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ABSTRACT—To investigate the involvement of the yolk-sac membrane in ion absorption, developmental
changes in whole-body cation contents, cellular localization of vacuolar-type H+-ATPase (V-ATPase), and
size and density of pavement and chloride cells in the yolk-sac membrane were examined in tilapia
(Oreochromis mossambicus) larvae in fresh water (FW) and those transferred to seawater (SW) at 2 days
before hatching (day –2). The whole-body content of Na+ in embryos and larvae adapted to both FW and SW
increased constantly from day –2 to day 10, although they were not fed through the experiment. The yolk-sac
membrane of FW larvae at days 0 and 2 showed V-ATPase immunoreactivity in pavement cells, but not in
chloride cells. No positive immunoreactivity was detected in SW larvae. Whole-mount immunocytochemistry
showed that some pavement cells were intensively immunoreactive, whereas others were less or not immu-
noreactive. Electron-microscopic immunocytochemistry revealed that V-ATPase immunoreactivity was present
in the apical regions of pavement cells in FW larvae, especially in their ridges. The pavement cells in FW
larvae were significantly smaller in size but higher in density than those in SW. These results suggest that
pavement cells are the site of active Na+ uptake in exchange for H+ secretion through V-ATPase in FW-
adapted tilapia during early life stages.

INTRODUCTION

Freshwater (FW) teleosts take up ions from dilute envi-
ronments across the gill epithelium, compensating for the con-
stant loss of ions by diffusion (Lin and Randall, 1995; Goss et
al., 1995; Flik et al., 1995). It is suggested that the branchial
Na+ uptake occurs through a Na+ channel electrically coupled
with a vacuolar-type H+-ATPase (V-ATPase), which gener-
ates a favorable electrochemical gradient for passive
electrodiffusion of Na+ through a Na+ channel (Lin and Randall,
1995). Previous studies using rainbow trout (Oncorhynchus
mykiss) gills have suggested that V-ATPase immunoreactiv-
ity is distributed in both chloride and pavement cells (Lin et
al., 1994) or in pavement cells (Sullivan et al., 1995). How-
ever, cellular localization of V-ATPase and its involvement in
Na+ uptake are still controversial in teleosts.

Embryos and larvae without functional gills can also main-
tain internal ion concentrations (Alderdice, 1988). The gills
occupy a large proportion of the body surface in adult form of
fish, whereas the epithelia covering the body and yolk are the

major part of the body surface in early life stages. The outer-
most layer of these epithelia consists of pavement cells and,
to a less extent, chloride cells. Thus, these cell types in the
body skin and yolk-sac membrane could be the site of ion
regulation in embryos and yolk-sac larvae, which lack func-
tional gills. In fact, chloride cells in the body skin and yolk-sac
membrane have been suggested to be the site of salt secre-
tion in seawater (SW)-adapted embryos and larvae of several
teleosts (Shelbourne, 1957; Lasker and Threadgold, 1968;
Hwang and Hirano, 1985; Alderdice, 1988; Hwang, 1989,
1990; Ayson et al., 1994; Kaneko et al., 1995; Shiraishi et al.,
1997). However, little information is available on ion uptake
mechanisms in FW-adapted embryos and larvae.

In the present study, we examined changes in whole-
body cation contents during the early development of euryha-
line tilapia (Oreochromis mossambicus) in FW and those
adapted to SW. To explore the possible involvement of the
yolk-sac membrane in ion absorption, cellular localization of
V-ATPase was also examined in FW and SW fish, concomi-
tant with morphometrical analyses of pavement and chloride
cells. Our findings suggest that Na+ uptake occurs in pave-
ment cells of the yolk-sac membrane in FW-adapted tilapia
during early life stages, when functional gills are lacking.
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MATERIALS AND METHODS

Fish
Mature tilapia (Oreochromis mossambicus) were maintained in

tanks with recirculating FW (Na+, 0.74 mM; Ca2+, 0.54 mM; Mg2+, 0.26
mM) at 25°C. Fertilized eggs were obtained from the mouth of brood-
ing females at 3 days after fertilization (2 days before hatching, day
–2). They were separated into two groups: half of the embryos were
maintained in FW, and the other half were transferred directly to SW
(Na+, 490 mM; Ca2+, 16 mM; Mg2+, 66 mM) at day –2. They were
further incubated in a 5-l plastic tank containing FW or SW at 25°C.
Water was gently agitated with aeration and renewed every other
day. Tilapia embryos usually hatched after 5 days’ incubation at 25°C,
and yolk absorption was completed by 10 days after hatching. Larvae
were not fed during the experiment.

Whole-body cation contents
FW embryos at day –2 and FW and SW larvae at days 0, 2, 5

and 10 were rinsed with distilled water, weighed and preserved at
–20°C. The chorion of embryos was torn off with sharp-pointed for-
ceps. Whole-body cation contents were measured following the
method of Uchida et al. (1993) with some modifications. Each sample
was dissolved with 500 µl of a mixture of nitric acid and perchloric
acid (11:2). The concentrations of Na+, Ca2+ and Mg2+ were measured
with an atomic absorption spectrophotometer (Hitachi 180-50, Japan).

Semi-thin section immunocytochemistry
FW and SW larvae at days 0 and 2 were fixed in 4% paraformal-

dehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 20 hr at 4°C, dehy-
drated through graded ethanols, transferred to propylene oxide and
embedded in Spurr’s resin. Cross sections were cut at 1 µm thick-
ness with glass knives, and mounted on slides coated with Biobond
adhesive (British BioCell, UK). The sections were treated with satu-
rated potassium hydroxide in ethanol for 10 min to remove the resin,
and then subjected to immunocytochemical staining for V-ATPase
based on the silver enhancement method (Springall et al., 1984). The
sections were incubated sequentially with: 1) 2% normal goat serum
in 0.01 M phosphate-buffered saline (PBS, pH 7.2) for 30 min, 2)
rabbit anti-V-ATPase diluted 1:2000 for 20 hr at 4°C, and 3) goat anti-
rabbit IgG conjugated with 5 nm-immunogold (British BioCell, UK)
diluted 1:100 for 2 hr. The immunoreaction was visualized by treating
the sections with the silver enhancing reagent (British BioCell, UK)
for 10 min at 22°C. The antiserum was diluted with PBS containing
2% normal goat serum, 0.1% bovine serum albumin and 0.01% so-
dium azide (BPBS). The sections were then washed with distilled
water, coverslipped with distilled water, and examined with a micro-
scope equipped with a Nomarski’s differential interference contrast
(DIC) device. Mounting medium was not used because it reduced the
contrast of DIC images.

Whole-mount immunocytochemistry
After FW and SW larvae at day 2 were fixed in 4% paraformalde-

hyde in PB for 30 min, the yolk sac was incised and the yolk was
carefully scraped out with sharp-pointed forceps. Larvae were further
fixed for 6 hr and preserved in 70% ethanol. Whole-mount immuno-
cytochemistry based on the avidin-biotin-peroxidase complex (ABC)
method (Hsu et al., 1981) with commercial reagents (Vectastain
ABC kit, Vector Laboratories, USA) was carried out following the
method of Ohtani et al. (1989). After treatment with 0.1% sodium
cyanoborohydride in PBS for 1 hr, the samples were incubated se-
quentially with: 1) rabbit anti-V-ATPase diluted 1:500 for 20 hr at 4°C,
2) biotinylated goat anti-rabbit IgG for 20 hr at 4°C, 3) ABC reagent
for 20 hr at 4°C, and 4) 0.03% 4-Cl-1-naphthol in 0.05 M Tris-HCl
buffer (pH 7.6) containing 0.003% hydrogen peroxide for 20 min. The
antiserum was diluted with PBS containing 0.05% Triton X-100, 10%
normal goat serum, 0.1% bovine serum albumin and 0.01% sodium
azide. The yolk-sac membrane was then removed, mounted on a

slide with glycerin, and examined with a microscope equipped with a
Nomarski’s DIC device.

Electron-microscopic immunocytochemistry
FW and SW larvae at day 2 were fixed in 2% paraformaldehyde-

0.2% glutaraldehyde in PB for 3 hr at 4°C and embedded in Spurr’s
resin. Ultra-thin sections were cut with a diamond knife and mounted
on nickel grids. The sections were incubated sequentially with: 1) BPBS
for 5 min, 2) rabbit anti-V-ATPase diluted 1:1000 with BPBS for 2 hr,
and 3) goat anti-rabbit IgG conjugated with 10 nm-immunogold (Brit-
ish BioCell, UK) diluted 1:50 with PBS for 1hr. All procedures were
performed at room temperature. The sections were then stained with
uranyl acetate (10 min) and lead citrate (1 min), and examined with a
transmission electron microscope (Hitachi H-7100, Japan).

Antiserum
The polyclonal antibody used here was raised in a rabbit against

a V-ATPase 72 kDa subunit A isolated from chromaffin granule mem-
branes in bovine adrenal medulla (Moriyama and Yamamoto, 1995).
The antiserum was kindly provided by Professor Yoshinori Moriyama,
Institute of Scientific and Industrial Research, Osaka University. To
confirm the specificity of the immunoreactivity, the primary antiserum
was replaced with normal rabbit serum at the same dilution, which
resulted in extinction of the immunoreaction.

Morphometrical analyses of pavement and chloride cell
FW and SW larvae at day 2 were fixed in the same procedure as

the whole-mount immunocytochemistry, and then postfixed in 1%
osmium tetroxide in PB for 1 hr. After the larvae were washed with
distilled water, the yolk-sac membrane was removed, mounted on a
slide with distilled water, and examined with a microscope equipped
with a Nomarski’s DIC device. The images of 10 fields, correspond-
ing to 0.274 mm2, from each individual were digitized with a CCD
video camera (Victor, Japan) and an image processor (ARGUS 20,
Hamamatsu photonics, Japan), and the area and density of pave-
ment and chloride cells were measured on an Apple Macintosh com-
puter using the public domain NIH Image program (available on the
Internet at http://rsb.info.nih.gov/nih-image/).

Statistics
Significant differences in whole-body cation contents were ex-

amined by two-way ANOVA with repetition (time x environment) fol-
lowed by the Scheffe’s F test. Before analysis, data displaying het-
erogeneity of variance were log-transformed. Significant differences
in size and density of pavement and chloride cells between FW and
SW groups were tested by the Kolmogorov-Smirnov test and the
Mann-Whitney U test, respectively.

RESULTS

Whole-body cation contents
Developmental changes in whole-body cation contents

are shown in Fig. 1. The Na+ content of embryos and larvae
adapted to both FW and SW increased constantly from day
–2 to day 10. The whole-body Ca2+ content of both groups
kept a constant level before hatching, doubled at day 2, and
increased rapidly thereafter. In contrast, the Mg2+ content of
both groups showed no significant change during the experi-
ment. There were no significant differences in the three cat-
ion contents between FW and SW.
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Semi-thin section and whole-mount immunocytochemis-
try

In the semi-thin section immunocytochemistry, V-ATPase
immunoreactivity was detected in the yolk-sac membrane of
FW larvae at days 0 and 2, whereas the positive immunore-
activity was not detectable in SW larvae at days 0 and 2 (Fig.
2). The DIC images allowed to distinguish between pavement
and chloride cells. Cone-like shaped chloride cells were in
contact with the basal membrane on the serosal side, and
with external environments on their apical membrane forming
a pit. In FW larvae, V-ATPase immunoreactivity was restricted
to pavement cells, and was not detected in chloride cells (Fig.
2A). However, V-ATPase immunoreactivity was not observed
in all pavement cells in FW larvae, which was further con-
firmed by the whole-mount immunocytochemistry. Figure 3
shows whole-mount preparations of the yolk-sac membrane
of FW and SW larvae at day 2, stained with anti-V-ATPase.
Some pavement cells in FW larvae showed strong immunore-
activity, whereas others showed little or no immunoreactivity
(Fig. 3A). Chloride cells, readily distinguishable from pave-

ment cells by changing the focus, showed no immunoreactiv-
ity. In addition, no positive immunoreactivity was detected in
pavement and chloride cells of SW larvae (Fig. 3B).

Fig. 1. Developmental changes in whole-body cation contents. Ver-
tical bars represent standard errors of the means of 10 individuals.
Asterisks indicate significant differences by the Scheffe’s F test. *p <
0.01, **p < 0.001.

Fig. 2. DIC micrographs of the yolk-sac membrane stained with anti-
V-ATPase in larvae (day 2) adapted to FW (A) and SW (B). V-ATP-
ase immunoreactivity (arrowheads) is detectable in pavement cells
(pvc), but not in chloride cells (cc), in FW larvae. Both pavement and
chloride cells are immunonegative in SW larvae. ap, apical pit of chlo-
ride cells. Bar: 10 µm.

Fig. 3. Whole-mount preparations of the yolk-sac membrane stained
with anti-V-ATPase in larvae (day 2) adapted to FW (A) and SW (B).
Some pavement cells are immunoreactive (asterisks) in FW larvae,
while no immunoreactivity is detectable in SW larvae. Bar: 20 µm.
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Fig. 4. Transmission-electron micrographs of pave-
ment cells in the yolk-sac membrane stained with
anti-V-ATPase in larvae (day 2) adapted to FW (A)
and SW (B). Immunogold labeling (arrowheads) is
mainly located in the apical regions of pavement
cells, especially in the ridge structures (arrows), in
FW larvae. Pavement cells in SW larvae are
immunonegative. Bar: 1 µm.

Fig. 5. DIC micrographs of whole-mount preparations of the yolk-sac membrane in larvae (day 2) adapted to FW (A, B) and SW (C, D). The
ridge structures of pavement cells (pvc) and apical pits (arrows) of chloride cells (cc) are observable on the surface (A, C), while the underlying
chloride cells are in focus on a deeper plane (B, D) of the same specimens. Bar: 10 µm.
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Electron-microscopic immunocytochemistry
Figure 4 shows transmission-electron micrographs of the

yolk-sac membrane of FW and SW larvae at day 2. In FW
larvae, V-ATPase immunogold labeling was present in the
apical regions of the pavement cells, especially in the ridge
structures (Fig. 4A). In accordance with the light-microscopic

Fig. 7. Size-frequency distributions of chloride cells in the yolk-sac
membrane of larvae (day 2) adapted to FW and SW. Data obtained
from 4 individuals were combined in each group. Arrows indicate the
means.

Fig. 6. Size-frequency distributions of pavement cells in the yolk-
sac membrane of larvae (day 2) adapted to FW and SW. Data ob-
tained from 4 individuals were combined in each group. Arrows indi-
cate the means.

observations, no immunogold labeling was detected in SW
larvae (Fig. 4B).

Size and density of pavement and chloride cells
In the whole-mount preparations of the yolk-sac mem-

brane, the ridge structures of pavement cells and apical pits
of chloride cells were clearly observed under a light micro-
scope with a DIC device (Fig. 5A, C). In the same specimen,
chloride cells were also observable beneath the pits by chang-
ing the focus (Fig. 5B, D). The pavement cells were signifi-
cantly smaller (P < 0.001) in FW larvae than those in SW (Fig.
6). The density of pavement cells in FW larvae was 1925 ±
253 cells/mm2 (mean ± SE, n = 4), which was significantly
higher (P < 0.05) than those in SW (823 ± 125 cells/mm2).
The chloride cells were significantly larger (P < 0.001) in SW
larvae than in FW larvae (Fig. 7), whereas there was no sig-
nificant difference in the density of chloride cells between the
two groups (FW, 462 ± 42 cells/mm2; SW, 458 ± 50 cells/
mm2).

DISCUSSION

In the present study, a constant increase in Na+ content
was demonstrated during the early development of tilapia
adapted to FW and SW. A rapid increase in Ca2+ content oc-
curred at day 2, whereas Mg2+ content was essentially con-
stant throughout the experiment. Hwang et al. (1994) observed
similar increases in Na+ and Ca2+ contents in FW-adapted ti-
lapia embryos and larvae. These findings indicate that tilapia
uptake Na+ and Ca2+ from external environments during the
early developmental stages. According to Miyazaki et al.
(1998), FW-adapted tilapia larvae start drinking at day 2. The
gills are not yet developed or not fully functional during em-
bryonic and early larval stages (Ayson et al., 1994; Li et al.,
1995). Taken together, Na+ and Ca2+ uptakes are expected to
occur mainly across the body surface during early life stages,
when functional gills are lacking.

In the early life stages of tilapia, the yolk-sac membrane
covering the yolk occupies a large proportion of the body sur-
face, which contrasts with the large surface area of the gills in
adult fish. The surface structure of the yolk-sac membrane is
morphologically similar to that of the gills: the outermost lay-
ers of both tissues are covered with a single layer of respira-
tory pavement cells, and chloride cells are scattered among
the pavement cells with their pits exposing to external envi-
ronments. Thus, it may be reasonable to presume that the
yolk-sac membrane functions as a respiratory and ion-regu-
lating site in embryos and yolk-sac larvae in place of the gills
in adult fish.

In FW fish gills, an electroneutral Na+/H+ exchanger in
the apical membrane had been advocated as the major path-
way for Na+ uptake and H+ secretion. However, the Na+/H+

exchanger model was questioned by experimental and theo-
retical evidence, and an alternative model incorporating an
electrogenic proton pump and a conductive Na+ channel was
proposed on the analogy of other epithelia such as amphib-
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ian skin (Avella and Bornancin, 1989). In this scheme, V-ATP-
ase, an electrogenic proton pump, generates a favorable elec-
trochemical gradient across the apical membrane and per-
mits passive electrodiffusion of Na+ through a Na+ channel.
The presence of V-ATPase and its mRNA has been reported
in rainbow trout gills (Lin et al., 1994; Sullivan et al., 1995,
1996). Sullivan et al. (1995) have concluded that V-ATPase is
present in pavement cells in rainbow trout gills. Morphologi-
cal observations and X-ray microanalysis also suggest that
pavement cells are the site of Na+ uptake and H+ secretion
(Goss et al., 1992, 1994; Laurent et al., 1994; Morgan et al.,
1994). However, the occurrence of V-ATPase in chloride cells
in addition to pavement cells is still controversial, partly be-
cause of the difficulty in identifying chloride cells. In the yolk-
sac membrane of tilapia embryos and larvae, we were able to
distinguish between pavement and chloride cells under a light
microscope without difficulty, and demonstrated V-ATPase
immunoreactivity only in pavement cells in FW larvae. Fur-
thermore, the electron-microscopic immunocytochemistry re-
vealed that V-ATPase was localized in the apical regions of
pavement cells. These observations suggest that pavement
cells in the yolk-sac membrane are the site of Na+ uptake in
exchange for H+ secretion in FW-adapted tilapia larvae. This
is also supported by the absence of V-ATPase immunoreac-
tivity in SW-adapted fish.

The V-ATPase and Na+ channel model in FW fish is based
on a model established in the amphibian skin. V-ATPase is
apically located in mitochondria-rich (MR) cells of the amphib-
ian skin, which are responsible for H+ secretion. However, MR
cells are not the principal site of Na+ transport, but granular
cells are responsible for Na+ transport (Brown and Breton,
1996; Nagel and Dörge, 1996). Since the localization of Na+

channel was not demonstrated in the yolk-sac membrane of
tilapia larvae, we are not able to conclude that V-ATPase-
immunopositive pavement cells are the site of Na+ uptake.
The whole-mount immunocytochemistry revealed that pave-
ment cells were either immunopositive or -negative to V-ATP-
ase. It is possible that Na+ channel might be present in a sub-
population of pavement cells which are immunonegative
to V-ATPase.

The surface structures of pavement cells and apical open-
ings of chloride cells have been observed in the yolk-sac
membrane and skin of tilapia embryos and larvae by scan-
ning-electron microscopy (Ayson et al., 1994; Hwang et al.,
1994; Shiraishi et al., 1997). Although the scanning micros-
copy provides information on fine surface structures of epi-
thelia at high magnifications, chloride cells existing beneath
the apical pits are not observable. In the present study, we
successfully observed not only ridge structures of pavement
cells and apical pits of chloride cells on the surface, but also
the underlying chloride cells on a deeper plane in the same
yolk-sac membrane preparations with a light microscope.

Pavement cells in the yolk-sac membrane were smaller
but more numerous in FW larvae than in SW larvae. There is
no difference between FW and SW in total area of the yolk-
sac membrane, which is mostly covered with pavement cells.

Thus, unlike chloride cells that are sparsely distributed in the
yolk-sac membrane, the mean size and density of pavement
cells are in inverse proportion to each other. The larger num-
ber and smaller size of pavement cells in FW than in SW might
be interpreted as enhanced cellular activity in FW. It might
also be possible that more frequent recruitment of newly-dif-
ferentiated pavement cells in FW results in the large number
and small size of these cells.

Chloride cells in the yolk-sac membrane were larger in
SW larvae than in FW larvae, whereas there was no differ-
ence in density between FW and SW. These findings accord
with observations by Ayson et al. (1994), who detected chlo-
ride cells in the yolk-sac membrane by means of DASPEI stain-
ing in FW- and SW-adapted tilapia embryos and larvae. Ac-
cording to Shiraishi et al. (1997), well-developed chloride cells
in SW tilapia embryos and larvae form multicellular complexes,
consisting of chloride cells and accessory cells. Chloride cells,
or chloride cell complexes, in the yolk-sac membrane of SW-
adapted fish are considered to be the site for salt secretion.
On the other hand, the functional significance of chloride cells
in the yolk-sac membrane in FW-adapted fish still remains
unknown. In adult fish, gill chloride cells appear to be respon-
sible for Ca2+ uptake in FW (Flik et al., 1995). Compared with
chloride cells in SW larvae, those in FW were small but equally
numerous, suggesting that chloride cells in FW play an ion-
transporting role(s) different from that in SW. The observed
increase in Ca2+ content during the early development of FW
tilapia might be due to chloride cells in the yolk-sac mem-
brane, although no direct evidence for this issue is available
at present.

In summary, V-ATPase immunoreactivity was demon-
strated in pavement cells of the yolk-sac membrane of tilapia
larvae adapted to FW. A constant increase in Na+ content
during the early development, the immunolocalization of V-
ATPase in pavement cells, and higher density of pavement
cells in FW suggest that pavement cells are the site respon-
sible for active Na+ uptake in exchange for H+ secretion in
FW-adapted embryos and larvae.
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