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The teleost otolith is the most reliable age determinant and has been commonly applied for fisheries research such as
population studies etc. However, the mechanism of otolith formation has been only insufficiently studied. In order to
clarify the present status and future directions of such basic research, I briefly review here the recent cytological studies
on the structure and functions of the teleost inner ear epithelium. Ultrastructural studies suggest that the mitochondria-
rich cells and the squamous epithelial cells are involved in ion transport. However, the ion species transported by these
cells are yet unknown. Especially, precise understanding of the transport mechanisms of calcium and bicarbonate, and
of the distribution of such transport systems in the saccular epithelium is essential to elucidate the mechanisms of calci-
um carbonate crystallization onto the otolith. On the other hand, the transitional epithelium and the squamous epitheli-
um are responsible for the production of otolith matrix. The sensory epithelium also has some secretory functions; how-
ever, controversial results have been reported on the nature of the secretory products. The detailed nature of secretory

products of each cell type remains to be investigated in future.
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INTRODUCTION

The teleost otolith is the most reliable age determinant
and has been commonly used for fisheries research such as
population studies etc. (Secor et al. 1995a). Since Pannella
(1971) found the presence of daily growth increments in the
microstructure of teleost otoliths, the otolith has also been
used to determine the daily age of larvae and juveniles.
Moreover, recent technical developments in microanalysis
of otolith trace elements enable us to read environmental
events which an individual fish has experienced. For exam-
ple, strontium/calcium ratio in the otolith was indicated to
reflect environmental salinity in laboratory-reared fish
(Secor et al. 1995b, Tzeng 1996, Kawakami et al. 1998)
and the ratio has been applied to document the history of
environmental salinity in wild fish (Secor and Piccoli
1996, Tzeng et al. 1997, Otake and Uchida 1998, Radtke et
al. 1998). While there have been many extensive studies on
the application of fish otoliths to fisheries research, the
mechanism of otolith formation has been insufficiently
studied. In order to clarify the present status and future di-
rections of such basic research, I briefly review here the re-
cent cytological studies on the structure and functions of
the teleost inner ear epithelium. The mechanism of otolith
formation must be studied from the two points of views;
that is, ion transport and matrix synthesis, since the otolith
is composed of calcium carbonate crystals (Carlstrdom
1963) and organic matrix (Mugiya 1968). In the present re-
view, the structure and distribution of ion-transporting cells
and otolith-matrix-producing cells in the saccular epitheli-
um will be described with special emphasis.

GROSS STRUCTURE OF THE TELEOST OTOLITH
ORGANS

Gross structure of the teleost otolith organs was well
documented in Lowenstein (1971) and a good example of

tilapia (Oreochromis niloticus) otolith organs was described
in detail by Saitoh and Yamada (1989). In brief, teleost
otolith organs consist of three membranous sacs called the
utriculus, sacculus, and lagena, each containing a single
dense calcareous otolith called the lapillus, sagitta, and as-
teriscus, respectively. In most of species, the sagitta is the
largest among the three otoliths and most frequently used
for the fisheries research. Histological characteristics of the
otolith organs are thus best documented in the sacculus.
The present review will also deal with the sacculus unless
otherwise noticed.

HISTOLOGICAL CHARACTERISTICS OF THE
SACCULUS

Histological characteristics of the sacculus were docu-
mented in tilapia (Saitoh and Yamada 1989), rainbow trout
(Oncorhynchus mykiss; Mayer-Gostan et al. 1997, Takagi
and Takahashi 1999), and turbot (Scopthalumus maximus;
Mayer-Gostan et al. 1997). A schematic representation of
the transverse section of the teleost fish sacculus is shown
in Figure 1. The saccular wall is a single-layer epithelium
surrounded by a thin connective tissue layer. Three types of
epithelia, i.e., the sensory epithelium, transitional epitheli-
um and squamous epithelium, are distinguished. The thick-
est part of the epithelium is the sensory epithelium which is
composed of sensory hair cells and supporting cells. Nuclei
of these cells are stratified in two layers; hair cell nuclei are
lined in the apical zone and supporting cell nuclei in the
basal. Another type of cells, the columnar cells which are
laying the most peripheral region of the sensory epithelium,
is distinguished in the rainbow trout and the turbot. Eighth
nerve fibers are innervated into the sensory hair cells. Next
to the sensory epithelium, the transitional epithelium is ex-
tended, which gradually becomes thinner to form the squa-
mous epithelium. Mitochondria-rich cells (MRCs) are dis-
persed in the epithelium, but their distribution is species
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Fig. 1. Schematic representation of the transverse section of a
teleost left sacculus. The saccular wall is a single-layer epitheli-
um surrounded by a thin connective tissue layer (CT). The sac-
cular epithelium is divided into sensory epithelium (SE), transi-
tional epithelium (TE) and squamous epithelium (SQE). The
eighth nerve fibers (N) are innervated into the SE. The otolith
membrane, which is composed of a subcupular meshwork (S)
and a gelatinous layer (G), fixes the otolith (O) over the SE. The
sacculus is filled with endolymph (E). Mitochondria-rich cells
are dispersed in the epithelium, but they are not drawn in the
figure because their distribution varies depending on the
species.

specific. The otolith membrane, which is composed of a
subcupular meshwork and a gelatinous layer, fixes the sagit-
ta over the sensory epithelium. The sacculus is filled with
endolymph.

ION-TRANSPORTING CELLS IN THE SACCULAR
EPITHELIUM

Electrolyte composition of the saccular endolymph was
studied in several teleost species (Enger 1964, Finge et al.
1972, Kalish 1991, Payan et al. 1997, 1999) and was best
documented in the rainbow trout (Mugiya and Takahashi
1985, Takagi 1997, Payan et al. 1997, 1998, 1999). The
most characteristic feature of the saccular endolymph is a
high potassium concentration compared with plasma. In the
rainbow trout, the endolymph potassium levels were report-
ed to be 34-124 mM. Bicarbonate concentrations are much
higher in the endolymph than in the plasma, whereas calci-
um concentrations are lower in the endolymph (Mugiya and
Takahashi 1985, Takagi 1997, Payan et al. 1997, 1998,
1999).

Since the sagitta grows in the endolymph without touch-
ing the saccular epithelium, the electrolyte composition and
concentrations of the endolymph, including calcium and bi-
carbonate, must be finely regulated in order to lead stable

Fig. 2. A small flat mitochondria-rich cell in the squamous ep-
ithelium of the rainbow trout sacculus. Bar=2 um.

crystallization of calcium carbonate onto the sagitta.
Ultrastructural studies suggest that the MRCs and the squa-
mous epithelial cells in the saccular epithelium are respon-
sible for the regulation of the endolymph electrolyte com-
position.

The MRCs. The MRCs are characterized by abundant
mitochondria in the cytoplasm. Size, shape and distribution
of the MRCs in the sacculus varied greatly depending on
the species. For example, in the tilapia, MRCs are squa-
mous or cuboidal in shape and are distributed in the lateral
wall of the sacculus forming an oval patch (Saitoh and
Yamada 1989, Saitoh 1990). In the rainbow trout, on the
other hand, they are located in the transitional epithelium
around the sensory epithelium and form dense meshwork,
spreading cellular processes and connecting each other
(Mayer-Gostan et al. 1997, Takagi 1997). In the rainbow
trout, flattened small MRCs are also localized in patches in
the squamous epithelium opposite to the sensory epithelium
(Mayer-Gostan et al. 1997, Pisam et al. 1998, Takagi un-
published observations, Fig. 2). In brown trout (Salmo trut-
ta fario), the MRCs are distributed in the utriculus but not
in the sacculus (Becerra and Anadén 1993).

Ultrastructure of the MRCs is described in blue gourami
(Trichogaster trichopterus; Popper and Hoxter 1981),
tilapia (Saitoh and Yamada 1989, Saitoh 1990), goldfish
(Carassius auratus; Saitoh 1990), brown trout (Becerra and
Anadén 1993), rainbow trout (Takagi 1997, Pisam et al.
1998), and turbot (Psetta maxima; Pisam et al. 1998). The
most distinct cytological features of the MRCs are the pres-
ence of abundant mitochondria and highly developed sys-
tem of anastomosing membranous tubules. The tubules
open to the basolateral membrane of the cell. All these
characteristic features are common to the cells involved in
active ion transport. Moreover, the MRCs are rich in Na*,
K*-ATPase (Mayer-Gostan et al. 1997, Takagi 1997),
which is an enzyme directly or indirectly associated with
the transepithelial transport of various ions in the ion-trans-
porting cells (cf. De Renzis and Bornancin 1984,
McCormick 1995). However, actual ion species which are
transported by the MRCs are unknown at present.

The squamous epithelial cells. In tilapia (Saitoh and
Yamada 1989), the lateral membranes of the squamous ep-
ithelial cells show complex infoldings forming the intercel-
lular canalicular system. I found similar lateral-membrane
infoldings in the rainbow trout squamous epithelial cells
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Fig. 3. Squamous epithelial cells of the rainbow trout sacculus. A. The lateral membrane of the squamous epithelial cells have complex
infoldings forming the intercellular canalicular system (IC). A vesicle is arising from the apical surface of the cell. Bar=1 um. B. The
vesicle arising from the squamous epithelial cell shows the positive reaction (black precipitates) toward the antiserum against the

EDTA-soluble otolith matrix. Bar=1 um.

(Fig. 3A). The small flattened MRCs located in the squa-
mous epithelial cells in the rainbow trout and the turbot
also have similar structures (Pisam et al. 1998). Pisam et al.
(1998) suggested that the small flattened MRCs are respon-
sible for the secretion of potassium, which is highly con-
centrated in the endolymph, since similar lateral-membrane
infoldings are observed in potassium-secreting epithelia in
other animals (Berridge 1970, Ellis and Goertemillar
1974). Saitoh and Yamada (1989) suggested that the tilapia
squamous epithelium was involved in the humoral control
of the endolymph. Therefore, it is highly likely that the
squamous epithelial cells other than MRCs are also in-
volved in the ion transport.

OTOLITH-MATRIX-PRODUCING CELLS IN THE
SACCULAR EPITHELIUM

The otolith organic matrix includes proteins, carbohy-
drates and lipids (Mugiya 1968), and generally divided into
two fractions, water-soluble and -insoluble fractions. Both
fractions are mainly composed of proteins and rich in acidic
amino acids (Degens et al. 1969, Baba et al. 1991, Asano
and Mugiya 1993, Sasagawa and Mugiya 1996). Some
components of the water-soluble fractions have calcium-
binding capacity and have been suggested to have impor-
tant roles in mineralization of the otolith (Baba et al. 1991,
Asano and Mugiya 1993, Sasagawa and Mugiya 1996).
Several glycoproteins have also been biochemically demon-
strated in the otolith matrix (Baba et al. 1991, Asano and
Mugiya 1993, Sasagawa and Mugiya 1996).

Baba et al. (1991) reported that almost all the cells
in the saccular epithelium of walleye pollock (Theragra
chalcogramma) were positive to the antiserum against the
whole otolith matrix and suggested these cells as otolith-
matrix-producing cells. However, they did not distinguish
MRCs in their study. Takagi and Takahashi (1999) showed
that trout MRCs were immunonegative toward the antibody
raised against the EDTA-soluble proteins of the otolith.
Thus, the results of Baba et al. (1991) may indicate that all
the saccular epithelial cells, except for the MRCs, are
otolith-matrix-producing cells. In the present review, func-
tions of each epithelium in the sacculus on the otolith-ma-
trix production are discussed independently.

The sensory epithelium. In tilapia (Saitoh and Yamada
1989) and rainbow trout (Takagi unpublished observations),
both the sensory hair cells and supporting cells are
equipped with apocrine-like extrusions of cytoplasm and
dilations of vesicles. These cells are also reported to con-
tain rough endoplasmic reticulum and Golgi apparatus in
the rainbow trout and the turbot (Pisam et al. 1998). In the
rainbow trout and turbot, the columnar cells laying the most
peripheral region of the sensory epithelium have highly ex-
tended and dilated endoplasmic reticulum and contain elec-
tron-dense spherical granules (Pisam et al. 1998, Takagi
and Takahashi 1999). Apical membrane of these cells are
frequently equipped with the dilations of vesicles (Takagi
and Takahashi 1999). These data strongly suggest that all
the cells in the sensory epithelium have secretory function.
Although the data available at present suggest that the sen-
sory epithelial cells produce the component(s) of otolith
matrix or otolith membrane, there is still controversy on the
nature of the secretory products. Baba et al. (1991) reported
that the antibody against the calcium-binding protein,
which was contained in the walleye pollock otolith, reacted
with the sensory hair cells. Because the calcium-binding
protein was extracted from the otolith with 10% EDTA so-
lution, their result indicates that the hair cells produce one
of the EDTA-soluble proteins of the otolith matrix. In the
rainbow trout, on the other hand, the columnar cells laying
the most peripheral region of the sensory epithelium are in-
volved in the production of otolith matrix, since the anti-
body against the EDTA-soluble otolith matrix strongly
bound with the columnar cells but showed no specific reac-
tion with the sensory hair cells and the supporting cells
(Takagi and Takahashi 1999). In contrast, Davis et al.
(1997) reported that the cells at the edge of the sunfish sac-
cular sensory epithelium produce the 95kDa glycoprotein
which was specifically contained in the otolith membrane.
They considered these cells as supporting cells. From the
morphological characteristics and their localization, howev-
er, these cells may be equivalent to the columnar cells in the
rainbow trout.

The transitional epithelium. No species difference is
evident in the ultrastructure of the transitional epithelium
among tilapia (Saitoh and Yamada 1989), rainbow trout
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(Pisam et al. 1998, Takagi and Takahashi 1999, Takagi
2000) and turbot (Pisam et al. 1998). In brief, transitional
epithelial cells contain extended rough endoplasmic reticu-
lum, prominent Golgi apparatus and numerous secretory
granules, indicating that these cells are involved in the pro-
duction of proteinaceous materials. The apical surface of
these cells are frequently associated with cytoplasmic ex-
trusions and vesicles, which confirms the secretory activity
of these cells. The transitional epithelial cells of the rain-
bow trout contain two types of secretory granules which are
immunoreactive to the antibody against the EDTA-soluble
otolith matrix (Takagi 2000). Therefore, the transitional ep-
ithelium in the rainbow trout certainly produces the otolith
matrix. Considering the close similarities in their ultrastruc-
tures among several teleost species, it is most probable that
the transitional epithelium is generally involved in the pro-
duction of the otolith matrix.

The squamous epithelium. The squamous epithelial
cells also have secretory functions, and nature of the secre-
tory products of these cells has been best documented in
the rainbow trout. Like the squamous epithelial cells of the
walleye pollock, those of the rainbow trout are also im-
munopositive toward the antibody against the EDTA-solu-
ble otolith matrix (Takagi and Takahashi 1999). The ultra-
structural features of the immunoreactive cells indicate that
these cells produce and secrete proteinaceous material(s)
(Takagi and Takahashi 1999). It is also reported that the se-
cretory granules contained in the apical part of the trout
squamous epithelial cells react with the antibody against
the EDTA-soluble otolith matrix (Takagi 2000). Moreover,
the vesicles arising from the apical surface of the trout
squamous epithelial cells are also immunoreactive to the
antibody (Fig. 3B). All these data indicate that the squa-
mous epithelial cells are involved in the production of the
otolith matrix. As described above, the squamous epithelial
cells have intercellular canalicular system, and thus are sug-
gested to have ion-transporting activity. I found that the
squamous epithelial cells with the intercellular canalicular
system have secretory activity in the rainbow trout (Fig.
3A). Therefore, the squamous epithelial cells in the rain-
bow trout may have multiple functions, ion transport and
otolith-matrix production. Saitoh and Yamada (1989) re-
ported that the squamous epithelial cells of tilapia also have
the intercellular canalicular system and secretory blebs.
They suggested, however, that the squamous epithelium is
involved in the humoral control of the endolymph. Further
comparative studies on the nature of secretory products of
the squamous epithelial cells in fishes other than the rain-
bow trout are required.

SUMMARY AND FUTURE DIRECTIONS

In the present review, the structure and distribution of
ion-transporting cells and otolith-matrix-producing cells in
the saccular epithelium are described. In the teleost saccu-
lus, the MRCs and the squamous epithelial cells are sug-
gested to have ion-transporting activity. However, the ion
species transported by these cells are yet unknown.
Especially, precise understanding of the transport mecha-
nisms of calcium and bicarbonate, and of the distribution of
such transport systems in the saccular epithelium is essen-
tial to elucidate the mechanism of calcium carbonate crys-

tallization onto the otolith. Identification of various ion-
transporting proteins, such as Ca®*-ATPase and Na*/Ca**
exchanger, is prerequisite to the clarification of their ion-
transporting mechanisms.

Although the number of species examined so far is not
yet enough, the transitional epithelium and the squamous
epithelium are responsible for the production of otolith ma-
trix. The sensory epithelium also have some secretory func-
tions; however, controversial results have been reported on
the nature of the secretory product(s). The detailed nature
of secretory products of each cell type remains to be inves-
tigated in future. In order to determine the secretory prod-
uct(s) of each cell, immunohistochemistry with the specific
antibody for each component of the otolith matrix and the
otolith membrane is inevitable. Only the producing cells of
the 42 kDa calcium-binding protein of the walleye pollack
otolith and those of the 95kDa glycoprotein of the sunfish
otolith membrane have been identified. Further characteri-
zation of each component of the otolith matrix is essential
to understand the cellular mechanism of the otolith matrix
production.
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