 5e). The fonticulus con- 
tains neither spectrin nor actin (Figs. Sd. e). 

Tuhulin in the organ of Corti 

Tubulin immunoreactivity is present in all cells in 
the organ of Corti, although supporting cells reveal 
more tubulin-specific label than HCs (Fig. 6). In the 
apical domain of OHCs, tubulin staining is prominent 
in the fonticulus (Figs. 6a, b) and around the area of 
the cuticular plate, but the actin-rich area in the cutic- 
ular plate does not contain tubulin. Thus, the expres- 
sions of actin and tubulin are mutually exclusive in the 

apical domain of OHCs. In the infracuticular area 
there is a considerable amount of microtubule-specific 
label (Fig. 6~). The cytoplasm in the infranuclear do- 
main of OHCs contains less microtubules than in the 
apical region (Fig. 6d). In the apical domain of IHCs, 
tubulin label is mostly peripheral, close to the lateral 

membrane of these cells (Figs. 6a, b). Supporting cells 
that surround IHCs contain very intense tubulin- 

specific labeling (Fig. 6a-c). Pillar cells have abundant 
microtubules in their apical plates (Fig. 6d) and in the 
narrow phalangeal processes (Fig. 6e). The apical pro- 
cesses of outer pillars and 3rd row Deiters cells also 
contain a large concentration of microtubules (Fig. 6a). 

At the level of the ‘cup’ which supports the basal part 
of OHCs, Deiters cells contain large amounts of micro- 
tubules. In the lower portions of Deiters cells, near the 
basilar membrane, microtubules are also abundant (Fig. 
6f). The protein is organized in the perimeter of the 
cell, leaving a microtubule-free central core. 

Fig. 4. LSCM sections showing the distribution of spectrin in the organ of Corti of monkey (a and c) and guinea pig (b and d). (a) Spectrin 

immunoreactivity is in the cuticular plate of third row OHCs and the lateral membrane of first and second OHCs. The lateral membrane label 

was evenly distributed along the long axis of the cell and along its round circumference. Spectrin label is found in the spring in the pillar region 

(arrow). in the junctions between pillar cells, and in the lateral membrane of IHCs (curved arrow). (b) Spectrin-specific label is found in the 

lateral perimeter of OHCs and in the ICN. Junctional complexes between supporting cells contain a faint spectrin-specific label. tc) Near the 

basal domain of OH&, label in the Deiters cup, and possibly in neural tissue. created increased staining, similar to the Deiters cup found with 

actin label (compare to Fig. If). (d) Intense spectrin-specific label seen in the phalangeal processes of pillar cells. 20 Km in (a), 5 @rn in th). 20 

pm in (c) and 10 pm in cd). 
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Nerve fibers that run longitudinally above the basi- 

lar membrane, parallel to the rows of Deiters cells, 
contain numerous microtubules. Branching sites of 
these nerves are recognized using microtubule-specific 
labeling (Figs. 6e, f). 

4. Discussion 

We used an improved fixation protocol for optimal 
preservation of the microfilament cytoskeleton and 
LSCM. With this method, subtle details of the distribu- 

tion of spectrin and actin in HCs and supporting cells 

were observed. The results show that both actin and 
spectrin are present in the lateral wall of OHCs as well 

as supporting cells, and most probably IHCs. In OHCs, 
label specific for both actin and spectrin was visualized 
along the entire length of the lateral membrane. No 
major differences in the distribution of actin and spec- 
trin in the lateral membrane were found between dif- 

ferent turns or rows of the cochlear duct nor between 
cochleae of monkey, guinea pig, chinchilla, rat and 

mouse. Tubulin was detected in all cells in the organ of 
Corti, as previously reported (Steyger et al., 1989). The 
distributions of actin and tubulin in the apical domain 

of HCs were mutually exclusive. 
The present results extend earlier reports on the 

presence of actin and spectrin along the lateral wall of 
OHCs in several respects: They show that both actin 
and spectrin are present all along the lateral wall. 
Actin and spectrin appear to be present along the 

borders of all HCs and supporting cells in the organ of 
Corti. Actin and spectrin are partly co-localized in the 
cuticular plate, but the distribution of spectrin is not 
completely homogeneous in this region. A spring-like 
organization of actin is found in pillar cells, at the area 
of overlap between the inner and outer pillars. 

Actin in the lateral wall 

Previous studies have reported the presence of actin 
in different structural domains of HCs (Flock and 

Cheung, 1977; Flock et al., 1982, 1986; Slepecky and 
Chamberlain, 1982; 1985; Zenner, 1986). Using im- 
munochemistry at the electron microscope level, Flock 
et al. (1986) have demonstrated actin-specific antibody 

binding near the inner aspect of the plasma membrane 
of OHCs. With the advent of LSCM, Ylikoski et al. 

(1992) used fluorescent phalloidin to label F-actin. 

They have demonstrated the presence of actin in the 

apical domain of HCs but failed to detect actin all the 
way down the lateral membrane, nor did they find 
much actin in the wall of OHCs in apical turns. In 
contrast, the present results demonstrate the presence 
of F-actin along the entire lateral membrane of HCs in 
all rows and turns. 

Spectrin in the lateral wall 

Spectrin has been localized to the lateral wall of 
OHCs by Holley and Ashmore (1988). Using light 
microscopy immunocytochemistry, they reported the 

presence of spectrin in association with the lateral 
OHC membrane. This finding was later confirmed by 
Ylikoski et al. (1990; 1992). They found spectrin along 

the lateral wall of OHCs in all but the more apical 
turns. In our studies, we observe spectrin immunostain- 
ing along the lateral wall of HCs in all rows and turns. 

Using immuno-electron microscopy, Nishida et al. 
(1993) localized spectrin to the area between the plasma 
membrane and the SSC, whereas Weaver et al. (19931 

detected actin in similar locations. These data further 
support the structural model proposed by Holley and 
Ashmore (1990), where circumferential filaments form 
a cortical lattice which is associated with other struc- 

tures near the membrane of OHCs (reviewed by Dal- 
los, 1993). 

Actin and spectrin in the ICN 
We detected actin and spectrin in the lateral mem- 

brane of cells in apical as well as basal areas of the 
cochlear duct in all mammals studied. The only con- 
spicuous inter-species difference was the ICN, which 

was only found in the apical two turns of the guinea pig 
cochlea (Zenner, 1981; Thorne et al., 1987). Actin and 
spectrin were co-localized in the ICN of guinea pig 
OHCs, in agreement with previous studies (Halley and 

Ashmore, 1990; Ylikoski et al., 1992). The molecular 
composition of the ICN may indicate a structural simi- 
larity to the cuticular plate, but structural continuity 
with the cuticular plate was not observed. Rather. 

serial optical sectioning with the LSCM revealed that 
the ICN originated at its apical end from the arca 

immediately beneath the fonticulus. that is. from the 
cuticular plate-free area, as previously reported by 
Ylikoski et al. (19921. The association of ICN with the 

Fig. 5. Z-series through the guinea pig organ of Corti showing spectrin in IHCs (a-c) and single images of spectrin (d) and actin (e) labels in 

OHCs. (a) Intense spectrin label is found in the cuticular plate, and the fonticulus is unlabeled. (b) Spectrin-free gaps are seen between the 

lateral membrane and the cuticular plate. (c) In the infracuticular region, spectrin is associated with the adherens junction complex surrounding 

IHCs and in inter-supporting cell junctional complexes, medial to the IHCs. (d) Spectrin-specific label in the cuticular plate of OIICs is packed 

into dense strands, extending in a quasi-radial direction to the periphery of the cells. (e) Actin label in OHC cuticular plate is homogeneous, hut 

actin-fret gaps between the cuticular plate and the circumferential adherens junction form gaps through the periphery of the cuticular plate. The 

fonticulus contains neither spectrin nor actin. Bars, 5 pm in (cl (for a-cl. 5 pm in (d) and 2 pm in (e). 
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fonticulus may suggest a functional relation of the ICN 

to the basal body. The role of the basal body in mature 

HCs is not clear, but recent studies have shown that 
toxins are concentrated in the fonticulus (Hiel et al., 

1992; El Barbary et al., 19931, raising the possibility 
that it is involved in detoxification in the OHC. Alter- 
natively, the basal body is generally thought to be 
involved in the establishment of cellular orientation in 

space and polarity along the plane of the luminal 
surface (reviewed in Albrecht-Buehler, 1990). Future 

experiments are necessary to elucidate a possible role 

for the ICN in these functions. 

Precise localization of spectrin and actin 

At the light microscope level, it is not possible to 
resolve whether actin and spectrin in the lateral mem- 

brane of OHCs are associated with the SSC or with the 
membrane skeleton. The number of layers of SSC 
varies among different mammals (1 in human, monkey 

and rat and up to 10 in the guinea pig), yet the 
intensity of label did not seem to vary between these 
species. Moreover, in the guinea pig, the number of 

SSC layers is larger in the apical regions of the cochlea 
(our unpublished quantitative observations). Neverthe- 

less, the label intensity for spectrin and actin appear 
similar in the apex and the base. Therefore, similarity 
in distribution of actin and spectrin between different 
mammals and between apical and basal regions of the 

cochlea ca.n be taken as evidence that these molecules 
are not associated with the SSC. The data are there- 
fore in agreement with previous reports that the mesh 

of spectrin is part of the membrane skeleton (Halley 
and Ashmore, 1990) and that spectrin is localized be- 
tween the lateral plasma membrane and the SSC 

(Nishida et al., 1993). 

The role of actin and spectrin in the organ of Corti 

In the case of OHCs, it has been suggested that 
actin-spectrin membrane skeleton components are in- 
volved in active motile properties. Certainly, the pres- 
ence of two potentially active and interacting molecules 

in the lateral wall of OHCs suggests a potential role in 
an active change of lateral wall length. Our results, 
however, do not provide evidence for their direct role 
in OHC motility. Rather, we found actin and spectrin 
in the lateral wall of OHCs and supporting cells, al- 

though only OHCs have a motile response. Moreover, 

the distribution of actin and spectrin in the lateral wall 

of OHCs appeared rather uniform along the cochlea 
duct, from base to apex. In contrast, base to apex 
gradients had been found in features such as the 
number of SSC (larger in apical turn, our unpublished 

data) or the number of effercnt terminals on OHCs 
(Wright and Preston, 1973). 

The distribution of actin and spectrin in OHCs is 

generally consistent with the role attributed to these 
molecules in most non-motile epithelial cells (see re- 
views in Bretscher, 1991; Repasky and Gregorio, 1991). 

The lattice mesh of actin and spectrin in HCs is similar 
to that found in the membrane skeleton of red blood 
cells and many epithelial cell types. We suggest that at 

least in HCs. which lack intermediate filaments 
(Raphael et al., 1987) and cytoskeletal actin filaments 

(Slepecky. 1989; Slepecky and Ulfendahl, 19921, the 
actin-spectrin mesh along the lateral wall is involved in 

the construction of actin networks for the establish- 
ment and regulation of cell shape. In addition, the 
circumferential mesh may participate in docking mem- 

brane units and anchoring cytoplasmic organelles to 
the lateral membrane. Such roles have been proposed 
previously (Slepecky, 1989; Halley and Ashmore, 1990). 

While our results do not support a direct role for 
actin and spectrin in OHC motility, they certainly do 

not rule it out. It is possible that another molecule is 
selectively involved with modulating the role of actin 
and/or spectrin in OHC motility. It should also he 

considered that our localization of actin and spectrin in 
OHCs is consistent with an important indirect role in 
the motile response. Resistance and maintenance of 

shape are important to the transference of the motile 
response to cochlear mechanics, and as such, actin and 
spectrin play an important role in the mechanical fea- 
tures of the organ of Corti. Resistance to dynamic 
changes may be a role of supporting cells in the organ 
of Corti, which may require that they have a stable 
membrane skeleton. The spring of actin and the nar- 

row phalangeal processes of pillar cells that contain 
large amounts of spectrin in the membranal and cyto- 
plasmic domains may be important for transference of 

motility. 
The present data reveal that at the level of the 

reticular lamina, two neighboring IHCs are separated 

Fig. 6. A Z-series through the guinea pig organ of Corti labeled with tubulin-specific antibodies. (a) Tuhulin-specific Iahel in the apical domain 

OHCs is found in the fonticulus and along the perimeter of the cells, around the area of the cuticular plate. Intense label is found in all 

supporting cells, especially pillar cells and the apical processes of third row Deiters cells. (b) The area of IlICs and the supporting cells around 

them contains more tubulin than the OHC region. Tubulin is fnund around the periphery of IHCs and in the pillar cells. (c) In lower areas ol 

OHCs, beneath the cuticular plate, higher tubulin-specific signal is seen. Supporting cells in the OHC region also label intensely. (d) The 

cytoplasm in the lower areas of OHCs contains little label for microtubules. Pillar cells display intense labeling. (e) The narrow phalangeal 

processes of pillar cells label intensely for tubulin. Deiters cells contain large amounts of microtubules in the ‘cup’ that surrounds and supports 

the basal part of OHCs. (f) The basal part of Deiters cells contains a large amount of microtubules, organized in the perimeter of the cell. leaving 

a microtuhule-free central core. Nerve bundles which run near Deiters cells contain a large amount of microtubule\. Rar. 70 /em. 



by a supporting cell with a figure-eight shape. This 
shape of supporting cells is similar to that of the 
phalangeal processes of Deiters cells in the OHC re- 
gion This may suggest a role for these cells in scar 
formation during IHC loss, similar to that shown dur- 
ing OHC degeneration after trauma (Raphael and 
Altschuler, 1991). The 3-D organization of supporting 
cells around IHCs needs to be better understood in the 
physiological and pathological states. 

Actin-free gaps around the cuticular plate 
The cuticular plate extends laterally to meet the 

junctional complex, but not throughout the perimeter 
of the cell, as described previously (Thorne et al., 
1987). Kachar et al. (1993) have noted similar findings 
in guinea pig HCs using electron microscopy. They 
noted that uncoated vesicles that appeared like clathrin 
were associated with microtubules in the gaps between 
the cuticular plate and the lateral membrane and sug- 
gested that the actin-free areas in the cuticular plate 
serve as routes for vesicular transport. The presence of 
microtubules close to the tateral membrane at the 
apical domain of HCs, observed by Steyger et al. (1989) 
and in the present study, is in agreement with the 
observations of Kachar et al. (1993). 
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