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&p.1:Abstract. The saccular membranes of trout (Onco-
rhynchus mykiss) and turbot (Scophthalmus maximus)
were examined to characterize specialized epithelial
cells that might be responsible for ion exchange. The ap-
proach for localizing cell types was new for this tissue,
as observations were made with a stereomicroscope and
a light microscope in order to have a general view of the
epithelium. No important differences between the two
species were seen. The saccular tissue is a monolayer
epithelium (except for the macula neural zone) sur-
rounded by a layer of connective tissue invaded by many
blood vessels. The use of the fluorescent probe DAPSMI
and zinc iodide/osmium fixation-coloration defined two
areas in which ionocytes were present. In the first, large
ionocytes were grouped into a nearly complete, crowned
meshwork around, but separated from, the macula. In the
second area, opposite the macula, the ionocytes were
smaller, cubical, and grouped in patches. Cells rich in
Na+, K+-ATPase and carbonic anhydrase II were present
in both areas. Contrary to previous studies in mammals
and fish, ionocytes were also found in the epithelium of
the saccule.

&kwd:Key words: Ionocyte – Saccular epithelium – Inner ear
– Oncorhynchus mykiss, Scophthalmus maximus(Tele-
ostei)

Introduction

The inner ear of teleosts is not equipped with a structure
similar to the cochlea, which characterizes higher verte-

brates. The labyrinth of fish is involved in the mainte-
nance of equilibrium and has nervous cells sensitive to
pressure, movements and sound vibrations (Lowenstein
1971; Dale 1980). The membranous labyrinth of fish
consists of three connecting chambers, viz. the utricle,
saccule and lagena, each containing one otolith. These
chambers also communicate with the three semi-circular
canals, and the lumen of the entire system is filled with
endolymph. Fish otoliths are calcium carbonate concre-
tions with marked annual and daily rhythmic depositions
(Panella 1971). Otolith microstructure is important as it
reflects not only the age, but also the history of the so-
matic growth of the fish (Campana and Nielson 1985;
Jones 1992).

The endolymph in the labyrinth of all vertebrates is
characterized by high potassium. In mammals, the sodi-
um concentration is low and thus the endolymph is an
“intracellular-like” ionic medium for cations other than
calcium (ionized calcium: 0.03 mM in the cochlear en-
dolymph, 0.3 mM in the vestibular endolymph). Only a
few studies have reported the composition of endolymph
in fish and most deal with that in the saccule, because
this chamber is the largest of the labyrinth in most spe-
cies. Fish endolymph has a higher sodium concentration
(110–140 mM: Enger 1964; Fänge et al. 1972; Watanabe
and Miyamoto 1973; Mugiya and Takahashi 1985;
Kalish 1991) than that (3–40 mM) in mammals (Sterkers
et al. 1990). Another difference, described by Mugiya
and Takahashi (1985), is that the saccular endolymph of
fish is more alkaline than plasma (∆pH 0.5–0.65 units),
whereas endolymph and plasma have the same pH in
mammals (Sterkers et al. 1990). Teleosts have no peri-
lymph and the ionic composition of cranial fluids does
not differ substantially from that of plasma (Enger
1964). In aerian vertebrates, the endolymph has always
been found to be positive with respect to the perilymph,
the voltage varying from +80 mV in the cochlea to
+5 mV in the utricle (Sterkers et al. 1990). In teleosts, a
saccular potential of about +10 mV has been reported
(Enger 1964). This suggests that, in all cases, energy-de-
pendent mechanisms maintain the K+ concentration of
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the endolymph. Another feature of fish saccular endo-
lymph is its high content of total CO2 (Mugiya and
Takahashi 1985). Biomineralization by formation of
CaCO3 on the otolith shifts the carbonic acid equilibri-
um towards acid values (Cameron 1990). The observa-
tion that endolymph fluid is more alkaline than plasma
suggests that H+ ions are pumped out by the epithelium
and, if the potential measured by Enger (1964) is cor-
rect, this ion is not in electrochemical equilibrium. Thus,
at least for K+ and H+, energy-dependent mechanisms
appear to maintain gradients between the plasma and en-
dolymph.

In most epithelia, active ion transport takes place in
specialized cells, viz. ionocytes. In the mammalian inner
ear, cells of the cochlear stria vascularis and vestibular
dark cells are considered to be sites of endolymph pro-
duction (Sterkers et al. 1988); they are rich in mitochon-
dria and have a well-developed membrano-tubular
system in which Na+, K+-ATPase is located, characteris-
tics that are typical of ionocytes. Ionocytes have not
been observed in the saccule of mammals (Kimura
1969). Studies of the morphology of the inner ear in fish
mostly deal with sensory structures (Popper 1977, 1979)
or the otolithic membrane (Dunkelberger et al. 1980).
However, in a recent study, Becerra and Anadon (1993)
have studied the structure and development of ionocyte-
rich areas in the trout labyrinth and have found them ex-
clusively in the wall of the utricle and crus commune
and in the semicircular canal ampullae; they make no
mention of any ionocyte-containing area in the saccular
membranes.

We have therefore examined the saccule by use of
coloration or probes known to characterize ion-trans-
porting cells, in two species belonging to different or-
ders, the fresh-water trout (Oncorhynchus mykiss –
salmoniform) and the sea-water turbot (Scophthalmus
maximus –pleuronectiform). Zinc iodide/osmium (ZIO)
fixation is known to colour ionocytes (also called chlo-
ride cells) in fish gill (Avella et al. 1987; Mayer-Gostan
et al. 1987; Madsen 1990; Watrin and Mayer-Gostan
1996) and has thus been used to detect the presence of
cells that might react in the same manner as gill ionocy-
tes. The saccular tissue has also been incubated with the
isomeric styryl fluorescent dye dimethylaminostyryl-
methylpyridiniumiodine (DASPMI; Bereiter-Hahn 1976;
Mayer-Gostan et al. 1987) in order to visualize mito-
chondria-rich cells. Moreover, the localization of Na+,
K+-ATPase in the saccular epithelium has been studied,
as this enzyme has been shown to be more abundant in
fish gill ionocytes than in pavement cells (Karnaky et al.
1976; McCormick 1990). Carbonic anhydrase has been
immunolocalized because gill ionocytes have been
shown to contain this enzyme (Lacy 1983; Rahim et al.
1988) and because this enzyme has been measured in the
fish saccule (Mugiya et al. 1979). Intracellular acidic
vesicles have been visualized by use of the weak base
(Anderson and Orci 1988) acridine orange (AO), an
amine that accumulates in acidic compartments of cells
in living tissues. All observations have been performed
either on whole tissue without embedding or on serial
sections after embedding.

Materials and methods

Fish handling

Trout (Oncorhynchus mykiss)of about 200 g body weight were
routinely collected from a local fish farm near Nice and reared in
running tap water at about 14°C in circular tanks. Turbot (Scoph-
thalmus maximus), with a weight of 100–150 g, were obtained
from facilities at IFREMER (Institut Français de Recherche pour
l’Exploitation de la MER, Brest, France), flown to Nice and kept
in a closed circuit of Mediterranean sea-water maintained at 16°C.
The light in the aquarium room was on constantly for 12 h a day.
Both groups were fed once a day, in the morning. The experi-
ments reported in this article complied with the “Principles of ani-
mal care” of the National Institute of Health (publication
no. 86–23, revised 1985) and the French laws for experiments on
animals (décret no. 87–848).

Tissue sampling and preparation

Each fish was killed by rapid spinal section (less than 1 min) and
decapitated behind the gills. The head was placed on ice and the
skull opened by an antero-postero tangential cut and a dorsal cut
just above the eyes. After anterior retraction of the brain, the ear
was exposed and the semicircular canals and nerve branches were
cut. The hemi-labyrinth was excised and either dropped into fixa-
tive (ZIO, Bouin’s fixative or paraformaldehyde) or kept in an aer-
ated modified Ringer’s solution to be further dissected. The time
between decapitation and tissue sampling was less than 2 min.

The ZIO fixative solution was prepared as previously de-
scribed (Maillet 1959). Briefly, a filtered zinc iodide solution
(ZnI2) was prepared just before use (4.25 g zinc powder in 50 ml
distilled water to which 1.25 g bisublimed iodine was added) and
4 parts of this solution were mixed at the last moment with 1 part
of a 2% aqueous solution of osmium tetroxide. After fixation for
2–4 h at 4°C, tissue samples were rinsed in distilled water and ei-
ther directly observed or dehydrated and embedded in Spurr resin
(Fullam, Lathan, N.Y., USA). For direct observation, the hemi-
labyrinth was either observed with a stereomicroscope or dissect-
ed as described below for living tissue and observed with a stan-
dard microscope (Polyvar, Reichert). For serial observations, or-
dered sections (0.5–2.0µm, cut on an Ultracut E microtome,
Reichert-Jung) of the tissue embedded in Spurr were glued on
glass slides and observed with a light microscope.

Immunocytochemical detection of carbonic anhydrase II

Labyrinths were fixed with Bouin’s fixative, rinsed with phos-
phate-buffer (PBS) but not embedded. After removal of the lage-
na, the opened saccule was incubated first with PBS containing
4% bovine serum albumin (PBS-BSA), then overnight at 4°C with
the IgG fraction of a sheep polyclonal antiserum raised against
human carbonic anhydrase II (The Binding Site, Birmingham, En-
gland) at a dilution of 1:1500 or with normal sheep serum (Jack-
son, West Grove, Pa., USA), rinsed with PBS-BSA and incubated
for 3–4 h at room temperature with rabbit anti-sheep IgG (Jack-
son) at a dilution of 1:1000. After another rinse with PBS-BSA,
the tissue was incubated with fluorescein-conjugated swine immu-
noglobulins to rabbit immunoglobulins (Dako, Trappes, France) at
a dilution of 1:30 at room temperature for 2–3 h. The saccule was
then rinsed with PBS, further dissected (as described below for
living tissue observations), flattened on a glass slide and observed
with an inverted fluorescence microscope (Olympus IMT 2). As
the fluorescein isothiocyanate (FITC) fluorescent signal (excita-
tion 488 nm, emission 520 nm) was low, a videocamera (Hama-
matsu with image enhancer, Argus 20) was used. Images taken
with the videocamera were continuously accumulated in the mem-



ory and the accumulated image was displayed. This substantially
improved the signal/noise ratio of the image.

Preparation of living tissue

Excised tissue was kept in aerated Ringer’s solution until used.
Dissection was visualized through a stereomicroscope and the tis-
sue oriented with the saccular macula as a reference area. A ring-
shape was first obtained by making two lateral circular cuts with
ophthalmological scissors perpendicular to the long axis of the
macula, thus making two symmetrical portions of a sphere that
could be removed, one corresponding to the lagena. The ring was
opened by a median cut through the macula. The piece of tissue
was unfolded and flattened as much as possible on a glass slide
with the endolymph side up. A small Cunningham perfusion
chamber of about 100µl was made and solutions were introduced
and removed from the chamber as required. The incubation medi-
um contained 135 mM NaCl, 1.5 mM CaCl2, 1 mM MgCl2,
0.4 mM KH2PO4, 5 mM NaHCO3, 1 g/l glucose; the pH was ad-
justed to 7.4 with HCl and the solution was gassed with air before
use. The probes DASPMI, AO and anthroyl-ouabain (all from Sig-
ma-Aldrich Chimie, Saint Quentin Fallavier, France) were added
to the incubation solution to give a final concentration of, respec-
tively, 10, 3 and 5µM. The freshly excised epithelium was ex-
posed to the probe-containing medium for about 10 min for DA-
SPMI and AO, and for 1 h for anthroyl-ouabain.To confirm that
the fluorescent granules stained with AO were acidic vesicles, the
disappearance of the orange fluorescence of the granules was
checked after perfusion with ammonium chloride (10 mM), an
agent that probably abolishes any proton gradient between the
granules and cytoplasm. For DASPMI and AO, a band pass filter
(450–480 nm) was used for excitation, with a 500-nm chromatic
beam splitter and a 515-nm pass filter for emission, on a fluores-
cence microscope (Olympus IMT2). In the case of anthroyl-oua-
bain, the excitation beam was filtered through an interference fil-
ter (360 nm), whereas the emission was selected with a 420 nm
filter. The images were viewed by a camera (Extended Isis, Pho-
tonic Science) with a sensitivity to 10-6 lx and the video signal
processed (processor card DT 2867; Data translation, Marlboro,
USA) in a PC (P 5/100 – Gateway 2000 Europe, Dublin Ireland).
Image analysis was carried out with Axon software (Axon Imag-
ing Worbench AIW, Calif., USA).

Results

Distribution of ZIO-positive cells in the hemi-labyrinth,
particularly the saccule

The complete hemi-labyrinth of the trout before and af-
ter ZIO fixation-coloration and without dissection is
shown in Fig. 1. The various chambers (utricle, saccule,
lagena, canals) of the membranous labyrinth can be rec-
ognized and the otolith can be seen (Fig. 1a). After ZIO
treatment (Fig. 1b), the nervous tissue and cut nerves ap-
pear black, allowing the recognition of the saccular mac-
ula; a black area can be distinguished almost completely
enclosing the macula but is separated from the macula
by a narrow clearer line.

After dissection of the saccule and observation from
the endolymphatic side, the limit between the macula
and the area of ZIO-positive cells can be clearly ob-
served (Fig. 2a). These cells are organized as a mesh-
work near the long axis of the macula. Most cells appear
to be connected to each other and their number decreas-
es further from the macula where there are only a few
isolated cells. Numerous capillaries are present in the
connective tissue, which surrounds the meshwork of
ZIO-stained cells.

In the portion of sphere roughly opposite to the mac-
ula, ZIO-positive cells were observed grouped in patches
(Fig. 2b). They were different from those next to the
macula as the cells were smaller and their ZIO-staining
was not homogeneous, some cells being strongly posi-
tive, some being lightly coloured and others remaining
uncoloured. Although patches were always observed,
their number, position and size was difficult to analyse.
An area with almost no ZIO-positive cells lay between
the meshwork and the patches. Similar results were ob-
tained in the saccule of turbot (not shown).

The saccular distribution of ZIO-positive cells in seri-
al sections is presented in Fig. 3, with typical areas for
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Fig. 1a, b.The membranous labyrinth of trout (Oncorhynchus my-
kiss) observed with the stereomicroscope. a Direct observation af-
ter excision; the position of the saccular otolith can be seen inside
the saccule. ×7, Bar: 1.4 mm. b Zinc iodide/osmium (ZIO) fixa-

tion-coloration. A clear line (white arrow) separates the macula
from another black area. ×6, Bar: 1.6 mm. s, Saccule; l, lagena;
u, utricle; c, partially cut semicircular canals&/fig.c:



Fig. 3a–d. ZIO-fixed saccule of trout (Oncorhynchus mykiss).
a′–d′ ZIO-fixed saccule of turbot (Scophthalmus maximus). Serial
sections. The typical areas are found successively from the macula
to the opposite side. a, a′ Macular area and beginning of the
“meshwork” area with large ZIO-positive cells near the macula
but separated from it by large non-labelled cells. a ×340, Bar:
30 µm. a′ ×490, Bar: 20 µm. b, b′ “Meshwork” area with large
ZIO-dark cells; b and b′ are in continuity with a and a′, respec-
tively. b ×340, Bar: 30 µm. b′ ×840, Bar: 12 µm. c, c′ “Intermedi-
ate” area with no labelled cells; c is in continuity with b, whereas
c′ is near the “patches” area. c ×340, Bar: 30 µm. c′ ×840, Bar:
12 µm. d, d′ “Patches” area where small cells are labelled by ZIO.
d ×270, Bar: 37 µm. Insert: ×840, Bar: 12 µm. d′ ×840, Bar:
12 µm. e,Endolymph; n, nerve; bv,blood vessel; m,macula&/fig.c:
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trout (Fig. 3a–d) and turbot (Fig. 3a′–d′). The saccular
epithelium is surrounded by connective tissue of variable
thickness. Estimations of the thickness of the connective
tissue were only made for the trout (they were generally
smaller in the turbot): about 70µm near the macula
(Fig. 3a) but only 40µm at the opposite side (Fig. 3d).
Blood vessels were observed in the connective tissue;
the region next to the macula appeared to contain large
numbers of blood vessels.

Four main regions of the saccular epithelium wall
along a symmetrical axis crossing the macula can be dis-
tinguished as shown in Fig. 2c. (1) The macula is the
nerve-containing region and has the greatest thickness
(80–100 µm). The epithelium is stratified and fusiform
ciliate cells in direct contact with the endolymph are
lightly stained by ZIO (Fig. 3a, a′). (2) The “meshwork”
area next to the macula (Fig. 3a, a′, b, b′) consists of an
epithelium of 30–20µm. Large ZIO-positive cells are
separated from the macula by equally large cells that do
not contain any precipitate. Although the epithelium ap-
pears to be stratified, the large ZIO-labelled cells cross
the epithelium, their apical plasma membrane reaching
the endolymphatic medium and their basal plasma mem-
brane facing the connective tissue. Numerous capillaries
irrigate this area. (3) The “intermediate” area between
the “meshwork” and the “patches” areas is a region de-
void of ZIO-positive cells. The thickness of the pseudo-
stratified epithelium decreases progressively from 20µm
(Fig. 3c) near the “meshwork” area to 5µm near the
“patches” area and becomes a monolayer (Fig. 3c′). (4)
The “patches” area lies opposite to the macula. The epi-
thelium has a thickness of 6–9µm and consists of a
monolayer of cubical cells. Cells stained by ZIO (Fig.
3d, d′) occur in groups, the variable number of stained
cells on successive sections suggesting patches.

The distribution of ZIO-positive cells in the saccule
of trout and turbot is similar (Fig. 3). Minor differences
mainly involve the thickness of the epithelium, which is
particularly thin in the “intermediate” and “patches” ar-
eas of the turbot.

Mitochondria-rich cells in the saccular epithelium
of trout

Observation on living fresh tissue after incubation with
DASPMI showed that the macula was fluorescent, but

Fig. 2a, b. ZIO-fixed trout labyrinth; the dissected and flattened
saccular tissue is viewed from the endolymphatic side. a Area
near the macula. Note the clear separation between the macula (m)
at the top and the ZIO-dark cells. The meshwork arrangement of
the large ZIO-positive cells appears to be well separated from the
macula. ×200, Bar: 50 µm. b Area opposite the macula. ZIO-
stained small cells are grouped in patches. Note the different in-
tensity in the black precipitate in the cells. ×200, Bar: 50 µm. c
Line diagram of the saccular epithelium showing the localization
of putative ionocytes&/fig.c:
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the tissue thickness did not allow the fluorescent struc-
tures to be defined. The “meshwork” area could be rec-
ognized next to the macula where large cells, organized
as a meshwork, were fluorescent (Fig. 4a). Smaller fluo-
rescent cells were observed in the “patches” area, oppo-
site to the macula (Fig. 4b) and, like the ZIO-positive
cells in this area, they appeared to be grouped in patches.
Differences in fluorescence intensity were observed be-
tween cells of this region; however, because the tissue
was difficult to flatten, we could not conclude with cer-
tainty that this corresponded to variations in the amount
of mitochondria. The “intermediate” area devoid of ZIO-
positive cells was also devoid of DASPMI-fluorescent
cells.

Cells labelled with anthroyl-ouabain in the saccular
epithelium of trout

Observations on living tissue after incubation with anth-
royl-ouabain showed two areas of fluorescent cells simi-
lar to those identified with ZIO and DASPMI. In the
“meshwork” area next to the macula, large cells were or-
ganized as a network (data not shown). Smaller fluores-
cent cells were observed in the “patches” area, although
their fluorescence was faint compared with that of cells
observed in the “meshwork” area and they could be
identified only because a highly sensitive videocamera
was used.

Cells containing carbonic anhydrase II in the saccular
epithelium of trout

Cells with cytoplasmic immunofluorescence were, like-
wise, observed in the two regions previously described
as the “patches” and “meshwork” areas where ZIO-posi-
tive cells, DASPMI-fluorescent cells and anthroyl-oua-
bain fluorescent cells were seen (data not shown). The
size of the cells and their organization (network of large
cells in the “meshwork” area and groups of small cells in
the “patches” area) were similar to those visualized by
the other techniques.

Cells containing acidic vesicles in the saccular
epithelium of trout

The nuclei of cells in fresh tissue incubated with AO
showed a green fluorescence. Cells containing orange
granules of variable sizes (generally small) were ob-
served in nearly all the epithelium and were most obvi-
ous in the “patches” area opposite to the macula (Fig. 5).
However, in contrast to all the previous labelling meth-
ods, the “meshwork” area was devoid of cells with or-
ange granules. Exposure to ammonium chloride rapidly
abolished the granular orange fluorescence, leaving only
the green fluorescence of the nuclei, thus confirming the
acidic nature of the granular structures.

A summary of the stainings observed in three of the
main areas defined in the saccular epithelium is shown

Fig. 4a, b.Observation of the living saccular epithelium of trout
after incubation with the fluorescent mitochondrial probe
DASPMI. a “Meshwork” area near the macula (m) and “interme-
diate” area. The fluorescent cells are large and organized into a
meshwork similar to that in Fig. 2a, whereas the macula gives a
general fluorescence. A part of the “intermediate” area appears
green with no fluorescent cells. b “Patches” area opposite the
macula. Note the patches of small DASPMI-positive cells. The
thickness and infoldings of the tissue did not allow the whole field
to be sharply focussed. ×100, Bars: 100µm&/fig.c:

Fig. 5. Acridine orange fluorescent staining of intracellular gran-
ules in the saccular epithelium of trout. The tissue includes the
“intermediate” area and the “patches” area. The orange labelling
of small intracytoplasmic vesicles is found throughout the epithe-
lium, except in large cells of the “meshwork” area. Nuclei are
stained green. ×190, Bar: 52 µm&/fig.c:



versity in their strength of coloration and in their ar-
rangement in patches. No fundamental differences have
been observed between the primitive fresh-water trout
and the more evolved pelagic sea-water turbot, at least as
regards staining with ZIO. The bone opening in the tur-
bot, which is smaller than the inner ear, and the fragility
of the epithelium have not allowed us to test all the vari-
ous probes in this species. Although only two species
have been examined, we suspect that the presence of two
types of ionocytes is a general feature of the fish saccule
and is not related to environmental adaptation (depth of
habitat or salinity) or to the degree of evolution but rath-
er to some fundamental aspect of physiology (function
of the macula and/or otolith depositions). However, ZIO
staining alone, although shown to colour ion-transport-
ing cells in various epithelia (Watrin and Mayer-Gostan
1996), is not sufficient to define the cells labelled in the
saccule as ionocytes.

If one considers that richness in mitochondria is one
of the best indicators of ionocytes, then the “patches”
and “meshwork” regions that contain ZIO-positive cells
(whatever the shape and size of the cells) must contain
ionocytes, as DASPMI labels both areas. Gill and oper-
cular ionocytes have been demonstrated with this probe
(Mayer-Gostan et al. 1987; McCormick 1990). Ionocytes
in structures other than the saccule in the fish inner ear
have been characterized by their richness in mitochon-
dria when examined electron-microscopically (Becerra
and Anadon 1993) but, to our knowledge, this is the first
time that DASPMI has been used on the inner ear of fish
or in higher vertebrates.

Na+, K+-ATPase has been observed in the secretory
dark cells of the vestibular tissue of the squirrel monkey
and guinea-pig (Yoshihara et al. 1987; Ichimiya et al.
1994) and in the frog saccule (Burnham and Sterling
1984). The activity of the Na+, K+-ATPase measured in
the ionocytes of fish gills has been shown to be 5 times
greater than that in the respiratory cells (Naon and May-
er-Gostan 1983). The basolateral tubular system in the
ionocytes of the fish gill is very rich in this enzyme
(Karnaky et al. 1976) and, although anthroyl-ouabain
has been shown to localize Na+, K+-ATPase in the iono-
cytes of the gill of teleost (McCormick 1990), it has not
previously been used to localize this enzyme in the inner
ear of fish. Despite there being no direct evidence that
the labelled cells observed in our experiments are those
stained by ZIO or those fluorescent after DASPMI, the
similarities in location and shape are strong arguments
for their identity as ionocytes.

Carbonic anhydrase II has been immunolocalized in
the cytoplasm of cells that are ionocytes as judged by
their localization in areas in which ZIO- and DASPMI-
labelled cells are found. The low level of fluorescence
could result from the loss of enzyme during the proce-
dure and/or from the antibody having been raised against
human carbonic anhydrase II. The presence of carbonic
anhydrase is a feature shared with ionocytes of the gill
(Lacy 1983; Rahim et al. 1988). Carbonic anhydrase ac-
tivity has been demonstrated in the inner ear of cat
(Erulkar and Maren 1961) and in the saccule of rainbow
trout where its involvement in carbonate deposition in
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in Table 1. Staining observed in the macula area (mainly
with ZIO and DASPMI) was not reported, because the
cells stained could not be defined.

Discussion

In order to have as complete a view as possible of the
whole epithelium, we have limited this study to observa-
tions with a stereomicroscope or light microscope. The
ZIO procedure was originally developed for staining au-
tonomic nerves (Maillet 1959) and for studies of synap-
tic vesicles. However, the biochemical significance of
this staining is still not clear as it has been associated
with many diverse factors, such as Ca2+, ATP and –SH
groups (Hayat 1993). To our knowledge, the ZIO fixa-
tion method has never before been used on the inner ear
of any vertebrate. It produces dark staining not only of
nerves, but also of epithelial cells. The clear distinction
between the macula sensory cells and the adjacent epi-
thelium could reflect a different embryological origin
(the non-sensory structures arising from ectodermal epi-
thelium). In the gill epithelium of teleosts, ZIO has been
shown to stain chloride cells of fresh-water and sea-wa-
ter fish (Garcia-Romeu and Masoni 1970; Avella et al.
1987; Madsen 1990; Watrin and Mayer-Gostan 1996).
The strong black coloration of gill ionocytes after ZIO
fixation permits their distinction from surrounding pave-
ment cells and mucous cells. The number of gill cells
stained by ZIO can be correlated with the magnitude of
ion transport (Avella et al. 1987) and their proliferation
as measured following hormonal treatment (Madsen
1990), which is known to modify ion exchange. In the
saccule, ZIO has revealed two types of putative ionocy-
tes: large cells in the area contiguous with the macula
and patches of small cells that lie opposite to the macula
and that stain with a wide range of intensities. The large
cells share common features (a size of 20–30µm, strong
ZIO staining, contact with two different media) with the
ionocytes observed in the gill or opercular membrane
(Naon and Mayer-Gostan 1983, Avella et al. 1987; Kar-
naky 1986). The meshwork organization results from
contacts between stained cells but cannot be described
further at the magnifications used. The small ZIO-posi-
tive cells in the patches opposite to the macula do not
differ in their shape from the surrounding pavement
cells; however, they present a complex pattern with di-

Table 1.Summary of the staining of ionocytes in the saccular epi-
thelium of trout and turbot (ZIO, zinc iodide/osmium; DASPMI,
dimethylaminostyrylmethylpyridiniumiodine; CAII, carbonic an-
hydrase II; ++++, maximal staining; –, negative staining)&/tbl.c:&tbl.b:

“Meshwork” “Intermediate” “Patches” area
area area

ZIO ++++ − +++ or ++
DASPMI ++ − ++
Anthroyl-ouabain ++ − +
CAII ++ − +
Acridine orange − + +

&/tbl.b:
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the otolith has been proposed (Mugiya et al. 1979). The
presence of carbonic anhydrase in the labyrinth of higher
vertebrates is more controversial (Lim et al. 1983; Wata-
nabe et Ogawa 1984). It has been observed or measured
in the secretory area where vestibular dark cells are nu-
merous but Ichimiya et al. (1994) have recently been un-
able to detect this enzyme in the vestibular dark cells of
the guinea-pig. Our study has not necessarily detected
all the cells that contain carbonic anhydrase, as it has
many isoforms (Brechue et al. 1991). If it is confirmed
that only certain cells contain this enzyme, their position
could support the proposition that these cells contribute
to creating, in the endolymph, a pH gradient that is im-
portant for otolith formation (Gauldie and Nelson 1990;
Gauldie et al. 1995).

AO has been used to localize acidic compartments in
various tissues and cells (Robbins and Marcus 1963,
Maggio et al. 1990). Although the mechanism by which
AO signifies a pH gradient is not yet clearly understood
and its use for quantitative measurement of the amount
of H+ pumped has been questioned (Palmgren 1991), the
present study shows that the dye does not accumulate in
all the cells of the saccular epithelium. The “meshwork”
area where large mitochondria-rich cells have been ob-
served is completely devoid of staining. There appears to
be no previous study of the distribution of this dye in the
inner ear epithelium and it will be necessary to use other
pH probes or immunostaining of enzymes (e.g. H+-
ATPase) to show whether there are two distinct types of
ionocytes.

In conclusion, the saccule has specialized cells that
have all the characteristics of ionocytes. This suggests
that endolymph production in the saccule does not de-
pend on the ionocytes in the semicircular canal ampul-
lae, crus commune or utricle (Becerra and Anadon
1993), irrespective of whether the saccule communicates
with other chambers. The present work suggests the
presence of two types of ionocytes having different func-
tions (e.g. K+ secretion, water exchange, Ca2+ and H+

exchanges), although further experiments are necessary
to confirm this. The trout saccule, which can be easily
dissected out, provides a useful model for investigating
ion and water exchange mechanisms in the inner ear.

&p.2:Acknowledgments. We are grateful to Professor J. F. Morris for his
comments, suggestions and corrections, particularly with respect
to language.
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