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General Introduction 

It is well known that teleosts are able to maintain the osmolarity and ion concentrations of 

their body fluid at constant levels different from external environments. Seawater (SW) teleosts 

continuously lose water and gain ions mainly through the respiratory epithelia of the gills, which 

occupy the most area of the body surface. In order to compensate for the water loss, they drink 

SW and absorb both water and ions along the intestine. The excess Na+ and cr are excreted from 

specialized, ion-transporting cells named "chloride cells" in the gill epithelium. On the other hand, 

freshwater (FW) teleosts face the problem of ion loss and water influx. They scarcely drink water, 

and produce a large amount of hypotonic urine in the kidney. The loss of ions is compensated by 

active uptake of ions from dilute environments across the gills. Thus, the gills, kidney and intestine 

are important osmoregulatory organs in teleosts. Although embryos and larvae of teleosts lack 

fully-developed osmoregulatory organs, they are also able to maintain the internal osmolarity and 

ion concentrations; they seem to possess some mechanisms to maintain their internal hydromineral 

balance, which are different from those of adult fish (Alderdice 1988). However, less information is 

available on the mechanism of osmotic and ionic regulation in embryos and larvae than that in adult 

fish. In the present study, I have attempted to reveal osmo- and iono-regulation in the early 

developmental stages of teleosts. 

In the past, many studies have been carried out on the hormonal control of osmotic and ionic 

regulation of teleosts. It is well established that prolactin is a hormone essential for FW adaptation, 

and cortisol and growth hormone for SW adaptation (Hirano 1986; Hirano et al. 1987; Bern and 

Madsen 1992; Wendelaar Bonga 1993). However, most of these studies have been done using adult 

fish of euryhaline teleosts such as salmonids, and little is known on mechanisms of osmotic and 



ionic regulation in embryos and larvae, especially in those of marine teleosts which occupy a large metamorphosis from larvae to juveniles, but also because of their commercial importance. 

proportion of teleost species. Some marine teleosts hatch from small pelagic eggs, spend planktonic evertheless, Japanese flounder is not adaptable to pure FW, and thus does not serve as a n1odel for 

life in offshore areas, and migrate to inshore habitats during metamorphosis fro m larvae to juveniles. FW adaptation. In contrast, Mozambique tilapia ( Oreochromis mo sambicus) possess strong 

Japanese flounder (Paralichthys olivaceus) is o~e of those marine teleosts which migrate from euryhalinity throughout their life history: they can mature and breed in both FW and SW, and the 

offshore to near-shore areas during metamorphosis in nature (Minami 1982), and occasionally embryos can survive direct transfer from FW to SW and vice versa. Thus, the tilapia is another 

encounter low-salinity waters. In Chapter 1, I selected Japanese flounder as one of the suitable experimental model for studies on osmotic and ionic regulation in the early developmental 

representatives of marine teleost species, and examined the involvement of prolactin, cortisol and stages. Recent studies have proved that tilapia embryos and larvae possess numerous chloride cells 

thyroid hormones in low-salinity adaptation during early developmental stages. in the epithelia covering the large yolk, and that chloride cells in SW embryos and larvae are larger 

Chloride cells, often referred to as ionocytes or mitochondria-rich cells, in the gill epithelium than those in FW (Ayson et al. 1994; Shiraishi et al. 1997). These studies suggest the occurrence of 

are the important site for ion excretion in SW teleosts. In embryos and larvae of several teleosts, FW- and SW -type chloride cells in the yolk-sac membrane of tilapia embryos and larvae, as is the 

chloride cells have been detected in the epithelia covering the yolk and body, and these case with gill chloride cells in adult fish (Pisam and Rambourg 1991; Uchida et al. 1996; Sasai et al. 

extrabranchial chloride cells are considered to be the site for ionic regulation during early 1999; Hirai et al. 1999). The strong euryhalinity of tilapia embryos and larvae seem to be attributed 

developmental stages without functional gills (Shelboume 1957; Lasker and Threadgold, 1968 ; to chloride cells in the yolk-sac membrane, which may function as the sites for ion uptake and 

Hwang and Hirano 1985; Alderdice 1988; Hwang 1989, 1990; Ayson et al. 1994; Hwang et al. 1994; secretion in FW and SW, respectively. From a physiological and morphological point of view, it is 

Kaneko et al. 1995; Shiraishi et al. 1997; Sasai et al. 1998). Although one can easily expect that of great interest to examine whether chloride cells are replaced with newly-differentiated cells of a 

these extrabranchial chloride cells as the major site for ion secretion are taken over by branchial different function when transferred from FW to SW or from SW to FW, or the same chloride cells 

chloride cells as fish grow, the spatial shift of chloride cell distribution from the yolk-sac membrane function in both FW and SW. In Chapter 3, I carried out an in vivo follow-up observation on 

and body skin to gills and their developmental sequence have not been demonstrated. In Chapter 2, individual chloride cells in the yolk-sac membrane of tilapia embryo and larvae transferred from FW 

I examined the development of both cutaneous and branchial chloride cells during early to SW. It is difficult to observe time-course changes in gill chloride cells of adult fish because of the 

developmental stages of Japanese flounder by whole-mount immunocytochemistry with an complex structure of the gills. The simple flat structure of the yolk-sac membrane and the 

antiserum specific for Na+ K+-A TPase, a key enzyme of ion transport in chloride cells. combination of vital staining of chloride cells and confocal laser scanning microscopy allowed me to 

It has certainly great advantages to employ Japanese flounder as an experimental model for observe sequential changes in individual chloride cells. 

osmotic and ionic regulation in early life stages of fish not only because of their prominent Freshwater teleosts take up ions from dilute environments across the gills, compensating for 
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the constant loss of ions by diffusion (Lin and Randall 1995; Goss et af. 1995· Flik et af. 1995). 

However, the mechanism of ion uptake in the gills of FW teleosts is less certain than the salt

secreting mechanism in SW. It is suggested that the branchial Na~ uptake occurs thro ugh aNa

channel electrically coupled with a vacuolar-type H--A TPase (V-A TPase), which generates a 

favorable electrochemical gradient for passive electrodiffusion of Na_,_ through aNa- channel (L in and 

Randall 1995). However, cellular localization of V-A TPase is still controversial in teleosts : 

previous studies using rainbow trout (Oncorhynchus mykiss) gills reported that V-A TPase 

immunoreactivity is distributed in both chloride and respiratory pavement cells (Lin et af. 1994) or 

restricted to pavement cells (Sullivan et al. 1995). Since little information is available on ion uptake 

mechanisms during early developmental stages, I examined changes in whole-body Na- contents and 

cellular localization of V -ATPase of FW tilapia embryos and larvae in Chapter 4. The results 

suggest that Na+ uptake occurs in pavement cells in the yolk-sac membrane of FW-adapted tilapia 

during early life stages, when functional gills are lacking. 
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Chapter 1: Developmental Changes in Low-Salinity Tolerance and Responses 

of Prolactin, Cortisol and Thyroid hormones to Low-Salinity Environment in 

Larvae and Juveniles of Japanese Flounder, Paralichthys olivaceus 

ABSTRACT-In Japanese flounder (Paralichthys olivaceus), metamorphic period involves not 

only transformation from larva to juvenile but also migration from offshore areas to estuaries. In the 

present study, the role of endocrine systems in low-salinity adaptation was examined during early 

development and metamorphosis of the flounder. Survival rate 48 h after transfer to 118 SW was 

relatively high in yolk-sac larvae, decreased gradually to 0% at premetamorphosis, and increased to 

100% at metamorphic climax. The ratio of prolactin (PRL) -immunoreactive part to whole pituitary 

increased gradually during larval stages and reached a constant level during metamorphosis. When 

the larvae at premetamorphosis and metamorphic climax and the benthic juveniles were transferred 

from SW to 1/4 SW, PRL-immunoreactive part increased significantly 48 h after the transfer at all 

stages examined. Whole-body concentration of cortisol was measured with a modified extraction 

method which is much robuster to lipid-rich sample than the ordinary method, but no significant 

difference was observed after the transfer. Whole-body concentrations of thyroid hormones 

decreased slightly but significantly at premetamorphosis and metamorphic climax. These results 

suggest possible involvement of PRL and thyroid hormones in low-salinity adaptation of the 

flounder during metamorphosis and inshore migration. 

INTRODUCTION 

In teleosts, it is well established that prolactin (PRL) is a hormone essential for freshwater 
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(FW) adaptation, and cortisol for seawater (SW) (Evans 1979; Henderson and Garland 1981; Hirano 

1986; Hirano et al. 1987). However, most of the studies have been carried out using adult 

euryhaline fishes, and little is known on the endocrine control of osmoregulation in larvae or 

juveniles, especially of marine teleosts . Generally, larvae of marine teleosts hatching fro m small 

pelagic eggs spend planktonic life in offshore areas. The larvae of some species migrate to inshore 

habitats during metamorphosis, and this migration is named "inshore migration" (Creutzberg eta!. 

1978; Tanaka 1991 ). Japanese flounder (Paralichthys olivaceus) also migrates from offshore areas 

to estuaries during metamorphosis in nature (Minami 1982), and occasionally encounters low

salinity water. Although endocrine control of flounder metamorphosis has been extensively studied 

(see a review by Inui et al. 1994), no information is available on the hormonal control of 

osmoregulation during their early development and metamorphosis . In the present study, changes 

in low-salinity tolerance and PRL-cell volume were examined during flounder development, as well 

as the responsiveness of PRL, cortisol, and thyroid hormones to low-salinity environment. 

MATERIALS AND METHODS 

Fish 

Naturally spawned eggs of Japanese flounder (Paralichthys olivaceus) were collected from 

the brood-stock tank in the Fisheries Research Station of Kyoto University. Larvae and juveniles 

were reared in a polycarbonate tank (500 l) with running SW. Water temperature was maintained at 

18°C and salinities ranged between 30.6 and 32.2 ppt. They were initially fed rotifers (Brachionus 

plicatilis) cultivated with annochrolopsis sp. and co-Yeast (Kyowa Hakko Kogyo , Japan), and 

later brine shrimp (Artemia spp.) nauplii enriched with Ester-85 (Nippon Chemical Feed, Japan). 

6 

Transfer to low-salinity water 

Fo rty fish at different developmental stages were transferred fron1 the stocking tank ( W: 

32ppt) to 2-l beakers containing FW (0 ppt), 118-diluted SW (4 ppt), 1/4-diluted W (8 ppt), 112-

diluted SW (16 ppt) or SW (32 ppt) using a pipette, and survival rates were examined 48 h after the 

transfer. Water temperature was maintained at 18°C. Photoperiod was 13 L (6:00- 19:00) and tish 

were transferred at 17:00. They were not fed during the experiment. 

Responsiveness of hormones to low-salinity water was examined at three developmental 

stages: premetamorphosis (18 days after hatching, 6.5 - 7.0 rnm body length, body symmetrical, D 

stage); metamorphic climax (33 days after hatching, 9.5 - 10.2 mm, right eye at dorsal ridge, H 

stage); juvenile (49 days after hatching, 16.5 - 18.0 mm, benthic, 14 stage). The developmental 

stages were described by Minami (1982) and Goto et al. (1989). They were transferred from the 

stocking tank to 2-1 beakers containing 114 SW or SW (control), and fed Artemia nauplii once a day. 

Samples taken at 0 and 48 h after the transfer were flxed in Bouin's solution or preserved at -30°C. 

The samples for cortisol measurement were also taken at 1, 3, 6, 12, and 24 h after the transfer. 

Each frozen sample (about 100 mg) consisted of 30 , 7 and 3 individuals at premetamorphosis, 

metamorphic climax and juvenile, respectively. 

Prolactin immunohistochemistry 

Larvae and juveniles at various developmental stages were fixed in Bouin's solution for 2-6 h 

at 4°C, dehydrated through graded ethanol, cleared in xylene , and embedded in Parahisto (Nacalai 

Tesque, Japan). Serial sagittal sections were made at 4 11m thickness and mounted on slides. The 

sections were deparaffinized, rehydrated, and stained by the peroxidase-antiperoxidase (PAP) 
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method (Sternberger et al. 1970) using commercial reagents (Dako. Denmark). The sections vvere contamination. 

incubated sequentially with: (l) 3o/o H20 2 for 10 min, (2) normal goat serum diluted 1:20 with 0.01 The frozen samples weighing l 00-400 mg were homogenized in five-fold volume of ice-cold 

M phosphate-buffered saline (PBS, pH 7.2) for 30 min, (3) rabbit anti-tilapia PRL 1 7 serum (Ayson PBS using Polytrone homogenizer on a lOS blade (Kinematica, Switzerland). The homogenate (300 

et al. 1993) diluted 1 :4000 for 20 hat 4 °C, ( 4) goat anti-rabbit IgG serum diluted 1: 100 for 60 min, ~1) was extracted twice with 3 rnl of diethyl ether by mixing vigorously for 2 n1in. After freezing at 

(5) rabbit PAP diluted 1:100 for 80 min, (6) 0.02o/o 3, 3'-diaminobenzidine tetrahydrochloride -80°C, the ether layer was collected by decantation and dried at room temperature. To reconstitute 

containing 0.005°/o H20 2 for 5 min. The sections were then dehydrated, cleared, and mounted. the dry residue, 300 ~l of tetrachloromethane was added and mixed for 4 min. PBS containing 0.1 o/o 

In all serial sections containing a portion of the pituitary , outlines of both PRL cells and the gelatin (300 ~1) was then added, and mixed for 2 min. After centrifugation (3000 rpm, 10 min, 4 °C), 

whole pituitary were traced on paper with a camera lucida. The images were digitized with a flat the aqueous layer was divided into four 50-~1 aliquots. The two aliquots were used for the cortisol 

bed scanner (Sharp, Japan) and areas were measured on an Apple Macintosh computer using the RIA as described by Takahashi et al. ( 1985), and the other two for nonspecific binding (NSB) 

public domain NIH Image program (available on the Internet at http: //rsb.info.nih.gov/nih-image/). measurement. 

Total volumes of PRL cells and of the pituitary were calculated from the areas of the each section By using the standard extraction method for tissue cortisol, NSB of extracts from 

and the thickness ( 4 ~m), and the percentage of PRL-cell volume to pituitary volume was calculated metamorphic-climax larvae was 83 ± 9% (NSB I B0 , mean ± standard deviation, n = 7). By the 

as a quantitative criterion of PRL-cell activity (Kimura and Tanaka 1991 ; Tanaka et al. 1995). present method with tetrachloromethane extraction, NSB was reduced to 1.0 ± 2.7o/o (n = 20). 

Figure 1 shows the competitive binding curves for the tetrachloromethane-washed extracts of the 

Cortisol and thyroid hormone measurements larvae in metamorphic-climax. 

In cortisol radioimmunoassay (RIA), we encountered extremely high level of nonspecific 

binding (NSB) by the use of a standard extraction method for tissue cortisol (de Jesus et al. 1991 ). 
Tissue (J.llltube) 

4 25 100 

This extraction method without the steps to remove lipids seems to be applicable only for lipid-less 
2 Fig. 1 . Competitive binding curves 

..Q 

tissue or tissue free from some specific fatty acids. In the recent sea-farming scene, live feeds for "0) for tetrachloromethane-washed extracts 
0 
_J 

-o- Standard 0 of metamorphic-c limax larvae of the 

marine fish larvae are enriched with n-3 highly unsaturated fatty acids (see a review by Watanabe ---...-- Tissue flounder. Each point represents the 

and Kiron 1994). Consequently, tissues of the reared marine fish larvae would contain high 
-2 -0- Tissue + Cortisol average of duplicate determinations. 

Log it b = I o ge { b I ( I 0 0 - b) } . b = 

quantity of lipids. ince lipids strongly interfere with steroid RlAs (Rash et al. 1979; Rash et al. 
0.04 0.16 0.63 2.5 10 40 Bound I 8 0 (%). 

Cortisol (ng/ml) 

1980), we established and validated an extraction method using tetrachloromethane to eliminate lipid 
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The d il ution curve for larval extracts was parallel to the cortisol standard. The curve fo r the larval 

extracts added to cortisol was also paralle l to the cortisol standard, and the recovery of cortiso l was 

96.5 ± 15.9% (n = 5) . 

Thyrox ine (T4) and triiodothyronine (T3) were extracted and measured by RIAs as 

described by Tagawa and Hirano (1989). 

Statistics 

Significant di fferences in the o/o PRL-cell volume I pituitary volume and in the levels of 

thyroid hormones between the group transferred to 114 SW and the control group were tested by 

the Mann- Whitney test. Significant difference in the level of cortisol was examined by two-way 

ANOV A with repetition (salinity x time), as homogeneity of variance was established. 

RESULTS 

100 

<l.l 

"§ 
50 

0 

0 10 

-v- SW-+SW 

----fr- sw -+ 1 /2 sw 

_._ sw-+ 1/ 4 sw 

---- sw-+ 1/ 8 sw 

20 30 40 50 

Days after hatching 

Fig . 2 . Developmental changes 

in survival rates 48 h after the 

transfer. Each point represents the 

survival rate of 40 individuals . 

Figure 2 shows the developmental changes in survival rates at 48 h after the transfer.Survival 

rates of the groups transferred to W , 112 SW and 114 SW were more than 90o/o at most of the 

10 

stages except for the larvae 4 days afte r hatching, showing about 70o/o survival rate even for the 

larvae maintained in SW. Survival rate of the group transferred to 118 SW was relative ly high ( 40%) 

in yolk-sac larvae, decreased gradually to Oo/o in premetamorphic larvae ( 14 days after hatching) 

started increasing at the beginning of metamorphosis (2 1 days after hatching), and reached 1 OOo/o at 

metamorphic climax. All the larvae and juveniles transferred to FW died within 24h at all stages. 

PRL-immunoreactive cells were detected in the rostral pars distalis of the pituitary at all 

stages, except for the larvae just after hatching, in which no positive stain was observed. Figure 3 

shows the developmental changes in the o/o PRL-cell volume I pituitary volume of the larvae and 

juveniles reared in SW. PRL-cell volume increased gradually during larval stages , and reached a 

constant level of 1 0°/o in the middle of metamorphosis (28 days after hatching). 

~ 
10 

~ 

0 
> 
>. 

~ 
"2 
·a.. 5 

0 
> 

Q) 
u 
_j 
(( 
Q_ 

0 
0 

Metamorphosis 

/~ 

10 20 30 
Days after hatching 

40 50 

Fig. 3. Developmental changes in 

the percentage of PRL-cell volume 

to pituitary volume. Vertical bars 

represent standard errors of the 

means of 4 individuals . 

Since 114 SW was the lowest salinity in which most of the larvae of all stages surv ived for 

48 h, effects of low-salinity environment on hormone levels were examined by transferring the 

larvae at premetamorphosis (18 days after hatching) and metamorphic climax (33 days after 

hatching) and benthic juvenile ( 49 days after hatching) to 1/4 SW. Some larvae and juveniles were 

transferred to SW as controls. No mortality was observed in both groups during the transfer 
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experiments . Figure 4 shows PRL cells in the pituitary of metamorphic-climax larvae after the 

transfer, indicating that PRL-cell area of larvae transferred to 114 SW was larger than that to SW 

(control) . Percent PRL-cell volume I pituitary volume in the groups transferred to 114 SW was 

significantly greater (Mann-Whitney test, P < 0.05) than those in the control groups at all three 

stages (Fig. 5). 

0 
~ 15 

~ 5 

Pre
metamorphosis 

Metamorphic 
climax 

Hours after transfer 

Juvenile 

Fig. 4. PRL cells in the pituitary 

of flounder larvae at metamorphic

climax transferred from S W to S W 

(A) and from SW to 114 SW (B). 

The bar indicates 50 JliD. 

Fig. 5. Changes in the percentage ofPRL

cell volume to pituitary volume after the 

transfer. Vertical bars represent standard 

errors of the means of 4 individuals. 

*Significantly different (P < 0.05) from the 

control by the Mann-Whitney test. 

Figure 6 shows the changes in whole-body concentration of cortisol after the transfer. Two-

way ANOV A showed a significant effect of time on cortisol concentration, but no significant effect 

12 

of salinity and a salinity X time interaction at all three tages. At each d velopn1ental stage , cmii ol 

concentration reached the highest level 12 h after the transfer and then decreased. In metamorphic-

climax larvae, cortisol concentration was relatively high at 0 h, decreased 1-3 h after the tran fer, and 

increased later toward the highest level at 12 h. 

10 

Premetamorphosis 

5 -o- sw~sw 

0 

~ 
10 

co Metamorphic cl imax 
~ 
CJ) 

.s 5 
0 
(/) 

't 
0 
u 0 

10 
Juvenile 

A 
Fig. 6. Changes in the whole-

5 body concentration of cort iso l 

after the transfer. Vertical bars 

0 -1 represent standard errors of the 
0 6 12 24 48 means of 4 poo led samples. 

Hours after transfer 

Figure 7 shows the changes in whole-body concentrations of thyroid hormones after the 

transfer. T4 concentration in the group transferred to 114 SW was significantly lower (Mann-

Whitney test , P < 0.05) than that in the control group at premetamorphosis and metamorphic 

climax. T3 concentration was significantly lower (Mann-Whitney test, P < 0.05) in the larvae 

transferred to 1/4 SW than that in the control group at metamorphic climax. 
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Fig . 7. Changes tn th e whole-body 

concentrations ofT4 and TJ after the transfe r. 

Ve rt ical bars represent standard errors of the 

means of pooled samples (premetamorphos is, 

metamorphic climax: n = 4; juvenile: n = 5) . 

*Significantly diffe rent (P < 0.05 ) from the 

control by the Mann- Whitney test. 

DISCUSSION 

A significant number of marine teleosts utilize estuaries as their nursery ground in their early 

life history , and inevitably encounter brackish water. Japanese flounder, one of the most important 

species for aquaculture in Japan, spawn in offshore areas of the sea. After spending pelagic life, 

flounder larvae undergo metamorphosis, migrate to estuaries , and occasionally encounter low-

salinity water. In the present study, development of low-salinity tolerance of the flounder was 

clearly demonstrated in the group transferred to 118 SW, even though flounder larvae and juveniles 

would not be exposed to such a hypotonic environment in nature . In all groups , relatively high 

mortality was observed at 4 days after hatching when yolk was completely absorbed and feeding 

started. This stage is generally regarded as "critical period" of early life history in teleosts (Fabre-

Demergue and Bietrix 1897; Minami 1994 ). An increase in low-salinity tolerance was observed 

during metamorphosis (2 1-28 days after hatching), coinciding with ecologically-observed migration 

to estuaries (Minami 1982; Tanaka et al. 1989). 

PRL-cell volume of the larvae reared in SW increased gradually during metamorphosis, and 
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PRL-cell volume of the groups transferred to 1/4 W increased markedly at all stages examined. An 

increase in the expression of PRL mRN A has been reported in the flounder larvae during 

metamorphosis (de Jesus et al. 1994 ), and increases in PRL-cell activity after transfer to low 

salinity or FW were also observed in the larvae of blac k sea bream (Acanthopagrus schlegeli), 

amphidromous temperate bass (Lateo labrax japonicus), and tilapia ( Oreochromis mossambicus) 

(Kimura and Tanaka 1991 ; Tanaka et al. 1996; Ayson et al . 1994 ). The increase in PRL-cell activity 

may indicate that PRL is involved in the de velopment of low-salinity to lerance during 

metamorphosis . However, yolk-sac larvae showed better tolerance to 1/8 SW than the larvae 4- 14 

days after hatching, even though PRL cells were not detected in the pituitary. These results may 

indicate that PRL is secreted as soon as they are synthesized in the newly-hatched larvae. The 

other possibility is that the ion and water permeability is extremely low in the yolk-sac larvae, and 

thus PRL is not required for low-salinity tolerance. The subsequent decrease in tolerance to 1/8 SW 

may be due to an increase of body surface area caused by mouth opening and gill differentiation of 

these stages. Gills are the site of active ion secretion in SW and possibly the site of ion uptake in 

FW (see reviews by Lin and Randall 1995; Flik et al. 1995). However, the fish living in FW or a 

hypotonic environment loses ions and absorbs water mainly through gills because gills occupy the 

most area of body surface with thin respiratory epithelia. The gills of premetamorphic larvae would 

be effective in SW adaptation, but may not be enough functional to compensate the ion loss with 

active ion uptake , or to reduce water permeability in hypotonic environment (118 SW). The 

hyperosmoreguratory ability of flounder gills may develop during metamorphosis . 

The whole-body concentration of cortisol in the fish transferred to hypotonic environment 

was examined by using a newly-developed extraction method. According to Rash et al. ( 1979), 

lipids interfere with steroid RIAs in two ways. First, lipids form micelles in aqueous solution and 
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entrap steroids, interfering with the binding between steroids and their antisera. Second, lipids bind 

to the dextran-coated charcoal, blocking the charcoal absorption of free ligands. By reco nstituting 

and washing with tetrachloromethane, lipids would be removed without forming micelles, and NSB 

was consequently reduced from 83o/o to 1 °/o. The extraction with tetrachloron1ethane was shown to 

be applicab le in other species such as juveniles of yellowtail (Seriola quinqueradiata) and red sea 

bream (Pagrus major) (data not shown). No significant difference in whole-body concentration of 

cortiso l was observed between the group transferred to 114 SW and the control group . Although it 

has recently been reported that cortiso l is involved in ion uptake in teleosts in FW (see a review b y 

McCormick 1995), the role of cortisol in hyperosmoregulation in flounder larvae and juveniles is 

still unclear. Elevations of cortisol concentration 12 h after the transfer in both experimental and 

control groups at all three stages may be due to the transfer stress. Stress-induced increase in 

whole-body concentration of cortisol has been reported in larval salmonids (Pottinger and Mo suwe 

1994; Barry et al . 1995a,b ), although the peak levels were observed at 1 h posts tress . It is also 

poss ible that the peak at 12 h reflects diurnal rhythms. 

Concentrations of cortisol and thyroid hormones at 0 h of the transfer show basal levels of 

the hormones during development, so that the differences among three stages reflect ontogenetic 

changes of the hormones. The highest basal levels of cortisol, T4 and T3 at metamorphic climax are 

consistent with the previous studies (de Jesus et al. 1991; Miwa et al. 1988; Tanangonan et al. 

1989; Tagawa et al. 1990). 

The whole-body concentrations of thyroid hormones at premetamorphosis and 

metamorphic climax decreased after low-salinity transfer. Thyroid hormones are well known to 

induce metamorpho is in t1ounders (Inui and Miwa 1985 ; M iwa and Inui 1987), whereas PRL 

antagonizes the thyroid hormone effects (de Jesus et al. 1994 ) . In the present study, PRL-cell 
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volume increased whereas thyroid hormone concentrations decreased after low- alinity transfer. In 

striped bass (A1orone sa.x:atilis), the whole-body concentrations of thyroid hormone increased after 

the transfer from FW to SW at premetamorphosis and 1netamorphosis (Parker and Specker 1990). 

The decreased thyroid hormone concentrations after exposure of the flounder larvae at n1etamorphic 

cl imax may indicate an interaction betwee n thyroid hormones and PRL, although the mode of 

actions of the hormones is totally unclear. When flo under larvae were exposed to low-salinity water 

during metamorphosis, metamorphosis is expected to be delayed by increase in PRL and decrease in 

thyroid hormones . The contribution of endogenous PRL to the control of metamorphosing process 

would be evaluated experimentally by long-term exposure to low-salinity water. 
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Chapter 2: Developmental Sequence of Chloride Cells in the Body Skin and 

Gills of Japanese Flounder (Paralichthys olivaceus) Larvae 

ABSTRACT-The deve lopmental sequence of chloride ce ll s was examined in bo th the body skin 

and gill s of Japanese flounder (Paralichthys olivaceus) larvae by whole-mount immunocyto

chemistry using an antiserum specific fo r Na~,K'"-A TPase . In premetamorphic larvae at 0 and 4 

days after hatching (days 0 and 4), immunoreactive chloride cells were distributed only in the yolk

sac membrane and body skin. Premetamorphic larvae at days 8-18 possessed both cutaneous and 

branchial chloride cells. Large chloride cells in the skin of premetamorphic larvae often formed 

multicellular complexes , suggestive of their ion-secreting function. Cutaneous chloride cells 

decreased in size and density at the beginning of metamorphosis (days 21 and 24 ), and disappeared 

at the metamorphic climax (days 28 and 33). In contrast, branchial chloride cells first appeared at 

day 8, and increased during metamorphosis. These results indicate that the site for ion secretion in 

seawater may shift from cutaneous to branchial chloride cells during metamorphosis. The 

appearance of branchial chloride cells before the differentiation of gill lamellae suggests that the 

primary function of the gills during the early development is ion regulation rather than gas 

exchanges. 

INTRODUCTION 

Embryos and larvae of teleosts maintain the internal hydromineral balance , although 

important osmoregulatory organs in adults such as the gills , kidney and intestine are not fully 

developed (Alderdice 1988). In juveniles and adults of marine teleosts , chloride cells in the gills are 
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responsible fo r the secretion of excess a- and cr in the body t1uids (Zadunaisky 1984). In 

embryos and larvae, chloride cells located in the epithelia covering the yolk and body have been 

suggested as ion-secreting sites in seawater (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; Sasai et al. 1998). Thus, these extrabranchial chloride cells as the major site for 

ion secretion seem to be taken over by branchial chloride cells as fish grow. However the spatial 

shift of chloride cell distribution from the yolk-sac membrane and body skin to gills and the ir 

developmental sequence have not been demonstrated through the early development of te leosts. 

Marine teleosts generally undergo physiological changes as well as morphological and 

ecological changes during metamorphosis from larvae to juveniles. Japanese flounder (Paralichthys 

olivaceus) exhibit drastic metamorphosis from pelagic larvae to benthic juveniles, involving the 

migration of the right eye to the left side of the head. In the present study, to clarify the spatial 

shift of chloride cell distribution during metamorphosis , we examined the development of both 

cutaneous and branchial chloride cells in premetamorphic and metamorphic flounder larvae. T o 

detect chloride cells, whole larvae were subjected to immunocytochemical staining with an antiserum 

specific for Na+,K+-ATPase, a key enzyme of ion transport in chloride cells. 

MATERIALS AND METHODS 

Fish 

Naturally spawned eggs of Japanese flounder (Paralichthys olivaceus) were collected from a 

brood-stock tank in the Fisheries Research Station of Kyoto University. Larvae were reared in a 

polycarbonate tank (500 l) with running seawater. Water temperature was maintained at 18°C, and 
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the salinity ranged between 30.6 and 32.2 ppt. They were initially fed on rotifers (Brachionus 

plicatifis) cultivated with Nannochrolopsis sp. and CD- Yeast (Kyowa Hakko Kogyo, Japan), and 

later on brine shrimp (A rtem ia spp.) nauplii enriched with Ester-85 (Nippon Chemical Feed, Japan). 

Samples were taken at nine different developmental stages (Table 1). 

Tab le I. Relative frequency of chloride cel ls in the body skin and gills during the early development 

of Japanese flounder 

Days after 

hatching 
Developmental stage 1 

premetamorphic larvae 

0 

4 A 

8 8 

14 c 
18 D 

metamorphic larvae 

21 E 

24 F 

28 G 

33 H 

Body length 

(mm) 

2.5- 2.6 

2.8- 3 .1 

4.0-4.3 

5.0- 5.5 

5.8 - 6. 1 

6.8- 7.2 

7.3- 7.5 

8.0-8.9 

9.5 - 10.2 

1 Developmental stages according to Minami (1982). 

2
-, not detected;±, sparse; +, moderately dense; ++, dense. 

Chloride cell frequency2 

skin gills 

+ 

++ 

++ 

++ 

++ 

+ 

± 

+ 

++ 

++ 

++ 

++ 

++ 

++ 

The larvae up to 18 days after hatching (day 18) with symmetrical bodies were regarded as 

premetamorphic larvae, and those on and after day 21 with migrating right eyes as metamorphic 

larvae. Larvae were anesthetized with MS-222, fixed in 4o/o paraformaldehyde in 0.1 M phosphate 

buffer (pH 7.4) for 20 hat 4°C, and preserved in 70o/o ethanol. 

Whole-mount immunocytochemistry 

As a specific probe for chloride cells, we used an antiserum specific for Na+, K+-ATPase, 

which is locali zed in the membrane of the tubular systems distributed extensively over the 
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cytoplasm of chloride cells (Karnaky et al. 1976; Hootman and Philpott 1979). The antiserum was 

raised in a rabbit against a synthetic peptide corresponding to part of the highly conserved region of 

the Na~,K+-A TPase a-subunit (Ura et al. 1996). It has been well documented that the anti-Na~,K+-

ATPase specifically detects both cutaneous and branchial chloride cells in several teleosts (Ura et al. 

1996; Uchida et al. 1996; Shiraishi et al. 1997; Sasai et al. 1998, 1999). 

Whole-mount immunocytochemistry based on the avidin-biotin-peroxidase complex (ABC) 

method (Hsu et al. 1981) was carried out following the method of Ohtani et al. ( 1989) using 

commercial reagents (Vectastain Elite ABC kit, Vector Laboratories, USA) . The right operculum of 

larvae after day 4 was removed prior to the immunostaining in order to enhance penetration of 

solutions to the gills. After treatment with 0.1 o/o sodium cyanoborohydride in 0.01 M phosphate-

buffered saline (PBS, pH 7 .2) for 1 h, the samples were incubated sequentially with: 1) rabbit anti-

Na+,K~-ATPase diluted 1:500 for 20 hat 4 OC, 2) biotinylated goat anti-rabbit IgG for 20 hat 4 OC, 3) 

ABC reagent for 20 h at 4°C, and 4) 0.03% 4-Cl-1-naphthol in 0.05 M Tris-HCl buffer (pH 7.6) 

containing 0.003o/o hydrogen peroxide for 20 min. The antisera and ABC reagent were diluted with 

PBS containing 0.05% Triton X-1 00, 10% normal goat serum, 0.1 o/o bovine serum albumin and 

0.01 o/o sodium azide. The whole sample and separated gill arches were mounted on a slide with 

glycerin. 

The image of the body surface on the left side was digitized with a CCD video camera 

(Victor, Japan) and an image processor (ARGUS 20, Hamamatsu photonics , Japan) , and the size 

and density of immunopositive chloride cells in the body skin were measured on an Apple 

Macintosh computer using the public domain NIH Image program (available on the Internet at 

http: //rsb.info .nih.gov/nih-image/). The quantitative analysis was made on cutaneous chloride cells 

only in the yolk-sac membrane and the skin of trunk and tail , in which chloride cells were uniformly 
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distributed during early developmental stages. The head region, finfold of premetamorphic larvae 

and fins of metamorphic larvae were excluded from the measurement, because the sparseness of 

chloride cells in these regwns was considered inappropriate for density measurement. The 

quantitative analysis of branchial chloride cells was not carry out, since it was difficult to measure 

the precise cell density and size in the complicated, three-dimensional structures of the gills. 

RESULTS 

Chloride cells in the skin 

In newly-hatched flounder larvae (day 0) , weakly-immunopositive but large chloride cells 

were detected in the epithelia covering both the yolk and body (Figs. 1A, B). In premetamorphic 

larvae at days 4-18, a large number of immunopositive chloride cells were distributed in the body 

skin (Figs. 1 C-F). Chloride cells in the skin of newly-hatched and premetamorphic larvae were 

characterized by the formation of cell clusters: several chloride cells congregated to form a 

multicellular complex as indicated by the presence of more than one immunonegative nuclei (Figs. 

18, D, F). Especially, large chloride cell complexes were observed in the abdominal region. In 

rnetamorphic larvae at day 2 1 just starting the right-eye migration, both size and density of chloride 

cells decreased (Figs. 1 G, H). In contrast with premetamorphic larvae, these chloride cells were 

present individually and did not form multicellular complexes. No chloride cells were detected in 

the body skin of metamorphic-climax larvae at days 28 and 33. However, small immunopositive 

cells not forming cellular complexes were found in the pectoral, dorsal and anal fins of metamorphic 

larvae at days 21-33, although few chloride cells were detectable in the pectoral fin and finfold of 

premetamorphic larvae at days 0-18. 
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Fig. 1. Cutaneous chloride cells of flounder larvae at day 0 (A, B), day 8 (C, D), day 18 (E, F) and day 

24 (G, H), detected by whole-mount immunocytochemistry using an antiserum specific for Na+,K+

ATPase. (B, D, F, H) Magnified views of separated yolk-sac membrane or body skin in the abdominal 

region. Bars: (A, C, E, G) 500 ~m; (B, D, F, H) 100 ~m . 
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Figure 2 shows developmental changes in size-frequency distributions of chloride cells and chloride 

cell complexes in the yolk-sac membrane and body skin. 

During the early development, the mean size of chloride cells decreased concomitant with the 

disappearance of chloride cell complexes. The density of chloride cells was decreased drastically at 

the beginning of metamorphosis (days 21 and 24 ), and the cells disappeared at the metamorphic 

climax at days 28 and 33 (data not shown). 
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Chloride cells in the gills 

Fig. 2. Developmental changes 

in size-frequency distributions ci 

chloride cells in the yolk-sac 

membrane and body skin ci 

flounder larvae. Data obtained 

from 4 individuals were combined 

at each day. Arrows indicate the 

mean values. No chloride cell is 

detectable in the body skin at 

days 28 and 33 . 

The gills were not distinguishable in the whole-mount preparation of newly-hatched larvae 

at day 0. Four pairs of gill arches were recognizable in larvae at day 4, although the gill filament and 

lamella were not yet differentiated . Chloride cells were not yet detected in the gill arches at this 

early developmental stage. In premetamorphic larvae at day 8, gill filaments sprouted from the gill 

arches but the lamella was not differentiated . Immunoreactive chloride cells were observed in the 
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filament epithelia of all the four pairs of gills (Fig. 3A). In premetamorphic larvae at day 18, the 

filaments were further developed and the lamellae were extended from the filaments . Chloride cells 

were extensively distributed in the filaments, but were absent in the lamellae (Fig. 3B). In 

metamorphic larvae at day 24, when the filaments and lamellae were extended further, chloride cells 

were overspread in the filaments, whereas no chloride cell was observed in the lamellae (Fig. 3C). 

c 
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Fig. 3. Branchial chloride cells in the first gill 

arch of the left side of flounder larvae at day 8 

(A), day 18 (B) and day 24 (C), detected by 

whole-mount immunocytochemistry using an 

antiserum specific for Na+,K+ -ATPase. The gill 

lamellae are already differentiated at day 18 (B), 

although they are not visible because of being 

out of focus. Arrowheads and arrows indicate 

gill filaments and lamellae, respectively. Bar: 

100 J.lm. 



DISCUSSION 

In the present study, the developmental sequence of both cutaneous and branchial chloride 

cells was clarified in the early life stages of Japanese flounder by the whole-mount 

immunocytochemistry. As summarized in Table 1, the chloride cell distribution shifts from the 

body skin to the gills during the early development. Such a spatial shift of chloride cell distribution 

is closely associated with metamorphosis. 

Larvae at days 0 and 4 possessed only cutaneous chloride cells, which seem to be the only 

functional site for ion secretion at these early developmental stages. In premetamorphic larvae at 

days 8-18, a large number of chloride cells were observed in both the body skin and gills. Although 

the mean size of cutaneous chloride cells decreased gradually during the development, the cell 

density increased and reached the highest value at day 18 , just before the beginning of 

metamorphosis. We did not carry out a quantitative analysis of branchial chloride cells, since it was 

difficult to measure the precise cell density and size in the complicated, three-dimensional structures 

of the gills. However, the branchial chloride cell number certainly increased during the development. 

These findings suggest that both cutaneous and branchial chloride cells function cooperatively as the 

site for ion secretion at these premetamorphic stages. Later on, cutaneous chloride cells disappeared 

and branchial chloride cell number increased further during metamorphosis. These observations 

clearly indicate that the site for ion secretion shifts from cutaneous to branchial chloride cells during 

flounder metamorphosis. 

During the metamorphosis of Japanese flounder, a series of physiological changes occurs: 

larval type of the digestive system, muscles and erythrocytes change into adult types (Tanaka 

1973; Y amano et al. 1991 ; Miwa and Inui 1991; Miwa et al. 1992). The shift from cutaneous to 
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branchial chloride cells would be categorized as one of uch physiological changes during 

metamorphosis. Besides Japanese t1ounder, many other marine teleosts also exhibit rnetamorphosis 

to varying degrees. The shift from cutaneous to branchial chloride cells observed in Japanese 

t1ounder could be expected to occur during metamorphosis in those teleosts. 

A large proportion of cutaneous chloride cells in premetamorphic flounder larvae formed 

multicellular complexes. Similar chloride cell complexes have been reported in the yolk-sac 

membrane and body skin of tilapia ( Oreochromis mossambicus) and Japanese eel (;inguilla 

japonica) embryos and larvae reared in seawater (Shiraishi et al. 1997; Sasai et al. 1998). Shiraishi et 

al. (1997) have proved that a chloride cell complex in the yolk-sac membrane of seawater-adapted 

tilapia larvae consists of a main chloride cell and adjacent accessory cells, which interdigitate with 

each other to form multiple junctions. The complex is considered to be advantageous to Na+

secretion, since Na+ secretion may occur down its electrochemical gradient via a paracellular 

pathway in the complex (Marshall 1995 ; McCormick 1995). Therefore, the occurrence of chloride 

cell complexes in the body skin of premetamorphic flounder larvae would provide morphological 

evidence that those cells function as ion-secreting sites in seawater. 

It should be noted that branchial chloride cells first appeared on the gill filaments before the 

differentiation of lamellae at day 8. Since the lamellae are largely involved in gas exchanges by 

enlarging the branchial surface area, the primary function of the gills during the early development 

seems to be ion regulation rather than gas exchanges. 

In metamorphic larvae, although the gills were equipped with filaments and lamellae, chloride 

cells were distributed only in the filaments but not in the lamellae. Two distinct types of chloride 

cells have been reported in the gill filaments and lamellae of chum salmon (Oncorhy nchus keta) fry 

and adults and Japanese eel adults (Uchida et al. 1996, 1997; Sasai et al. 1999). In the gills of these 
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species adapted to fresh water, chloride cells were found in both filaments and lamellae. After 

transfer to seawater, the number of lamellar chloride cells decreased and filament chloride cells were 

activated. These morphological observations suggest that filament and lamellar chloride cells are 

involved in seawater and freshwater adaptation, respectively. Therefore, filament chloride cells of 

flounder larvae may be important in seawater adaptation, most probably acting as the site for salt 

secretion in hyperosmotic environments. In nature, flounder larvae migrate from offshore areas to 

estuaries during metamorphosis , when the low-salinity tolerance develops to some extent (see 

Chapter 1 ). Observations on branchial chloride cell alteration during the adaptation to hypoosmotic 

environments would be of considerable interest to explore diverse functions of chloride cells in iono

and osmoregulation. 
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Chapter 3: In vivo Sequential Changes In Chloride Cell lVIorphology in the 

Yolk-Sac Membrane of Mozambique Tilapia (Oreochromis mossambicus) 

Embryos and Larvae during Seawater Adaptation 

ABSTRACT-In vivo sequential changes in chloride cell morphology were examined in the yolk

sac membrane of Mozambique tilapia ( Oreochromis mossambicus) embryos and larvae transferred 

from fresh water (FW) to seawater (SW) . Labeling chloride cells with DASPEI, a fluorescent probe 

specific for mitochondria, we observed sequential changes in individual chloride cells by confocal 

laser scanning microscopy . In fish transferred from FW to SWat 3 days after fertilization, 79% of 

chloride cells survived at 96 h after transfer, and each cell showed a remarkable increase in size. In 

contrast, the cell size did not change greatly in fish kept in FW. The numbers of both disappearing 

and newly-appearing cells in FW fish were significantly larger than in SW fish, suggesting a higher 

turnover rate in FW than in SW. Using whole-mount immunocytochemistry with anti-Na+, K+

A TPase and differential interference contrast (DIC) optics, we classified chloride cells in the fixed 

samples into three developmental stages: a single chloride cell without an apical pit, a single chloride 

cell with an apical pit, and a multicellular complex of chloride cells with a common apical pit. 

Immunofluorescence and DIC observations also revealed that single chloride cells were enlarged and 

frequently dented by newly-differentiated accessory cells to form multicellular complexes during 

SW adaptation. These results indicate that FW -type, single chloride cells are transformed into SW

type, chloride cell complexes during SW adaptation, suggesting the excellent plasticity in altering 

ion-transporting functions of chloride cells in the yolk-sac membrane of tilapia embryos and larvae. 
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INTRODUCTION 

In adult teleosts, chloride cells in the gill epithelium are the major site for ionic regulation. 

Chloride cells are characterized by numerous mitochondria and an extensive tubular system, in 

which ion-transporting enzymes such as Na-,K--A TPase are located (Karnaky et al. 1976; Philpott 

1980; McCormick 1995). These cells are involved in the secretion of excess ions in the body fluid 

in seawater (SW), and possibly in ion uptake in fresh water (FW) (Foskett and Scheffey 1982; 

Zadunaisky 1984; Avella and Bomancin 1990; Marshall 1995 ; Perry 1997). In embryos and larvae 

of several teleosts, chloride cells have been detected in the epithelia covering the yolk and body, and 

these extrabranchial chloride cells are considered to be the site for ionic regulation during early 

developmental stages without functional gills (Shelboume 1957; Lasker and Threadgold, 1968 ; 

Hwang and Hirano 1985; Alderdice 1988; Hwang 1989, 1990; Ayson et al. 1994; Hwang et al. 1994; 

Kaneko et al. 1995; Shiraishi et al. 1997; Sasai et al. 1998a; Hiroi et al. 1998a). 

Mozambique tilapia ( Oreochromis mossambicus) can mature and breed in both FW and SW, 

and the embryos can survive direct transfer from FW to SW and vice versa. Ayson et al. (1994) 

reported that tilapia embryos and larvae adapted to both FW and SW possess numerous chloride 

cells in the yolk-sac membrane, and that chloride cells in SW embryos and larvae are larger than 

those in FW. Moreover, chloride cells in the yolk-sac membrane become larger in response to 

transfer from FW to SW whereas the chloride cell size becomes smaller when transferred from SW 

to FW. According to Shiraishi et al. ( 1997), well-developed chloride cells in SW til apia embryos 

and larvae form multicellular complexes, consisting of chloride cells and accessory cells. These 

morphological observations suggest the occurrence of FW- and SW -type chloride cells in the yolk

sac membrane of tilapia embryo and larvae, as is the case with gill chloride cells in adult fish (Pisam 
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and Rambourg 1991 ; Uchida et a/. 1996; Sasai eta!. l998b). The strong euryhalinity of tilapia 

embryos and larvae seem to be attributed to these chloride cells. which may tunction as the sites for 

ion uptake and secretion in FW and SW, respectively. However, the mechanism for altering their 

functio ns when exposed to different osmotic environments has not yet documented. 

From a physiological and morphological point of view, it is of great interest to examme 

whether chloride cells are replaced with newly-differentiated cells of a different function when 

transferred from FW to SW or from SW to FW, or the same chloride cells function in both FW and 

S W. The most effective way to answer this question would be to examine sequential changes in 

individual chloride cells during adaptation to a different salinity. However, conventional methods 

do not allow us to follow time-course changes in the same chloride cells. Separated gill filaments of 

adults are not suitable materials to examine the time-course changes of chloride cells, because of their 

complex, three-dimensional structures. Primary cultures of the gill epithelium may also be 

ineffective, since dispersed chloride cells do not survive under in vitro conditions (Part and 

Bergstrom 1995). 

In the present study, we carried out an in vivo follow-up observation of individual chloride 

cells in the yolk-sac membrane of tilapia embryo and larvae transferred from FW to SW. An intact 

fish were immersed in a medium containing a mitochondrial fluorescent probe, which has been used 

to identify chloride cells, and morphological changes in individual chloride cells were examined 

continuously under a confocal laser scanning microscope. Meanwhile, chloride cells in the fixed 

yolk-sac membrane were examined by immunocytochemistry with an antiserum specific for Na-.-,K+

A TPase, a key enzyme for ion transport in chloride cells, in order to support the results of the in 

vivo experiment and to observe more detailed structures of these cells at a higher magnification. 
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MATERIAL AND METHODS 

Fish 

Mature til apia ( Oreochromis mossambicus) were maintained in tanks with recirculating FW 

(NaT, 0.74 mM; Ca"+, 0.54 mM; Mg2+, 0.26 mM) at 25°C. Fertilized eggs were obtained from the 

mouth of brooding females at 3 days after fertilization. Since the chorion of embryos is not 

permeable to a fluorescent dye and dissolved at hatching to cause water fouling , the chorion was 

torn off with sharp-pointed forceps under a dissecting microscope. In the following experiment, 

water temperature was maintained at 25°C. Tilapia embryos typically hatch after 5-day incubation 

at 25°C, and yo lk absorption is completed by 10 days after hatching. Larvae were not fed during 

the experiment. 

Vital staining and sequential observation of individual chloride cells 

Dechorionated embryos (3 days after fertilization or 2 days before hatching) were incubated 

in FW containing 250 ~M 2-( 4-dimethylaminostyryl)-1-ethylpyridinium iodide (DASPEI, Sigma, 

St. Louis, Mo.) for 6 h prior to an initial observation. DASPEI is a mitochondrial vital probe which 

has been used to identify chloride cells (Bereiter-Hahn 1976; Karnaky et al. 1984). An individual 

embryo was then briefly rinsed in DASPEI-free FW, and placed on a chamber filled with the 

ambient water using a large-mouthed pipette. The chamber consisted of a coverslip (24x24 mm) and 

a spacer, which was adjusted slightly thinner than the thickness of the yolk sac. The chamber was 

then put on a glass slide and covered with another coverslip , so that the fish was sandwiched 

between two coverslips. The flattened surface at the top of the yolk sac was examined with a Zeiss 

310 confocal laser scanning microscope (LSM, Carl Zeiss , Oberkohen, Germany) . It is practically 
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difficult to observe DASPEI-positive chloride cells in the yolk- -ac membrane u ing a con entional 

fluorescence microscope because of strong autofluorescence of the yolk. In contrast, LStvf enable 

us to observe the sectional image of the yolk-sac membrane , which i not affected by the 

autofluorescence of the yolk. The 488 nm line of an argon ion laser was used as the excitation 

wavelength, and the emission was collected at 515-565 nm. An area of the yolk-sac membrane 

where chloride cells were densely distributed was selected, and a confocal image of 0.41 mm- was 

obtained with a 20x/0.50 objective lens. 

After the initial observation, the coverslip on the top was carefully removed, and the 

chamber including the embryo was immersed in 10 ml artificial SW (Na+, 490 mM; Ca
2
+, 16 mM~ 

Mg2
-, 66 mM; Jamarin Laboratory, Osaka, Japan) containing 250 ~M DASPEI. At 2, 6 and 12 h 

after transfer to SW containing DASPEI, confocal images were obtained from the area including 

most of chloride cells identified in the initial observation. The distribution pattern of melanophores 

in the yolk sac was available for recognizing the same area. After that, confocal images of the same 

area were obtained repeatedly at 6-h intervals until 96 h after transfer to SW. The incubation 

medium (DASPEI-containing SW) was replaced with DASPEI-free SWat 6-h intervals: the fish was 

incubated in DASPEI-free SW for 12-18,24-30, 36-42,48-54, 60-66, 72-78 and 84-90 h, and in SW 

containing DASPEI for 18-24, 30-36, 42-48, 54-60, 66-72, 78-84 and 90-96 h after SW transfer. As 

a control, the other embryos were kept in FW and examined in the same procedure for SW

transferred embryos . The experiment was conducted with two broods produced by different 

parents. 

The successive confocal images obtained from both FW and SW embryos and larvae at 0, 24, 

48 , 72 and 96 h after transfer were used for morphometrical analyses of chloride cells. The size of 

DASPEI-positive chloride cells were measured on an Apple Macintosh computer using the public 

33 



domain NIH Image program (available on the Internet at http ://rsb.info. nih.gov/nih-image/). 

Immunofluorescence and DIC observations 

Another brood of dechorionated embryos at 3 days after fertilization were separated into 

two groups: half of the embryos were transferred directly to artificial SW, and the other half were 

maintained in FW. The ambient water was renewed once a day. The FW embryos at 3 days after 

fertilization (2 days before hatching), and the larvae of both groups at 48 and 96 h after the transfer 

(corresponding to 0 and 2 days after hatching, respectively) were anesthetized with 2-

phenoxyethanol, and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 50 

min at 4 °C. The yolk sac was then incised, the yolk was carefully scraped out, and the connective 

tissue and capillaries under the basal membrane were removed with sharp-pointed forceps. The 

embryos and larvae were further fixed overnight at 4 oc and preserved in 70% ethanol. 

Whole-mount immunocytochemistry was carried out following the method of Ohtani et al. 

( 1989) with some modifications. After treatment with 0.1 o/o sodium cyanoborohydride in 0.01 M 

phosphate-buffered saline (PBS, pH 7.2) for 1 h, the samples were incubated overnight at 4°C with 

fluorescein isothiocyanate (FITC)-conjugated rabbit anti-Na+, K+-A TPase diluted 1:500 with PBS 

containing 0.05% Triton X-1 00, 1 0°/o normal goat serum, 0.1% bovine serum albumin, 0.02o/o 

keyhole limpet hemocyanin and 0.01% sodium azide. After rinse in PBS for 1 h, the yolk-sac 

membrane was removed from the body trunk, mounted on a slide with PBS and examined by LSM. 

The excitation and emission wavelengths were the same as the DASPEI observation. 

Three confocal images corresponding to 1.23 mm2 were obtained from each sample with a 

20x/0.50 objective lens, and the size and density of immunopositive chloride cells were measured by 

using the NIH Image program. For more detailed observations on chloride cell structures, both 
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confocal fluorescence images and differential interference contrast (DIC) images were also taken 

with a 63x/1.4 oil-immersion objective lens . For size and density measurement, two or more 

immunopositive chloride cells which shared one apical pit and formed a multicellular complex were 

regarded as one cell; immunopositive chloride cells which touched but possessed their own apical 

pits were measured separately . 

Antibodies 

A polyclonal antibody was raised in a rabbit against a synthetic peptide corresponding to 

part of the highly conserved region of the Na-, K+-ATPase a-subunit (Ura et al. 1996). The amino 

acid sequence of the synthetic peptide was Val-Thr-Gly-Val-Glu-Glu-Gly-Arg-Leu-Ile-Phe-Asp

Asn-Leu-Lys-Lys-Cys. The antibody was furthe~ purified by affinity chromatography and 

conjugated to FITC. The specificity of the antibody was confirmed by western blotting, and the 

details will be described elsewhere. 

RESULTS 

Vital staining and sequential observation of individual chloride cells 

During the experimental period for 96 h, sequential images of DASPEI -positive chloride cells 

in the yolk-sac membrane were successfully obtained from three individuals kept in FW (one and 

two individuals from two different broods), and from four individuals transferred to SW (two 

individuals each from two broods). The representative confocal images of FW and SW individuals 

at 0, 48 and 96 h are shown in Figure 1. 
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Fig . I . Sequential confocal images of DASPE I-stained chloride cells in the yolk-sac membrane of an 

individual kept in FW (FW 0 h, FW 48 h, FW 96 h ) and that transferred from FW to S W (SW 0 h , 

W 48 h, W 96 h ) at 0 h, 48 h and 96 h. Chloride cells detectab le throughout the experiment are 

labe led with blue numbers. Cells existing at 0 h and disappearing thereafter are labeled with red; those 

newly appearing but disappearing with pink; and newly appearing and surviving unti l 96 h wi th ye llow. 

Bar: 50 !J.m . 

The distribution patterns of chloride cells were largely maintained during the experiment, unless the 

yo lk-sac membrane was not damaged. Consequently, each _chroride cell was able to be readily 

identified by the sequential observations at 6-h intervals. 

A time-course change in the size of each chloride cell identified in Figure 1 is illustrated in 

Figures 2A and B. In both FW fish and those transferred to SW, a large proportion of chloride cells 

were detectable throughout the experiment, whereas the other cells appeared or disappeared during 

this period. Most chloride cells tended to increase in size after SW transfer, while the cell size did 

not change greatly in FW. This is further confirmed by changes in average size of chloride cells 

obtained from three FW and four SW individuals (Figs 2C and D). Based on their patterns of 

appearance, chloride cells which survived until 96 h were classified into five subgroups : cells pre-

existing at 0 h , and those appearing at 24 h, 48 h, 72 h and 96 h. Figures 2C and D also show 

changes in av rage sizes of those subgroups in FW and SW. In FW individuals, the size of pre-

existing cells remained constant throughout the experiment. The sizes of cells appearing at 24 h, 48 

hand 72 h also remained constant, although these cells were somewhat smaller than the pre-existing 

cells at the time of their appearance. In contrast, the pre-existing cells showed a remarkable increase 

in size after SW transfer. Although the cells appearing after SW transfer were comparable to those 

in FW at the beginning, their size increased thereafter. 
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Fig. 2. Time-course changes in the size of each chloride cells in the yolk-sac membrane of the FW and 

SW individuals shown in Figure 1 (A, B) and the average size of chloride cells obtained from three FW 

and four SW individuals (C, D). Chloride cells detectable throughout the experiment are plotted in blue. 

Cells appearing at 24 h, 48 h, 72 h and survive until 96 h are shown in green, yellow and orange, 

respectively, while those appearing at 96 h in magenta. Disappearing cells are shown in red. The 

average size of all chloride cells are plotted in white in B and D. Vertical bars represent standard 

deviations. 

96 

Time-course changes in the nwnber of chloride cells are shown in Figure 3. In FW 

individuals, the nwnber of pre-existing chloride cells was decreased at 48 h, and 67 ± 3o/o (mean ± S. 

D.) of the cells remained at 96 h, while new cells appeared constantly at 24, 48 and 72 h. In SW 

individuals, the nwnber of pre-existing cells decreased gradually at 24 and 48 h, kept a constant level 

at 48-96 h, and 79 ± 5% of the cells remained at 96 h. A considerable nwnber of cells appeared at 
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24 and 48 h, and most of them remained until 96 h. The number of pre-existing ce ll s which 

remained at 96 h in FW individuals was significantly smaller than that in SW individuals (Student's t 

test, P < 0.05). The total number of both disappearing and newly-appearing cells during 96 h in 

FW individuals was significantly larger than in SW individuals (P < 0.05). 
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Immunofluorescence and DIC observations 

Fig. 3. Time-course changes in the number ci 

chloride cells in the yolk-sac membrane ofFW and 

S W individuals. Data obtained from three F W 

and four S W individuals were averaged at each 

observation time. The number of newly-appearing 

cells is piled up, and that of disappearing cells is 

shown negatively. 

Immunofluorescence observations on chloride cells in the yolk-sac membrane of the fixed 

samples also revealed changes in their morphology in FW and SW-transferred fish. Size-frequency 

distributions of immunopositive chloride cells of FW and SW individuals at 0, 48 and 96 h are 

shown in Figure 4. In FW, chloride cells were consistently small, the mean size being 200-250 ~m~. 

Following transfer to SW chloride cells became larger, and the mean size reached about 400 ~m2 

at 

96 h. 
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Fig. 4. Time-course changes in size-frequency distributions of Na~, K--A TPase immunopositive 

chloride cells in the yolk-sac membrane of fLXed samples. Data obtained from four FW and four 

SW individuals are averaged at each sampling time . Arrows indicate the mean values . 

DIC observations revealed three distinct cell types in the yolk-sac membrane; that is, 

pavement, chloride and putative undifferentiated cells (Fig. 5). Pavement cells with ridge structures 

and apical openings of chloride cells were clearly observed on the outer surface of the yolk-sac 

membrane (Figs. SA, D, G) , and underlying chloride cells and putative undifferentiated cells wer 

detectable ·on a deeper plane (Figs. SB , E, H). Both chloride and undifferentiated cells possessed a 

nucleus of a similar smooth appearance; the cytoplasm of chloride cells was readily distinguishable 

by their rough appearance, while that of undifferentiated cells was indistinct. Undifferentiated cells 

were abundantly distributed all over the yolk-sac membrane, being frequently attached to chloride 

cells. Na+, K -r-ATPase immunoreactivity was detected only in the cytoplasm of chloride cells (Figs . 

SC , F, I). 
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Fig. 5. DIC and immunofluorescence images of chloride cells in the yolk-sac membrane of fixed 

samples. A-C FW fish at 96 h; D-1 SW fish at 96 h. The ridge structures and boundaries of pavement 

cells (pvc) and apical pits (arrows) of chloride cells are observable on the surface (A, D, G), while the 

underlying chloride cells (cc)and undifferentiated cells (uc) are in focus on a deeper plane of the same 

tissues (B, E, H). Na+, K+-ATPase-immunopositive chloride cells are classified into three subtypes: a 

single chloride cell without an apical pit (-); a single chloride cell with an apical pit open (+); and a 

multicellular complex of chloride cells and accessory cells (ac) with a common apical pit(++) (C, F, 1). 

Bar: 10 ~m. 

The combination of DIC and immunofluorescence images allowed us to classify 

immunopositive chloride cells into three subtypes: a single chloride cell without an apical pit; a 

single chloride cell with an apical pit open; a multicellular complex of chloride cells with a common 

apical pit (Fig. 5). Although single chloride cells without a pit were small, the cytoplasm showed 

strong immunoreactivity to Na+, K+-ATPase, and an immunonegative nuclei was located in the 
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center (Figs. 5A, B, C). Single chloride cells with a pit possessed larger cytoplasm, the most part of 

which was immunopositive; the nuclei were located peripherally (Figs. 5A, B, C). The multicellular 

complex of chloride cells usually consisted of an immunopositive main chloride cell and one or more 

accessory cells (Figs. 5D, E, F), and occasionally consisted of two or more immtmopositive chloride 

cells of similar size, being also accompanied by accessory cells (Fig. 5G, H, I). All multicellular 

complexes possessed an apical pit. The cytoplasm of accessory cells was slightly immunopositive 

or immunonegative to Na+, K+-ATPase. Accessory cells dented main chloride cells to a variable 

extent (Fig. 6). The main chloride cells frequently enveloped accessory cells, so that the boundary 

between these cells was indistinct (Fig. 6D). 

Fig. 6. A series of DIC and immunofluore cenc 

images of multicellular complexes of chloride 

cells, arranged in the order of presumptive 

developmental stages. At first, an acces ory c ll 

(ac) is attached to a single, small chloride cell 

(A). The chloride cell becomes larger and dented 

by the accessory cell (B, C). The accessory cell 

is finally enveloped by the chloride cell , so that 

the boundary between these cells is indistinct (0). 

Bar: 10 ~m. 

Although all three subtypes of chloride cells were found in both FW and SW individuals 

throughout the experiment, the numbers of those chloride cell subtypes varied greatly in FW and 

SW (Fig. 7). In FW individuals, the numbers of single chloride cells both with and without a pit was 

increased at 48 and 96 h, whereas chloride cell complexes decreased during the experiment. In SW 

individuals, single chloride cells also increased at 48 h but decreased at 96 h. In contrast with FW 
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experiment. 
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Fig. 7. Time-course changes in the density of three 

types of Na-, K--ATPase-immunopositi ve chl oride 

cells in the yo lk-sac membrane of the fish mainta ined 

in FW and those transferred to SW. Chloride cel ls 

are classified into a single ce ll without a pit, a single 

cell with a pit and a multicellular complex with a 

common pit. Data obtained from four FW and four 

SW individuals are averaged at each sampling time . 

In the present study, observing DASPEI-positive chloride cells in the yolk-sac membrane of 

tilapia embryos and larvae in vivo , we demonstrated for the first time the sequential changes in 

individual chloride cell morphology during SW adaptation. In addition to the in vivo sequential 

observations on DASPEI-stained chloride cells, we examined chloride cells in the fixed yolk-sac 

membrane by whole-mount immunocytochemistry with anti-NaT, K~-ATPase. The time-course 

changes in average size and number of chloride cells after transfer to S W examined by the in vivo 

observations accord well with those obtained from whole-mount immunocytochemistry in the fixed 

tissue . Thus , the treatment of the live fish with DASPEI is considered to have little influence on the 

chloride cell response . 

In the fish transferred from FW to S W, individual chloride cells increased their size . The 

present observation on the t1xed sample at a higher magnification and our previous studies (Shiraishi 

et al . 1997) indicate that chloride and accessory cells fuse to form multicellular complexes in SW-
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transferred ti lapia embryos and larvae, suggesting the multicellular complex to be salt- ecreting. SW-

type chloride cells. Considering this notion, we conclude that enlarged chloride cells following S\V 

transfer result from enlargement of pre-existing chloride cells and simultaneous formation of cellular 

complexes together with newly-developed accessory or chloride cells. This is also upported by 

the in v ivo observation that the enlarged chloride cells in SW contain two or more DASPEI-negative 

nuclei . In contrast, chloride cells neither changed their size no r newly formed multicellular 

complexes in fish kept in FW. These results indicate that FW -type , single chloride cells are 

transformed into SW -type, chloride cell complexes during SW adaptation, suggesting the excellent 

plasticity in altering ion-transporting functions of chloride cells. 

Chloride cell complexes increased after SW transfer, whereas they decreased in FW. These 

results also indicate the importance of chloride cell complexes for SW adaptation. In the 

transmission electron microscopic observation of the yolk-sac membrane of SW-adapted tilapia 

larvae, Shiraishi et al. (1997) have proved that main chloride cells and adjacent accessory cells 

interdigitate with each other to form multiple junctions. The chloride cell complex is considered to 

be advantageous to Na+ secretion, since Na .. secretion may occur down its electrochemical gradient 

via a paracellular pathway in the complex (Silva et al. 1977; Marshall 1995; McCormick 1995) . It 

should be noted that the considerable number of chloride cell complexes important for SW 

adaptation are present in FW embryos. The number of the complexes decreases as the fish develop 

in FW. Our unpublished study shows that the ability of SW adaptation in FW ti lapia is most 

excellent before hatching. FW embryos readily survive direct transfer to SW ; however , SW 

adaptability decrease after hatching, although they are adaptable to SW when transfe rred gradually. 

The decrease in SW adaptability during the development could be related to the decrease in chloride 

cell complexes. The strong euryhalinity of tilapia embryos may be attributed to the occurrence of 
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SW-type , chloride cell co mplexes as well as FW-type. single chloride cells 1n the yolk-sac 

membrane. 

Currently , two types of chloride ce lls, filament and lame llar chloride ce lls, are identi fied in 

the gills of several teleosts , based on their location and ultrastructural features (Uchida et al. 1996; 

Sasai et al. 1998 b; Hirai et al. 1999) . Filament and lamellar chloride cells are considered to be 

involved in SW and FW adaptation, respective ly . Such classification is not applicable to chloride 

cells in the yo lk-sac membrane. However, chloride cells forming multicellular complexes and single 

chloride ce lls would correspond to S W-type, filament chloride cells and FW-type, lamellar cells, 

respec tively, in the gills of adult fish. 

An increase in the number of chloride cells has been reported in the gills of several teleosts 

transfer from FW to SW (Pisam and Ram bourg 1991 ). In the present study, the density of chloride 

ce lls in the yolk-sac membrane was not different between individuals kept in FW and those 

transferred to SW. This result is consistent with previous studies with the yolk-sac membrane of 

the same species (Ayson et al. 1994; Shiraishi et al. 1997). However, the density of chloride cells in 

SW individuals rnay be underestimated because of the formation of chloride cell complex during SW 

adaptation. Chloride cell complexes increased in SW-transferred fish have been counted as one cell 

in the present and previous studies. If the precise number of cells in the complex could be 

determined, the chloride cell number would be greater in SW than in FW. 

In both FW and those transferred to SW a certain proportion of chloride cells were 

continuously replaced with newly-differentiated cells , providing direct evidence for the occurrence 

of cellular turnover. The number of both disappearing and newly-appearing cells in FW individuals 

was significantly larger than in SW individuals, suggesting a higher turnover rate in FW than in SW. 

In the gill epithelium of chum salmon (Oncorhy nchus keta) fry , however, a higher rate of chloride 
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cell turnover has been observed in fish transferred from FW to SW than FW -adapted fi sh (Uchida 

and Kaneko 1996). The longevity of chloride cells in SW individuals must be a characteristic of the 

yolk-sac membrane, or the response of chloride cells to different osmotic conditions could vary 

between species. 

Besides the confirmation of the normality of DASPEI -stained chloride cells, the combination 

of DIC and immunofluorescence images of chloride cells in the fixed yo lk-sac membrane provided us 

information on the developmental processes of chloride cells and chloride cell complexes. We 

identified three types of chloride cells: a single chloride cell without an apical pit, a single chloride 

cell with an apical pit, and a multicellular complex with an apical pit. Since single chloride cells 

without pits are not exposed to the external environment and smaller in size, they would be 

immature cells ready to function. Their Na·, K+-ATPase immunoreactivity in the cytoplasm 

indicates that the tubular sy stem has already developed. Those immature chloride cells may 

originate from undifferentiated cells with a nucleus similar to that of chloride ce lls. Immature 

chloride cells would then enlarge their cytoplasm and come into contact with the ambient water by 

forming apical pits to start functioning as ion-transporting cells. 

In individuals transferred to SW, chloride cells with pits were frequently associated with 

undifferentiated cells. Most of chloride cell complexes consisted of one main chloride cell and one 

(rarely two) accessory cell. Occasionally, two or more chloride cells of similar size gathered and 

shared one pit jointly, and this type of the complex was also associated with one or two accessory 

cells . Accessory cells are thought to be young stages of chloride cells (Sardet et al. 1979; Hootman 

and Philpott 1980; Wendelaar Bonga and van der Meij 1989). The observation on the fixed yo lk-sac 

membrane indicates that accessory cells are also developed from undifferentiated cells attaching the 

main chloride cells and gradually intrude into the main chloride cells. Most probably, as the main 
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chloride cells in the complexes degenerate, accessory cells could further develop and replace them. 

However, the replacement of main chloride cells with accessory cells was not confirmed here, 

probably because the experimental period of 96 h was too short to observe the cellular turnover in 

the complex. 

Although the role of Na- and cr excretion in chloride cells of SW fish is well established 

(Foskett and Scheffey 1982), their role in the uptake ofNa- and cr in FW fish is still controversial. 

We have recently demonstrated that the immunoreactivity of vacuolar-type H--ATPase, which 

generates a favorable electrochemical gradient for passive electrodiffusion of Na- through a Na~ 

channel (Lin and Randall 1995), is not detected in chloride cells but in pavement cells in the yolk-sac 

membrane of FW tilapia larvae (Hiroi et al. 1998b ). Therefore, pavement cells, but not chloride 

cells, seem to be the site for Na- uptake in tilapia yolk-sac membrane. As suggested in the gills of 

adult fish (Flik et al. 1995), FW -type, single chloride cells in the yolk-sac membrane of tilapia 

embryos and larvae are most likely the site of Ca2
+ uptake. 
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Chapter 4: Immunolocalization of Vacuolar-Type If-ATPase in the Yolk-Sac 

Membrane of Tilapia (Oreochromis mossambicus) Larvae 

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 ofpavement and chloride cells in the yolk-sac membrane 

were examined in til apia ( Oreochromis mossambicus) larvae in fresh water (FW) and those 

transferred to seawater (SW) at 2 days before hatching (day -2). The whole-body content ofNa+ 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 

immunoreactive. Electron-microscopic immunocytochemistry revealed that V-A TPase 

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-A TPase in FW -adapted tilapia during early life stages. 

INTRODUCTION 

Freshwater (FW) teleosts take up ions from dilute environments across the gill epithelium, 

compensating for the constant loss of ions by diffusion (Lin and Randall 1995; Goss et al. 1995; 
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Flik et aL. 1995) . It is suggested that the branchial a- uptake occurs through a Na- channel 

electrically coupled with a vacuo lar-type H--A TPase (V-A TPase), which generates a favorable 

electrochemical gradient for passive electrodiffusion of N a· through a N a- charmel (Lin and Randall 

199 5). Previous studies using rainbow trout (Oncorhynchus my kiss) gills have suggested that V

A TPase immunoreactivity is distributed in both chloride and pavement cells (Lin et aL. 1994) or in 

cells of the yolk-sac membrane in FW-adapted tilapia during early life stages, when functional gills 

are lacking. 

MATERIALS AND METHODS 

pavement ce ll s (Sullivan et aL. 1995). However, cellular localization of V -ATPase and its Fish 

involvement in Na' uptake are still controversial in teleosts. 

Embryos and larvae without functional gills can also maintain 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 outermost 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 functional gills. In fact, chloride cells in 

the body skin and yolk-sac membrane have been suggested to be the site of salt secretion in 

seawater (S W)-adapted embryos and larvae of several teleosts (Shelbourne 19 57; Lasker and 

Threadgold, 1968; Hwang and Hirano 1985; Alderdice 1988; Hwang 1989, 1990; Ayson eta!. 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 euryhaline 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-A TPase was also examined in FW and SW fish , concomitant with morphometrical 

analyses of pavement and chloride cells. Our findings suggest that Na+ uptake occurs in pavement 
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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 brooding 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; Mg1
+, 66 mM) at day -2. They were 

further incubated in a 5-l plastic tank containing FW or SWat 25 °C. Water was gently agitated with 

aeration and renewed every other day. Tilapia embryos usually hatched after 5 days' incubation at 

2Y 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 tom off with sharp

pointed forceps. Whole-body cation contents were measured following the method of Uchida eta!. 

(1993) with some modifications. Each sample was dissolved with 500 J..tl of a mixture of nitric acid 

and perchloric acid (11 :2). The concentrations ofNa+, Ca
2
+ and Mg

2
+ were measured with an atomic 

absorption spectrophotometer (Hitachi 180-50, Japan). 
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Semi-thin section immunocytochemistry 

FW and SW larvae at days 0 and 2 were fixed in 4o/o paraformaldehyde in 0.1 M phosphate 

buffer (PB, pH 7.4) for 20 hat 4 °C, dehydrated through graded ethanols transferred to propylene 

oxide and embedded in Spurr's resin. Cross sections were cut at 1 11m thickness with glass knives, 

and mounted on slides coated with Biobond adhesive (British BioCell, UK). The sections were 

treated with saturated potassium hydroxide in ethanol for 10 min to remove the resin, and then 

subjected to immunocytochemical staining for V-A TPase based on the silver enhancement method 

(Springall eta!. 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 h at 4 OC, and 3) goat anti-rabbit IgG conjugated with 5 nm-immunogold (British 

BioCell, UK) diluted 1: 100 for 2 h. 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 2o/o normal goat seruni., 0.1% bovine serum albumin and 0.01 o/o sodium 

azide (BPBS). The sections were then washed with distilled water, coverslipped with distilled 

water, and examined with a microscope equipped with a Nomarski's differential interference 

contrast (DIC) device. Mounting medium was not used because it reduced the contrast of DIC 

tmages. 

Whole-mount immunocytochemistry 

After FW and SW larvae at day 2 were fixed in 4o/o paraformaldehyde in PB for 30 min, the 

yo lk sac wa inci ed and the yolk was carefully scraped out with sharp-pointed forceps. Larvae 

were further fixed for 6 h and preserved in 70% ethanol. Whole-mount immunocytochemistry 
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based on the avidin-biotin-peroxidase comple;( (ABC) method (Hsu et a/. 1981) with con1mercial 

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 l h, the 

samples were incubated sequentially with: 1) rabbit anti-V-ATPase diluted 1:500 for 20 hat 4°C, 2) 

biotinylated goat anti-rabbit IgG fo r 20 hat 4°C, 3) ABC reagent for 20 hat 4°C, and 4) 0.03°/o 4-

Cl-1-naphthol in 0.05 M Tris-HCl buffer (pH 7.6) containing 0.003°/o hydrogen peroxide for 20 

min. The antiserum was diluted with PBS containing 0.05°/o Triton X-1 00, 1 Oo/o normal goat serum, 

0.1 °/o bovine serum albumin and 0.01 o/o 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 flxed in 2o/o paraformaldehyde-0.2% glutaraldehyde in PB 

for 3 hat 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 h, and 3) goat anti-rabbit IgG conjugated with 

10 nm-immunogold (British BioCell, UK) diluted 1:50 with PBS for 1 hr. 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-71 00, Japan). 

Antiserum 

The polyclonal antibody used here was raised in a rabbit against a V-A TPase 72 kDa 

subunit A isolated from chromaffin granule membranes in bovine adrenal medulla (Moriyama and 
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Yamamoto 1995). The antiserum was kindly provided by Professor Yoshinori .Yforiyama. Institu te 

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 S W 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 h. 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, corresponding 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 pavement and chloride cells were measured on an Apple Macintosh 

computer using the public domain NIH Image program (available on the Internet at 

http :1 /rs b. info .nih. gov /nih-image/). 

Statistics 

ignificant differences in whole-body cation contents were examined by two-way ANOV A 

with repetition (time x environment) followed by the Scheffe's test. Before analysis, data 

displaying heterogeneity 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- mimov test and the Mann-Whitney test, respectively. 
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RESULTS 

Whole-body cation contents 
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Fig . l. Developmental changes in 

whole-body cation contents. Vertical 

bars represent standard errors of the 

means of l 0 individuals. Asterisks 

indicate significant differences by the· 

Scheffe's test. * P < 0.0 l , ** P < 

0.001 . 

Developmental changes in whole-body cation contents are shown in Figure 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 experiment. There were no significant differences in the three cation 

contents between FW and SW. 

Semi-thin section and whole-mount immunocytochemistry 

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 immunoreactivity was 
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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 m FW larvae, which was further confirmed 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 immunoreactivity, whereas others showed little or no immunoreactivity (Fig. 3A). 

Chloride cells, readily distinguishable from pavement cells by changing the focus, showed no 

immunoreactivity. In addition, no positive immunoreactivity was detected in pavement and 

chloride cells of SW larvae (Fig. 3B). 

.A . 
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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

ATPase 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 chloride cells. 

Bar: 10 ).liD. 

' 
A 

B 

Electron-microscopic immunocytochemistry 

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 ).lm. 

Fig. 4. Transmission-electron 

micrographs of pavement 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 cel1s, especially 

in the ridge structures (arrows), in 

FW larvae. Pavement cells in S W 

larvae are immunonegative. Bar: 1 

).lm. 

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 
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the pavement cells, especially in the ridge structures (Fig. 4A). In accordance with the light-

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

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 stuface (A, C), while the underlying chloride cells are 

in focus on a deeper plane (B, D) of the same specimens. Bar: 10 ~m 

Size and density of pavement and chloride cells 

In the whole-mount preparations of the yolk-sac membrane, the ridge structures of 

pavement cells and apical pits of chloride cells were clearly observed under a light microscope with 

a DIC device (Figs. SA, C). In the same specimen, chloride cells were also observable beneath the 

pits by changing the focus (Figs. 5B, D). The pavement cells were significantly 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/mm
2 

(mean± SE, n = 4), which was significantly higher (P < 0.05) than those in SW (823 
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± 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 significant difference in the density of chloride cells between 

the two groups (FW, 462 ± 42 cells/mmc; SW 458 ±50 cells/mm
2
). 

DISCUSSION 
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Fig . 6 . Size-frequency distributions 

of pavement 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. 7. Size-frequency distributions 

of ch loride cells in the yolk-sac 

membrane of larvae (day 2) adapted 

to FW and S W. Data obtained 

from 4 individuals were combined 

in each group. Arrows indicate the 

means. 

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 Ca
2
+ content occurred at day 2, 

whereas Mg2
+ content was essentially constant throughout the experiment. Hwang et al. (1994) 

observed similar increases in Na+ and Ca2
+ contents in FW -adapted tilapia embryos and larvae. 
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These findings indicate that tilapia uptake Na- and Ca:- from external environments during the early 

developmental stages. According to Miyazaki et al. ( 1 998), FW -adapted til apia larvae start drinking 

at day 2. The gills are not yet developed or not fully funct ional during embryonic and early larval 

stages (Ayson et al. 1994; Li et al. 1995). Taken together, Na- and Ca~· 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 surface, 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 layers of both tissues are covered with a single layer of respiratory pavement cells, and 

chloride cells are scattered among the pavement cells with their pits exposing to external 

environments. Thus, it may be reasonable to presume that the yolk-sac membrane functions as a 

respiratory and ion-regulating site in embryos and yolk-sac larvae in place of the gills in adult fish. 

In FW fish gills, an electroneutral Na'/1-t exchanger in the apical membrane had been 

advocated as the major pathway for Na+ uptake and H- secretion. However, the Na'/H'" exchanger 

model was questioned by experimental and theoretical 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 amphibian skin (Avella and Bomancin 1989). In this scheme, V

A TPase an electrogenic proton pump, generates a favorable electrochemical gradient across the 

apical membrane and permits passive electrodiffusion of Na"" through aNa"" channel. The presence 

of V-A TPa e and its mRNA has been reported in rainbow trout gills (Lin et al. 1994; Sullivan et al. 

1995 , 1996). ullivan et al. (1995) have concluded that V -ATPase is present in pavement cells in 

rainbow trout gills. Morphological 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. 
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1994; Morgan et af. 1994 ). However_ the occurrence of V- TPa e in chloride cells in addition to 

pavement cells is still controversial, partly because 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 den1onstrated V

A TPase immunoreactivity only in pavement cells in FW larvae. Furthermore, the electron

microscopic immunocytochemistry revealed that V-A TPase 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 immunoreactivity 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 amphibian 

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 

Dorge 1996). Since the localization ofNa"" channel was not demonstrated in the yolk-sac membrane 

of til apia larvae, we are not able to conclude that V-A TPase-immunopositive pavement cells are the 

site of Na'" uptake. The whole-mount immunocytochemistry revealed that pavement cells were 

either immunopositive or -negative to V-A TPase. It is possible that Na+ channel might be present in 

a subpopulation of pavement cells which are immunonegative to V-A TPase. 

The surface structures of pavement cells and apical openings of chloride cells have been 

observed in the yolk-sac membrane and skin of tilapia embryos and larvae by scanning-electron 

microscopy (Ayson et al. 1994; Hwang et al. 1994; Shiraishi et al. 1997). Although the scanning 

microscopy provides information on fine surface structures of epithelia at high magnifications, 

chloride cells existing beneath the apical pits are not observable. In the present st udy , we 
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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 yo lk-sac membrane were smaller but more numerous in FW larvae than 

[n SW larvae. There is no diffe rence between FW and SW in total area of the yolk-sac membrane, 

which is most ly covered with pavement ce ll s. 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 number 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-differentiated 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 difference in density between FW and SW. These fmdings accord with observations 

by Ayso n eta!. (1 994), who detected chloride cells in the yolk-sac membrane by means of DASPEI 

staining in FW- and S W -adapted tilapia embryos and larvae. According 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 responsible 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 

W. The observed increase in Ca2
+ content during the early development of FW til apia might be due 
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to chloride cells in the yolk-sac membrane, although no direct evidence for this issue is available at 

present. 

In summary, V -ATPase immunoreactivity was demonstrated in pavement cells of the yolk-

sac membrane of tilapia larvae adapted to FW. A constant increase in Na" content during the early 

deve lopment, the immunolocalization of V -A T Pase in pavement cells, and higher density of 

pavement cells in FW suggest that pavement cells are the site responsible for active Na~ uptake in 

exchange for H+ secretion in FW -adapted embryos and larvae. 
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Concluding Remarks 

A large number of marine teleosts undergo physiological changes as well as morphological 

and ecological changes during metamorphosis from larvae to juveniles. In Japanese flounder, an 

increase in low-salinity tolerance was observed during metamorphosis, coinciding with ecologically-

observed migration to near-shore and estuarine areas. The prolactin cell volume of the larvae reared 

in SW increased gradually during metamorphosis and markedly after low-salinity transfer. These 

results suggest that prolactin is involved in the development of low-salinity tolerance during 

metamorphosis of the flounder. Whole-body concentrations of thyroid hormones decreased slightly 

but significantly after low-salinity transfer, also suggesting possible involvement of thyroid 

hormones in low-salinity adaptation of the flounder. No significant difference in whole-body 

concentration of cortisol was observed after low-salinity transfer. The extraction method 

established in the present study would be useful for future endocrine studies with fish embryos and 

larvae. 

A spatial shift of chloride cell distribution from the body skin to the gills was clearly 

observed during metamorphosis of the flollilder by whole-mount immunocytochemistry with anti

Na .. , K+-A TPase. Since many other marine teleosts also exhibit metamorphosis to varying degree, 

the shift from cutaneous to branchial chloride cells could be expected to occur during metamorphosis 

in those teleosts . The occurrence of multicellular complexes of chloride cells in the body of 

premetamorphic flounder larvae suggests that those cells function as ion-secreting sites in seawater. 

Although flounder larvae and juveniles are not adaptable to FW, they can survive in hypotonic 

environments to a certain extent. During low-salinity adaptation chloride cells in the body skin and 

gills may function as the site of ion uptake, which could be under the endocrine control of prolactin. 
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The appearance of branchial chloride cells before the differentiation of gill lamellae suggests that the 

primary function of the gills during the early development is ion regulation rather than gas 

exchanges. 

Since Keys and Willmer (1932) first identified and named "chloride secreting cell", many 

studies have been carried out on chloride cells in the gills. However, the complex, three-dimensional 

structures of the gills, together with their poor viability under in vitro conditions, have put 

difficulties in examining branchial ion transport mechanisms. The simple structure of the yolk-sac 

membrane of tilapia and the combination of DASPEI staining and confocal laser scanning 

microscopy enabled me to observe sequential changes in individual chloride cells during seawater 

adaptation. The in vivo observation system established here indicated that a large proportion of 

chloride cells survived after seawater transfer, and that those cells increased markedly in size. This 

system would be effective in examining direct effects of hormones and environmental ion 

concentrations on chloride cell morphology in future studies. The combination of whole-mount 

immunocytochemistry with anti-Na+, K+-ATPase and differential interference contrast (DIC) optics 

allowed to classify chloride cells into three developmental stages: a single chloride cell without an 

apical pit, a single chloride cell with an apical pit, and a multicellular complex of chloride cells with a 

common apical pit. Wendelaar Bonga and van der Meij (1989) reported five (accessory, immature, 

mature, apoptotic or necrotic) developmental stages of chloride cells in the gills of til apia, based on 

their transmission electron microscopical observations. While transmission electron microscopy 

provides fine structures of chloride cells, immunofluorescence and DIC observations on whole

mount preparations help us to understand the whole image of chloride cells. Immunofluorescence 

and DIC observations also revealed that single chloride cells were enlarged and frequently dented by 

newly-differentiated accessory cells to form multicellular complexes during SW adaptation. These 
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results indicate that FW -type, single chloride cells are transformed into S \V -type. chloride cell 

complexes during SW adaptation, suggesting the excellent plasticity in altering ion-transporting 

functions oC chloride cells in the yolk-sac membrane of tilapia embryos and larvae. 

During the early development of ti lapia adapted to FW and SW, a constant increase in Na

content was demonstrated. A rapid increase in Ca! .. content occurred at day 2, whereas Mg2
_._ 

content was essentially constant throughout the experiment. These findings indicate that tilapia 

uptake a· and Ca
2 
.. from external environments during the early developmental stages. The yo lk

sac membrane seems to function as a respiratory and ion-regulating 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 pathway for Na+ uptake and H ,_ secretion. 

However, the Na,_/H,_ exchanger model was questioned by experimental and theoretical evidence, and 

an alternative model incorporating an electrogenic proton pump and a conductive Na- channel has 

been proposed on the analogy of other epithelia such as amphibian skin (A vella and Bomancin 

1989) . In this scheme, V-A TPase, an electrogenic proton pump, generates a favorable 

electrochemical gradient across the apical membrane and permits passive electrodiffusion of Na+ 

through a Na+ channel. In the yolk-sac membrane of tilapia embryos and larvae, I succeeded in 

distinguishing between pavement and chloride cells under a light microscope without difficulty, and 

demonstrated V -ATPase immunoreactivity only in pavement cells in FW larvae. Furthermore, the 

electron-micro copic immunocytochemistry revealed that V-A TPase was localized in the apical 

regions of pavement cells. These observations suggest that pavement cells in the yolk-sac 

membrane are the ite for Na._ uptake in exchange for H ,_ secretion in FW-adapted tilapia larvae. 

This is also up ported by the absence of V-A TPase immunoreactivity in SW -adapted fish. The 

larger number and smaller size of pavement cells in FW than in SW might be interpreted as enhanced 
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cellular activity in Na- uptake in FW. It might also be possible that more frequent recruitment of 

newly-differentiated pavement cells in FW results in the large number and small size of these cells. 

It sho uld be noted that a higher rate of chloride cell turnover was also observed in FW than in W in 

Chapter 3. In several teleosts, a higher turnover rate of gill epithelial cells has been observed in SW 

than in FW (Conte and Lin 1967; Chretien and Pisam 1986). The longevity of both pavement and 

chloride cells in SW individuals must be a characteristic of the yolk-sac membrane, or the response 

of these cells to different osmotic conditions could vary between species. 

In summary, prolactin and thyroid hormones seem to be involved in low-salinity adaptation 

of Japanese flounder during metamorphosis and inshore migration. Cutaneous chloride cells 

decreased in size and density and disappeared during metamorphosis of Japanese flounder , whereas 

branchial chloride cells increased in number during metamorphosis. These results indicate that the 

site for ion secretion in seawater shift from cutaneous to branchial chloride cells during 

metamorphosis. In the yolk-sac membrane of tilapia embryos and larvae, FW-type, single chloride 

cells are transformed into SW -type, chloride cell complexes during S W adaptation, suggesting the 

excellent plasticity in altering ion-transporting functions of chloride cells. The pavement cells in the 

yolk-sac membrane of FW tilapia larvae showed V -ATPase immunoreactivity , but not in chloride 

cells. Pavement cells would be the site of active Na+ uptake in exchange for H ,_ secretion through V

A TPase in FW -adapted tilapia during early life stages. 

Finally, I would like to emphasize that chloride and pavement cells in the yolk -sac 

membrane and body skin are not only important in osmotic and ionic regulation in the early life 

stages of teleost species, but also excellent models for future studies in search of chloride and 

pavement cell functions in general, because of their simple structures. 

67 



@!'f-]· ~, ~--~ 0) 1~ ~J± ~!5f fn f~f1} ~: --:J v \ -c tt , -+T 7 t-+ffiJ:Ji 1j t -- 0) nt ,W, ~ {J ;f-l c L ---- ~ < 0) ~Jf ~ 

iJ"' 1j ~ n -c ~ t:.. . ?&;j(]~fJ0 ~= Li 7~ o 7 7 7- /, ?Hf:J]\.)Mi ~, : U: :1 Jv + '/ Jv-\-> pt-& ;t Jv -t- / * 
0) * Jv -=c / iJ{r;J i} L -c v \ ~ -=. c, ~~.. ~t!li.B J: cF¥~ 1t~iJ{-:: n G 0) * J'-' -r / 0)1~81 ~§ -c-

0 VJ £~ ~ Y:i~IT~folfn ~§ -e 0 6 .:: c, -f 0) r:p -c- b ~.~- ~= 1¥1± T 6ll"_~Ji#fHJRL -/J{.:E ~ 1j 1 :t / 

~WJ ftP t~ 1~ -c- cf0 ~ .:. c , lj t·- 1J { -:: n i -c- 0) M ~ -c- BJJ G iJ ~ ~: ~ n---- v ' ~ . L iJ ~ L , .:. n G 0) ~~ 

j2iJ±~ftJ~n ~i-~'-/){*3€-J! i:t §€-1f :fJJ ~)j ~= t3 ~t ~ i~~J± ~ft]~fit~t1t ~: --:J v' -c 'i ~D~ iJ{~-- tj v'. t~ ~= 

fi!~~,~JI 0) r:p -c ~ t~ ~ r5 66 6 iHJ:gf~, 0)1t~,M ~= .B ~t 6 ~~~fE~WJ~nt~t• ~= r~ -t ~ Mn t± 'it 

lvc''7J. ~n-cv'/jv>O)-/J{t~U*:c-06 . -: -J Lt:..;J7(15G~ff~i .z -c, *M~c·t±7.kgf$_t£~ 

ljfu~~~~~7~bJ:if~n~~~tt~~L~~ff~~~m~~~~_t~»~~~~u 

;f4 c 7J ~ 7 1 7 e 7 ~ ffl v', ~W:fJJJtJ3 ~= i3 ~t 6/~~fE~JEJf1J1~1-0)f!J4~ ~ § t§' L t:... 

i f~l~c·t± , iHf:gf~,O)ft£:zt L -c ~ 7 ;< ~ c VJ cbvf, 'fftl~,Jtf3~=.Bvt 61tltl"_5J'--j@~0 

~~:1Jo)~1tc ~5J'-¥£,*0)ruJ~~=--:Jv•-ct~~t Lt:... ~ G ~=~2~~t±, ~ 7 ~ 1t~,0)9£1f~= 

1$ -J tl"_~Jf#fH!fcL O)fJ1£ t~{}L 0) ~f$ O)t*-=f ~ BJJ G -Jp ~= L t:... 

fJt ~, 0) ~~. 0) :t_;g_~JJ#fH JRL t ± , i~;_k r:p ~ t ± ~±_t;_k -!J~ G 0) 1 :t / 0) 1& VJ Jb h- ~: ruJ ~ L -c i3 V) , $ 

7_k r:p -c t ± 1:f ~ ~: )i~d~U c ~ -:) t:.. 1 :t / 0) 1# F te 0) t~ ~ cb ~ c 15 .Z G n -c v ' ~ . L iP L , ~~JK iJ ~ 

G ?Hi:1K ~ 0) f$1T 0) ~ ~= ~~. 0) t_&m#fHJRL -/J{ t --0) l -) ~ ~!JJ ~ 7F 9 0) iJ) ~= --:J v' -c i±, 1~~ ~~#fH 

/jff\:~~t~--:J~~.O)~.~~t;tf-lc L-z-0)7';< 1) ·:; ~ <bXv'L-c*t_:sJJG-JJ~~=~n-cv•~v'. -t-

-: ~*3~ ~~±, ~t_;g_·li~,m 7 1 7 ~ 7 0) ~f ~ i&;_k-!J~ G ?Hi:1.k ~=f$1T L f:_ F>~ ~= 1fm 4 O):t;&m#ffl 

JYr2 0) ~ 1 t ~ in vivo ~ JI me 81 ~: lUl ~ -t 6 -: c ~: J: -:) -c , ?Hi: ;_k -j@~ ~ ~: i:3 ~ t 6 ±_& ~Ji #ffl fYr1 0) ifJ t~ 

~ BJJ G -/p ~= L t:.. . i t:.., ?HJ:;j(~~ ~ ~= i:3 ~t 6 1 :t / 0) 13F te 1~1~ ~= lt ~ -c, ?~;_k-j@JZ, ~ ~= i:3 

~t 6 1 * / 0) I& VJ J6h-1~1~ ~= --:J v'-c '±9;oR. iJ{z L v' . -f-: ~~4~ -c· '±, -=;- 1 7 ~ 71t~, 

1J{7~;j(-j@JZ~ ~= f_i~;_ki(p G Na+ c Ca2+ ~ fl1P:!81 ~= 1& VJ J61v ~ v, 6 -: c ~ BJJ G i'J) ~= 9 6 c ;tt ~=, 

Na+O) lfX VJ i&h-f~f~ ~= --:J v \ -c :?5~ L t:.. . 

68 

* 1 ~ ~ 7 J. 0) 1t Ht ~, M ~: H ~ t 6 f5: 1;& 7J" ifiit ti (/) #.- :fJ! t ;·:K ~ EE WfiJ ~IJ t- 1~ -=c / (/) i ~ i:j-

~ 7 ~ (Parahchrhysolivaceus) i±1tffi!,7J" Gtl,W,~ O)ft1-TUM :t§~T 6 ~!L~WH-=.i$-6'-tE){i'J• 

G iaJ D mJ ill lEX~ 0) @J )Qf ( M2 '* @J )Qf) ~ 1-T -J -!J"', -: 0) J: -J lj ±J~)~ ?JT 0) K 1 t ': 100 .Z __.. ~ !L~ JtJJ 

~= f5:±_;g_5J ifiit·li ~~if~ T 6 -: c i'J{-T ?~ IJ ~ n ~ . -f-: -c·, ill!'*' ~RJ:;j( r:p c'0~ ?J~ G E~ w L t:.. ~ 7 J 

~%1f A 7- y'7J{Jlt tJ-- ::_- c ':~f.RiH£7]\.~:t$1T L -c ~J~$ ~~Wl~t:.. c-: 0. ~~1t@lf&O)~~~ 

1t~-'± 1ttxas15:±l7J" ~= 5$ \; '-/J{, + 0){£15:tl5trmtt1 t±1tl r L, ~t~JtA ~= lj ~ t {!} [f_t~ -t 6 

.:. c -/J{BjJ G -JJ~ ~= 1j -:J t:.. . i f:_, @.'*' ?HJ:;j( r:p c'~~ W L t:.. 1ft[~, 0) ~J€-W A 7- :J ': i:3 v 1 -z-, 

pt~, ~= i:3 v'-ci&J.k~JZ, * Jv-t- / c ~ n -c v' 6 7° o 7 7 + / O)~~T¥:1t~= i3 ~t 6 ji~~*:t~ ~ 

~J5E~~ ~ ffl v • -c ~WJ ~ t:.. c -: 0, ~t~ 0) Jlt1T ~= 1-=¥--:) -c 7 " o 7 7 + / gf (:t ~~ :1J -/J{ _t ff- -t 6 .:: 

c iJ{~ G -!J~ c ~-:) t:... L f:_ i'J{-:) -c, ~fi~Jtf3 ~= i3 vt 61frt_;g_)J'-ifiitti 0) _tff- '±, 7° o 7 7 1- / ~ 

~ ~~)J 0) _t ~ t ¥* < i~ :1! L -c v' 6 c ~ .Z G n t:... *. ~=, M ~!i~Jtf3, ~t~1W§Jtf3 i:3 l l.Ftl ~, 

M 0) ~ 7 ;< ~ :iffi 'ffi iifJ=;_k -JJ~ G ~f.R iRJ:;_k ~= f$1T L, 7 ° o 7 7 + / 0) gf (:t;J*:!i~ c Eti ;17\~'R * Jv -t- ./ 

i:3 J: u"':I Jv-T'J''Jv1:f~il:OC0)48~Fs~1&0)~1t~)E&~'E..B J: u"'7 :J:t 1 L /7 'J --t 1 ¥t~ 

ffl v 1 -c ¥~1J~ L t:.. c -: 0, t''0)9£1f ,EJJ~ ~= i:3 v 1 -c <b ffl~RiHi:7.kf$1T1& ~= 7° o 7 7 + / 0) gf(:t -/J{ 

~JI~ ~= _t:ff- L t:.. 0) ~=~t L -c, EtJ ~*~'R * Jv -=c / .B J: r.F :1 ;~ + 'J"Jv1t~il:oc 'i 1=f~ ~ ¥£1t ~ ~ 

~ ~ -JJ~-:) t:... L t:.. iJ{-:) -c, 7° o 7 7 -T / t± ~ 7 ;< 0)1ffl:f$Jtf3 ~@ L -c itl~£--j@JZ, * Jv -t- / 

t L -c{i] v' -z- v' 6 -: c -/J{5$ < /FP~ ~ tl t:... 

~2~ ~ 7 ;< O)~!i~ftJH:i3~t 6t_;g_m#fflJRL0)1t£:z-JJ~ G~~.~O):Jt/ffJO)J!~ 

?Hi:gf~, 0) ~~, ~ '±1ti~$ ~=~*U c ~ 6 Na+i3 J: [fer~~.~~ ~=1¥1±-t 6 t;&~§!*fflJRL-IJ~ G t3Fte L 

-c v' 6 c ~ n -c v' 6 iJ{, ~.~.-IJ{*=%Jt ~ ~fM · 1f~,Jtjj ~ t±~~Jtli.B J: U'1:f£Z ~:tl"_~Jf#ff!JRL-IJ--5-J 

1111 L -c v \ 6 -: c iJ{ v ' < -J 7J ~ 0) ~Ji ~: i3 v ' -c w -5- ~ n -c v ) ~ . -: n G 0) ~ ~ 1f II · 1t ~ 0) ±_;g_~ 

*fBFYcLt±9£w O)JE1T ~= 1$-:) -z-1~~ L~.~.O)tl.~*ffllRL &: c -:) -z-1-t b G n 6 c ~~ ~=1~t1tte * 6 -/J{, 

+ O)t*-=f ~ JJt!~ L t-:17U '±.:: n i ~ ~= ~ v'. +.:: -c, :t;&~Ji#fflffrL ~= 1:3 vt 6 1 * / $1liJ:iE ~= ~ ~ 1j 

1~~U i-* t:.. L -z- v' 6 Na+, K+ -ATPase ~:jtT 6 rJL1t ~ ffl v' t:..whole mount%&*:~ ~= l -:J -z-, 

~ 7 ;< 1t~,O)~~~~. 1t£Z.BJ:cf~.~.~=~1f9 6J:S&~Jl#ffllf?l~t~~as~=t!ttB Lt:.. . -mr~t~!tJJ (~ 

1t1&o- 18 B) 0)1fffi.J,O)~~Jtll.B J: u"'1t£Z~=t±*mlO)l1uJJi#ffllf?l-IJ\~i~5J ;{f1 L -cv 1 t:..7J--, ~ 

69 



!i~ ~tiJJ !tJJ ( .-;-dt f&2 1, 24 n) ': ~;t 6 t 1-t1Z (7) ±~Jffii*ffim1 (7) * ~ ~ t m Ji: ± t t ~ = .E.iJii ~ = c'!~J.' 

L, ~!i~r&~~m-J (.-; 1ti&2s, JJt:l ) ~=~±1~-=:tz~::t;&J:Ji*rntm ,±t~~te~nl;;lp~t-=. -/] , ~~.0) 

t~mf.rntrcu± ~ 1t1&s G ~ = te :EJl L. j£w 0) )i1T ~= i+ ~ -c ~~ L t-= . :. n C:J 0) *5 * 1±, ~ 7 ; 

~= .13 v' -c 14:1< ?J~ G ~~. ""(7) 1 :t / ~!~ ~n g:~ f~ (7) ~i1~ 1J{~!i~~fl ~= ~:. ~ :. t i- 5F L -c v' ~ . i t-=, 

~!.~. c·'± tf 7-- ~1~,=~~ ~ .=:}(~~-4f7'J{5:J 1t-t 6 1-J M ~:±l[~ff.ffif@7'J'i'tfj:fJ! L f:_ :_ c 1P t;, ~W:fJJ 

~ 3 ~ .:;-- 1 7 to 7 ~f 1f ~- 0) ~~ ~ ~ _l_ $_ ~: W 1£ T 6 JJ[~Ji*fE JfcL 0) 14Ti:Jk ~rt) B;f ~ : i3 ~ t 6 

*f8=-,J=¥f1t 

G 1i!iht:_J1:±;&·fi i- 5F L, ~f i-?~Jk?J) t; ifTi:Jk ""~~~1T L -c 'b iE% ~=~~7'J'i'Ji1TT ~. -T 1 

7 ~ 7 ~f · 1ff~t O)~~~HrEl ~= Li~i~O)ij[~*fEJfcLiJ'i't:f{E L, 1~Jk9 c·,±;J,~ O)±l~*rnffcLiJ'i' 

*19H: 5}1$ L -c v• 6 0) v:Jt L -c, i4Ti:Jk9 -c '±:f:l~li*fEffcL tt*~ 1t L, *l;~O)*fEfRLiJ'i'*£-%1* ~ 

7f~ nX: L -c v • 6 -::. c 1J ;;-¥R -6- ~ h -c v • 6 . nX: ~- 0) ~~- 0) :tl~Ji *fE JfcL c fPJ t J: -7 ~: 1tJ ~ '± 1 :t / 0) JfX: 

~:i6ch, 1~~'±1:t/O)i3!=te~:ruJ~L-cv•~c::=f5,Zt;h-cv•6. LiJ\L, 7-17~7~~ 

i~Jk -Jp G iHi:Jk ~= ~1T L t:_ ~~ ~: JJ[~Ji*IEJrcl. ~: ~ t ~ ~1t ~tel~ L t:_ iJU t±-: n i c· ~:~;tv •. 74Ji:J}c 

~:-t$1TT 6 c 1~Jk9c·W1£ Lt:_:f:l~*IEMH±~~Sic L -c*JTt:_l;t:tl~Ji*fEJRL1J'i'5J'-1t L -c < 6 O)ip, 

i- h c ~ ?~;}c 9 -c·W1£ L t:_ :tl~.&*fBJrcl. '± i4Ti:Jk01T1~ ~ J~ 0 , ~!i~ · 1~~~ i- ~1t ~it -c ifTi:Jk ~ 

1 7°0)±1;_~*lli~ c L -citb < 0) C' ch 0 ~ 1P. -::. 0) F~~ v• ~=1t z 6 t:_ &J ~:, -T 1 7 ~0 

7 ~ 0)~~~ 

g_tsz_ O):i:l~ff.IEJfcL ~ ~lt'E. * c·j:j*~-E. L, ?~Jkn) G 14ItJk ~=01T L t-:1k 0)1~ 4 O)ij[~Ji*IElYcJ. 

~l;t1~:@0)f:_66~§~~TC'I±~~1J{~iftc·cb ~, *IEfrcl.:t-%~ffic·,±:tl~*IEJfci1J{?~Sic L -c L 

i -7) , ffln-c· ,±!fi~ ~;t+!ii1~:@ i- ¥-t 6 -T 1 7 ~0 

7 ~O)~~~~_t_$_ ~ 1tr4 c L -c ffl v>, 

::t 1*~ fu t :t-t~ .9: v- -+f-A~ --r / ~Jr1~J:m: i- rJI.h-~ v it 6 -=-- t ~= J: ~ -c 1~ 4 0) :tl~.&*rnffci 0) 

~1t ~ ~*3I81 ~= Jil1 -:. t ~= JJ.X.Jj] L t-= . --t- 0) ff5*, r4It7k01T4 a 1& 0) B;f .9: -c·ftR~ 1m ~ta;f 0) 

o o/o ~: ~§ ~ T 6 ix 0) tl m*HH~ iJ{J~ ~ -c t:3 0 , L iJ) ~ 1~ 4 0) :tl~ *rn Jfci '± 4 a 1& ~ : *-'02 i-t?f 0) * ~ 
~ ~: 1j ~ t:_ . - IJ, ~t ~~ tF c L -c i~Jk ~: 4 a Fs~ 1* 1:¥ L t:. @11* c' t ± ?Hi: 7k M c ' l ~ l' fPJ IJ 0) J-l ~ 

70 

;f.ffi}RLIJ{'l~ ~ -c v • f:_ 7'Jf, f~ 4 (J)tj[~J[;f.ffi}RL(J)* ~ ~ : t± ~ 'ft '± h 0 tL tj IP ~ f:_ . it-=, mll£ L 

t-: +r / 7° Jv ~= NaT' KT -A TPasetJt 1* ~ ffl \; l f:_ ~ 19: ~ E i-1itli L' t;gJffi:;f.fBR~ 0) t-Iff iii~ ~f-Er$-:, rut 

~ L t-: c -::. 0, iifi:Jk ~= f$1TT 6 c ll~Jiif.ffiffcL ~= ~~~T 6 *5t1t*fBm21J'i'7 7 -t+r 1J - ;f.ffiffci. ~= liJ 

1t L, ±1;_~*ffllfr!, ~: ~(8 A L -c ff.ffilfr!,1~'El1* ~ 7f~nX: T ~ -::. c iJ'i'Bjj G -IP c 1j ~ f:_ . :_ h G 0) *5 * J: 
~, .:;- 1 7 ~70)~~~~_t$_~:i3v'~-c{~JK9"C·t:f1£T 6l~~J!*IEJfci(±?ifJ:7kt$1Tf& 'b J~ v) , *~ 

!i~ . f~~~ ~ ~1t ~it -c 74Ti:Jk ~ 1 7°0)j:1;_~Ji*ffiffcL ~= ~1t-t ~-=- c 7'J'i'~ ~ ht:_. 1 t:_' \;'I < ~ 1J\ 

O)~_fiO)f[~, · nX:~, ~= t:3 v' -c, i~Jk?)" G ?4ItJk ""0) 01TB;f ~=~.~.O):tl~*ffiJfciO) A.nwb VJ 1J{~ 

!v ~: lj 6 -::. c 1Jf¥R-5- ~ h -c v • ~ IJ{, *Wfn -c' ~± i4ItJk ~= 01-T L t-: f~ 1t J: v) b t.J' L 0 {~;}c ~: f* 

1=¥ L t-:1~1*0) ~l-7 iJ'i't&~*ffiJfciO) A.nwv 0 1J'i'!fi.Jv -c· ch ~ t-: . -=- 0)~5* J: ~ , -r 1 7 ~ 7 ~ ~ 

~jl_t$_ O):i:SgJJiff-ffilfr!, ~±nX:~, (J)~~- ~=.tt~ -c f~~~O) OJ~ti ~: ~ lv c· v) ~ OJ~~·[iiJ{JFP~ ~ ht:_. 

~ 4$: -T 1 7 ~ 71f~, 0) {~J}c~rt)a;f ~= i3 ~t 6 T r 1
) r] L 1 :t / 0) JfX: VJ :ibh-t~m: 

i~Jk 9 -c nX: ~- '± ~~- IJ\ G 1 :t / i- 11 ifu! 81 ~: JfX: VJ :16 u -:. c 7'J ;;- te * ~ . Ca :!+ ~ ± :tl ~ *fB Jffi n" G lfX: 

0 Jb t n 6 t ~ n -c v• 61Jf, Na+~= ~ v • -c ~ ± lfX: ~ :i6h- ff51~ 0) fPJJ£ ~± ~;t ~ n -c t:3 G -r, ~~-7)\ 

*~J! 1;t ~1f1JJ!tJH: .B ~t 6 1 :t / JfX: 0 :i6h-{~1~ ~=£ ~ -c '± ~ l c !v t~~DY! 1Jf1~ G h -c v • 1;t v'. 

i-.:: -c i 9', -T 1 7 ~ 7 ~ffi ~~ i- i~JkB J: u"'iffl:Jk ~= 1~J~~ L, 1f:WJtJj ~: i3 ~t 61*r*l 1 :t / ~ 

.£ i-¥~1JJ£ Lt-: c-::. 0, [m]~c bi~i-~z -cv•l;tv•~: ~ 1J\7'J\b Gf, ~~O)JE1T~:1+~ -c 

Na+, Ca2+~ .£ 1J'i':f:W1JDT 6.:: t 1JfB_A G 1J\ c 1;t ~ f:_. -::. O)fffi*'±, ~f · 1t~, 7'Jf{~Jk9 7)\ G Na+ 

c Ca :!+ i-fl ifu! 81 ~: ]fX: ~ :ib !v -c v • 6 -::. c i-~ L -c .B VJ , -::. h G 0) 1 :t / 0) lfX: VJ J6 ch ff51~ '± fjl 

~~ 81/j ~~- i- 1~ t:_ ~;t v • -9£-1f fJJ !tJj ~: i3 v • -c i ± ~~ ~ jl _t$_ ~ 1t~El c· ch 6 t ::?5 .Z G h 6 . fiX.~, 0) 

~~-~:.Bv•-cNa+~±, ?-JlffcLtiH+-ATPase (V-ATPase) ~: J: ~ -c f3!=te ~ ht-:H+ c ~§:fffi81~:, Na+ 

channel i- -Jffi L -c ~tl;K 7)\ G ;f.ffi}ffi r*J ~= JfX: ~ :ib t h ~ c ::?5 z G h -c v' 6 . i--::. c· -T 1 7 ~ 7 1f 

~- ~: ~ v • --c, V-A TPase ~:7tT ~ t~~tJt1* ~ ffl v • -c Jt~Jl H J: u-~~Ji v « Jv O)m(5t~~ i-1T ~ 

t-: t-::. 0, V-ATPase,±i~J}ct=f0)1f~,O)q~~~_t$_0)1J.tji;f.ffiJffi l~ff~~=~1f L, ll~*rnfm~: '± 

ittt L 1j v •-::. c 7'J'i'Bjj G 7)\ ~: 1;t ~ t-: . i t:., ?Hi:Jk ~: j@JZ", L -c v' 61t~, i.J G i± V-A TPase Lt{fk: te 

~ n 1;t ?)\ ~ t:_. -::. h G 0)*5*7)\ G, -T 1 7 ~ 7 0)-9£-~tJJft:YH: 1:3 v' -c '±, iikJk?)\ G O)Na+O) 

~ ~ :16 ch ~51~ ~ ± ±l~Ji ;f.IE fYc1 C' '± tj < l~ :i:*ffi JfcL -c- cb 6 c ~ ;z_ G h ~ . i f:_ , iikJkfif: c 7fft7]\. ll$ 0) 

71 



1tf{$, ~:_ --:J v \ -c1Lt~*-1BJ@O)'W~ ~ 8-h~IJ L f:_ c -: ~, i~Jkfi=f:1J{?fiJ:7K'M: l VJ ~ ~~ ~= r'6J iJ' -:J t:_ . 

*-illtrcl,i~O)~ ~ t;i ?~JK r:f:1 ~= iHt 6 ¥5-t1 ~tum over rateO) f@i ~ ~ &_BJ( L -c v \ 6 c 1I .Z G n 6 0) c', 

7f;z_ X~O)t§c'~ 61$~*-illffr21J\'1 :t / ~$1~11 ~= <b fkj~ L -c v\ 6 "6J~~tiiJf5~ < 7FP~ ~ nt:_. 

7-fs:WfJEO)tc~ 

1) ~ 7 y: O)~~~:ltJH= .:1:3 ~t 61ELtJ[:Jtitti0)~1~~= t± 7° D 7 7 T / ~~~~O)±W1J07Jf* ~ < ~ 

b -:J -c v \ 6 c :$5 :Z G h f:_. t f:_ 7° o 7 7 -T / Li ~ 7 Y: 0) 1ffftwJtjj ~:@ L -c fft±_;&)t:@IM) ;t Jv 

-=£- / c L -c f!IJ v \ -c v \ 6 ~ c ?Jf!FO~ ~ h f:_. 

2) L 7 Y: WJ~~~M1tf{$, t;i~ ~ !tii.:B J: U'1*£Z ~ =~~~O)±_;&~Ji*-!Bml. ~ fFm ;{_ -c v~ 6-!Jf, ~i~~jj ~= 

_:_ h G O)J:;&~r.!Emi. t±1J4f~ L, ~.Ft!,O)±_;g~Ji*-ffiml.?Jf§eJ!-9 6 ~ c :IJ'i'f¥1 G iP c tj -:J t:_. 

3) 71 7 ~
0

7~fO)~~ !tJi__t&~:{+Yf-t 6±_:&~r.!Emi.~i¥~7.k7J) G?~J.k~:f$1-J L -c <b 1J4f~itf, 

¥~1t~ -jp G ¥~*~ ~ e: --c- 0) *~~~ e: t~~~ ~ ~1t ~ -tt 6 ~ e: ?JfroJ - r.rnmr 0) i@.:eJMt!~ ~= ;: -:J -c 5F 

~ ht:_. 

4) T 1 7 1! 71t:f[$, ~;i i~J.kr:f:l 'T:Na+ c Ca2+ ~ flifu!BS ~= !& V) ~ 1v 1: v \ 6 ~ c ?Jf~ G iP c tj -:J f:_ . 

t f:_ Na+O) J& VJ ~hg:~1sZtt~~Jt~__t&0)1&~jffiml.'"CJ) 6 ~ (: ?Jf/FP~ ~ ht::. 

72 

Acknowledgements 

I wish to express my sincere gratitude to my supervisor Professor Masaru Tanaka, Kyoto 

University, for his invaluable instructions in early life history of teleosts and warm encouragement 

during the course of my study. I am also grateful to Professor Tetsuya Hirano, University of 

Hawaii and Dr. Toyoji Kaneko , Ocean Research Institute, University of Tokyo, who introduced me 

to the field of fish osmoregulation and gave me a chance to work at Ocean Research Institute , for 

their constant guidance, valuable discussion and encouragement. 

I am indebted to Professor Tetsuji Nakabo, Dr. Masatomo Tagawa, Dr. Tadahisa Seikai and 

Dr. Izumi Kinoshita, Kyoto University and Professor Yoshio Takei, Ms. Sanae Hasegawa and Dr. 

Katsuhisa Uchida, Ocean Research Institute, University of Tokyo, for their technical assistance, 

valuable discussion and encouragement. I am grateful to Professor Howard A. Bern, University of 

California at Berkeley, for his helpful suggestion and warm encouragement. I thank Professor 

Jennifer L. Specker, University of Rhode Island, for critical reading of Chapter 1. I also thank Dr. 

Kiyoshi Soyano, Nagasaki University, for providing the anti-Na·, K '"-ATPase serum and Professor 

Yoshinori Moriyama, Institute of Scientific and Industrial Research, Osaka University, for 

providing the anti-V -ATPase serum. Thanks are also due to Dr. Takeo Kurihara, Seikai National 

Fisheries Research Institute, for his helpful advice on statistical analyses. I am grateful to present 

and former members of Laboratory of Marine Stock-Enhancement Biology, Division of Applied 

Biosciences, Kyoto University and Laboratory of Physiology, Ocean Research Institute , University 

of Tokyo, for their criticism and friendship. 

I dedicate this thesis to my family and my deceased mother and grandfather. 

73 



References 

Alderdice DF (1988) Osmotic and ionic regulation in teleost eggs and larvae. In "Fish Physiology 

Vol l1A" Ed by WS Hoar, OJ Randall, Academic Press, San Diego, pp 163-251 

Avella M, Bomancin M ( 1989) A new analysis of ammonia and sodium transport through the gills 

of the freshwater rainbow trout (Salmo gairdneri). J Exp Biol 142: 155-175 

Avella M, Bomancin M (1990) Ion fluxes in the gills of freshwater and seawater salmonid fish. In 

"Comparative Physiology Vol 6" Ed by JP Truchot, B Lahlou, Karger, Basel, pp 1-13 

Ayson FG, Kaneko T , Tagawa M, Hasegawa S, Grau EG, Nishioka RS, King OS, Bern HA, Hirano 

T (1993) Effects of acclimation to hypertonic environment on plasma and pituitary levels of 

two pro lac tins and growth hormone in two species of til apia, Oreochromis mossambicus and 

Oreochromis niloticus. Gen Comp Endocrinol89: 138-148 

Ayson FG, Kaneko T , Hasegawa S, Hirano T (1994) Differential expression of two prolactin and 

growth hormone genes during early development of til apia ( Oreochromis mossambicus) in 

fresh water and seawater: Implications for possible involvement in osmoregulation during early 

life stages. Gen Comp Endocrinol 95: 143-152 

Ayson FG, Kaneko T , Hasegawa S, Hirano T (1994) Development of mitochondrion-rich cells in 

the yolk-sac membrane of embryos and larvae of tilapia, Oreochromis mossambicus, in fresh 

water and seawater. J Exp Zool 270: 129-135 

Barry TP, Malison JA, Held JA, Parrish JJ (1995a) Ontogeny of the cortisol stress response m 

larval rainbow trout. Gen Comp Endocrinol 97: 57-65 

Barry TP, Ochiai M, Malison JA (1995b) In vitro effects of ACTH on interrenal 

corticosteroidogenesis during early larval development in rainbow trout. Oen Comp Endocrinol 

74 

99: 382-387 

Bereiter-Hahn J (1976) Dimethylaminostyrylmethylpyridiniumiodide (OASP ri) as a tluorescent 

probe for mitochondria in sutu . Biochim Biophys Acta -+23: 1-1-t 

Bern HA, 1viadsen SS (1992) A selective survey of the rainbow trout (Oncorhynchus my kiss) with 

emphasis on the hormonal regulation of ion balance. Aquaculture 100: 23 7-262 

Brown D, Breton S ( 1996) Mitochondria-rich, proton-secreting epithelial cells. J Exp Biol 199: 

2345-2358 

Chretien M, Pisam M (1986) Cell renewal and differentiation in the gill epithelium of fresh- or salt

water-adapted euryhaline fish as revealed by CHJ-thymidine radioautography. Biol Cell 56: 

137-150 

Conte FP , Lin D Y ( 1967) Kinetics of cellular morphogenesis in gill epithelium during sea-water 

adaptation of Oncorhynchus (Walbaum). Comp Biochem Physiol 23: 945-957 

Creutzberg F, Eltink A TOW, van Noort GJ (1978) The migration of plaice larvae Pleuronectes 

platessa into the western Wadden Sea. In "Physiology and Behaviour of Marine Organisms" Ed 

by DS McLusky, AJ Berry, Pergamon Press, New York, pp 243-251 

de Jesus EO, Hirano T, Inui Y ( 1991) Changes in cortisol and thyroid hormone concentrations 

during early development and metamorphosis in the Japanese flounder, Paralichthys olivaceus. 

Oen Comp Endocrinol 82: 369-376 

de Jesus EG, Hirano T, Inui Y ( 1994) The antimetamorphic effect of prolactin in the Japanese 

flounder. Oen Comp Endocrinol 93: 44-50 

Evans DH (1979) Fish. In "Comparative Physiology of Osmoregulation in Animals" Ed by 0 MD 

Maloiy , Academic Press, New York, pp 305-390 

Fabre-Demergue M , Bietrix ME ( 1897) La peri ode critique postlarvai re des poissons marins. Bull 

75 



Mus at Hist Nat Paris 3: 57-58 

Flik G, Verbost PM, Wendelaar Bonga SE ( 1995) Calcium transport processes in fishes . In "Fish 

Physiology Vol 14" Ed by CM Wood, TJ Shuttleworth, Academic Press, San Diego, pp 317-

342 

Foskett JK, Scheffey C ( 1982) The chloride cell: Definitive identification as the salt-secretory cell in 

te leosts. Science 215: 164- 166 

Goss GG, Laurent P, Perry SF (1992) Evidence for a morphological component in the regulation of 

acid-base balance in hypercapnic catfish (Jctalurus nebulosus). Cell Tissue Res 268 : 539-552 

Goss GG, Laurent P, Perry SF (1994) Gill morphology during hypercapnia in brown bullhead 

(Jctalurus nebulosus): role of chloride cells and pavement cells in acid-base regulation. J Fish 

Biol45: 705-718 

Goss GG, Perry SF, Laurent P (1995) Ultrastructural and morphometric studies on ion and acid

base transport processes in freshwater fish. In "Fish Physiology Vol 14" Ed by CM Wood, T J 

Shuttleworth, Academic Press, San Diego, pp 257-284 

Go to T, Sudo H, Tomiyama M , Tanaka M ( 1989) Settling period of larvae and juveniles of 

Japanese flounder Paralichthys olivaceus in Shijiki Bay, Hirado Island. Nippon Suisan 

Gakkaishi 55 : 9-16 (in Japanese with English abstract) 

Henderson IW, Garland HO (1981) The interrenal gland in Pisces: Part 2, Physiology. In "General, 

Comparative and Clinical Endocrinology of the Adrenal Cortex" Ed by J Chester, I Henderson, 

Academic Press, New York, pp 473-523 

Hirai N, Tagawa M, Kaneko T, Seikai T, Tanaka M (1999) Distributional changes in branchial 

chloride cells during freshwater adaptation in Japanese sea bass Lateolabrax japonicus . Zool 

Sci 16 (in press) 

76 

Hirano T ( 1986) The spectrum of prolactin action in teleosts. In "Comparative Endocrinology 

Development and Directions" Ed by C Ralph, Alan Liss, New York, pp 53-74 

Hirano T, Ogasawara T, Bolton JP, Collie NL, Hasegawa S, Iwata M (1987) Osmoregulatory role of 

prolactin in lower vertebrates. In "Comparative Physiology of Environmental Adaptations 1. 

Adaptations to Salinity and Dehydration" Ed by R Kirsch, B Lahlou, Karger, Basel, pp 112-

124 

Hootman SR, Philpott CW ( 1979) Ultracytochemical localization of Na'",K--activated A TPase m 

chloride cells from gills of a euryhaline teleost. Anat Rec 193: 99-1 30 

Hootman SR, Philpott CW (1980) Accessory cells in teleost branchial epithelium. Am J Physiol 

238: R199-206 

Hsu SM, Raine L , Fanger H (1981 ) Use of avidin-biotin-peroxidase complex (AB C) in 

immunoperoxidase techniques: a comparison between ABC and unlabeled antibody (PAP) 

procedures. J Histochem Cytochem 29: 577-580 

Hwang PP ( 1989) Distribution of chloride cells in teleost larvae. J Morpho! 200: 1-8 

Hwang PP (1990) Salinity effects on development of chloride cells in the larvae of ayu 

(Plecoglossus altivelis). Mar Biol 107: 1-7 

Hwang PP, Hirano R (1985) Effects of environmental salinity on intercellular organization and 

junctional structure of chloride cells in early stages of teleost development. J Exp Zool 236: 

115-126 

Hwang PP, Tsai YN, Tung YC (1994) Calcium balance in embryos and larvae of the freshwater

adapted teleost, Oreochromis mossambicus. Fish Physiol Biochem 13 : 325-333 

Inui Y, Mi wa S (1985) Thyroid hormone induces metamorphosis of flounder larvae. Gen Comp 

Endocrinol 60: 450-454 

77 



Inui Y. l\lli wa S, Yamano K, Hirano T ( 1994) Hormonal co ntro l of tl ounder metamorphosis. In 

"Perspec tives in Comparative Endocrinology" Ed by KG Davey, RE Peter. SS Tobe. National 

Research Council Canada, pp 408-41 1 

Kaneko T, Hasegawa S , Takagi Y, Tagawa M , Hirano T (1995 ) Hypoosmoregulatory ability of 

eyed-stage embryos of chum salmon. Mar Bioi 122 : 165-170 

Karnaky KJJ, Kinter LB, Kinter WB, Stirling CE (1976) Teleost chloride cell. II. Autoradiographic 

localization of gill Na, K-A TPase in Killifish Fundulus heteroclitus adapted to low and high 

salinity environments. J Cell Bioi 70: 157-177 

Karnaky KJJ, Degnan KJ, Garretson L T , Zadunaisky JA (1984) Identification and quantification of 

mitochondria-rich cells in transporting epithelia. Am J Physiol 246: R 770-775 

Keys AB , Willmer EN ( 1932) "Chloride secreting cells" in the gills of fishes with special reference 

to the common eel. J Physiol (London) 76: 368-378 

Kimura R, Tanaka M (1991) Prolactin production during larval and early juvenile periods of 

euryhaline marine fish, black sea bream Acanthopagrus schlegeli. Nippon Suisan Gakkaishi 57: 

1833-1837 

Lasker R, Threadgold L T (1968) "Chloride cells" in the skin of the larval sardine. Exp Cell Res 52: 

582-590 

Laurent P, Goss GG, Perry SF (1994) Proton pumps in fish gill pavement cells? Arch Int Physiol 

Biochim Biophys 102: 77-79 

Li J , Eygensteyn J, Lock RAC, Verbost PM, VanDer Heijden AJH, Wendelaar Bonga SE, Flik G 

( 1995) Branchial chloride cells in larvae and juveniles of freshwater tilapia Oreochromis 

mossambicus . J Exp Biol 198: 2177-2184 

Lin H, Pfeiffer DC, Vogl A W, Pan J, Randall OJ (1994) Immunolocalization of H+-ATPase in the 

78 

gill epithelia of rainbow rrout. J Exp Biol 195: 169-18 3 

Lin H. Randall 0 ( 1995) Proton pumps in fish gills. In "F ish Phy iology Vol 14" Ed bJ Ci\11 \Vood. 

TJ Shuttleworth. Academic Press, San Diego. pp 229-255 

Marshall WS (1995) Transport processes in isolated teleost epithelia: opercular epithelium and 

urinary bladder. In "Fish Physiology Vol 14" Ed by CM Wood, TJ Shuttleworth, cademic 

Press, San Diego, pp 1-23 

McCormick SO (1995) Hormonal control of gill Na~, K--A TPase and chloride cell function . In "Fish 

Physiology Vol 14" Ed by CM Wood, TJ Shuttleworth, Academic Press, San Diego, pp 285-

315 

Minami T (1982) The early life history of a flounder Paralichthys olivaceus. Bull Japan Soc Sci 

Fish 48: 1581-1588 (in Japanese with English abstract) 

Minami T (1994) Historical development of the research. In "Studies on Early Life Mortality of 

Fishes" Ed by M Tanaka, Y Watanabe, Koseisha-Koseikaku, Tokyo, pp 9-20 (in Japanese) 

Mi wa S , Inui Y ( 1987) Effects of various doses of thyroxine and triiodothyronine on the 

metamorphosis of flounder (Paralichthys olivaceus). Gen Comp Endocrinol 67: 356-363 

Miwa S, Tagawa M, Inui Y, Hirano T ( 1988) Thyroxine surge in metamorphosing flounder 

(Paralichthys olivaceus). Gen Comp Endocrinol 70: 158-163 

Miwa S, Inui Y (1991) Thyroid hormone stimulates the shift of erythrocyte populations during 

metamorphosis of the flounder. J Exp Zool 259: 222-228 

Miwa S, Yamano K, Inui Y ( 1992) Thyroid hormone stimulates gastric development in flounder 

larvae during metamorphosis. J Exp Zool 261: 424-430 

Miyazaki H, Kaneko T, Hasegawa S, Hirano T ( 1998) Developmental changes in ion and water 

permeability and drinking rate during early life stages of euryhaline tilapia, Oreochromis 

79 



mossamb icus, reared in fresh water and seawater. Fish Physiol Biochem 18: 277-284 

Morgan IJ, Potts WTW, Oates K ( 1994) Intracellular ion concentrations in branchial epithelial cells 

of brown trout (Safmo trutta L.) determined by X-ray microanalysis . J Exp Bio l 194: 139- 151 

Moriyama Y, Yamamoto A ( 1995) Microvesicles isolated from bovine pineal gland specifically 

accumulate L-glutamate. FEBS Lett 367: 233-236 

Nagel W, Doge A ( 1996) The ro le of mitochondria-rich cells in sodium transport across amphibian 

skin. Pfl i.iers Arch I Eur J Physio l 43 3: 146- 152 

Ohtani R, Kaneko T, Kline L W, Labedz T, Tang Y, Pang PKT ( 1989) Localization of calcitonin 

gene-related peptide in the small intestine of various vertebrate species. Cell Tissue Res 258: 

35-42 

Parker SJ, Specker JL ( 1990) Salinity and temperature effects on whole-animal thyroid hormone 

levels in larval and juvenile striped bass, j\!Jorone saxatilis. Fish Physiol Biochem 8: 507-514 

Perry SF (1 997) The chloride cell: structure and function in the gills of freshwater fishes. Annu Rev 

Physiol 59: 325-347 

Philpott CW ( 1980) Tubular system membranes of teleost chloride cells: osmotic response and 

transport sites. Am J Physiol 238: R171-184 

Pisam M , Rambourg A (1991) Mitochondria-rich cells in the gill epithelium of teleost fishes: An 

ultrastructural approach. Int Rev Cytol 130: 191-232 

Po ttinger TG, Mosuwe E (1994) The corticosteroidogenic response of brown and rainbow trout 

alevins and fry to environmental stress during a "critical period". Gen Comp Endocrinol 95: 

350-362 

Part P Bergstrom E ( 1995) Primary cultures of teleost branchial epithelial cells. In "Fish 

Physiology Vol 14" Ed by CM Wood, TJ Shuttleworth, Academic Press, San Diego, pp 207-

80 

227 

Rash JM, Jerkunica I, Sgoutas DS ( 1979) Mechanisms of interference of non esterified fatty acids in 

radioimmunoassays of steroids. Clin Chim Acta 93: 283-294 

Rash JM, Jerkunica I, Sgoutas DS ( 1980) Lip id interference in steroid radioimmunoassay. Clin 

Chern 26: 84-88 

Sardet C, Pi sam M, Maetz J ( 1979) The surface epithelium of teleostean fish gills. J Cell Biol 80: 

96-117 

Sasai S, Kaneko T, Tsukamoto K (1 998) Extrabranchial chloride cells in early life stages of Japanese 

eel, Anguillajaponica. Ichthyol Res 45: 95-98 

Sasai S, Kaneko T, Hasegawa S, Tsukamoto K (1999) Morphological alteration in two types of gill 

chloride cells in Japanese eel (A nguilla japonica) during catadromous migration. Can J Zool (in 

press) 

Shelbourne JE (1957) Site of chloride regulation in marine fish larvae. Nature 180: 920-922 

Shiraishi K, Kaneko T , Hasegawa S, Hirano T (1997) Development of multicellular complexes of 

chloride cells in the yolk-sac membrane of tilapia ( Oreochromis mossambicus) embryos and 

larvae in seawater. Cell Tissue Res 288 : 583-590 

Silva P , Solomon R, Spokes K, Epstein FH (1977) Ouabain inhibition of gill Na-K-ATPase: 

Relationship to active chloride transport. J Exp Zool 199: 419-426 

Springall D, Hacker G, Grimelius L, Polak J (1984) The potential of the immuno-gold silver staining 

method for paraffin sections. Histochemistry 81: 603-608 

Sternberger LA, Hardy PH, Cuculis J . J , Meyer HG ( 1970) The unlabeled antibody-enzyme 

method of immunohistochemistry . Preparation and properties of soluble antigen-antibody 

complex (horseradish peroxidase-antihorseradish peroxidase) and its use in identification of 

81 



spirochetes . J Histochem Cytochem 18: 315-333 

Sull ivan GV, Fryer JN, Perry SF ( 1995) Immunolocalization of proton pumps (H.-A TPase) m 

pavement cells of rainbow trout gill. J Exp Biol 198: 2619-2629 

Sullivan GV, Fryer JN, Perry SF (1996) Localization of mRNA for the proton pumps (H--A TPase) 

and Cr!HC03- exchanger in the rainbow trout gill. Can J Zool 74: 2095-2103 

Tagawa M, Hirano T ( 1989) Changes in tissue and blood concentrations of thyroid hormones in 

developing chum salmon. Gen Comp Endocrinol 76: 437-443 

Tagawa M, Miwa S, Inui Y, de Jesus EG, Hirano T (1990) Changes in thyroid hormone 

concentrations during early development and metamorphosis of the flounder, Paralichthys 

olivaceus. Zool Sci 7: 93-96 

Takahashi A, Kubota J, Kawauchi H, Hirano T (1985) Effects of N-terminal peptide of salmon 

proopiocortin on interrenal function of the rainbow trout. Gen Comp Endocrinol 58: 328-335 

Tanaka M ( 1973) Studies on the structure and function of the digestive system of teleost larvae. 

Kyoto University Ph. D. Thesis. 

Tanaka M , Goto T , Tomiyama M, Sudo H, Azuma M (1989) Lunar-phased immigration and 

settlement of metamorphosing Japanese flounder larvae into the nearshore nursery ground. 

Rapp P-v Reun Cons int Explor Mer 191: 303-310 

Tanaka M ( 1991) Mechanism and significance of inshore migration. In "Early Development in 

Fishes" Ed by M Tanaka, Koseisha-Koseikaku, Tokyo, pp 119-132 (in Japanese) 

Tanaka M, Tanangonan JB , Tagawa M, de Jesus EG, Nishida H, Isaka M, Kimura R Hirano T 

(1995) Development of the pituitary , thyroid and interrenal glands and applications of 

endocrinology to the improved rearing of marine fish larvae. Aquaculture 135: 111-126 

Tanaka M. Yokouchi , Kimura R, akayama K (1996) Prolactin involvement in freshwater entry 

82 

of an amphidromous temperate bass (Lateolabrax japonicus) larvae and juveniles m the 

Chikugo estuary, Japan. Mar Biol (Submitted) 

Tanangonan JB , Tagawa M, Tanaka M, Hirano T ( 1989) Changes in tissue thyroxine levels of 

metamorphosing Japanese flounder Paralichthys olivaceus reared at different ten1peratures. 

Nippon Suisan Gakkaishi 55 : 485-490 

Uchida K, Ohtani Y, Sasayama Y, Nambu H, Yoshizawa H, Akabane S, Suzuki K, Suzuki N (1993) 

Levels of calcium in the skin of some amphibians and possible evolutionary implications. Zool 

Sci 10: 819-826 

Uchida K, Kaneko T, Yamauchi K, Hirano T (1996) Morpho metrical analysis of chloride cell 

activity in the · gill filaments and lamellae and changes in Na+,K+-ATPase activity during 

seawater adaptation in chum salmon fry. J Exp Zool 276: 193-200 

Uchida K, Kaneko T, Yamaguchi A, Ogasawara T, Hirano T (1997) Reduced hypoosmoregulatory 

ability and alteration in gill chloride cell distribution in mature chum salmon (Oncorhynchus 

keta) migrating upstream for spawning. Mar Biol 129: 247-253 

Ura K, Soyano K, Omoto N, Adachi S, Yamauchi K (1996) Localization of Na+, K+-ATPase in 

tissues of rabbit and teleosts using an antiserum directed against a partial sequence of the a-

subunit. Zool Sci 13 : 219-227 

Watanabe T, Kiron V (1994) Prospects in larval fish dietetics. Aquaculture 124: 223-251 

Wendelaar Bonga SE (1993) Endocrinology . In "The Physiology of Fishes" Ed by DH Evans, CRC 

Press, Boca Raton, pp 469-502 

Wendelaar Bonga SE, van der Meij CJM (1989) Degeneration and death, by apoptosis and necrosis , 

of the pavement and chloride cells in the gills of the teleost Oreochromis massambicus. Cell 

Tissue Res 255: 235-243 

83 



Yamano K, Mi wa S, Inui Y ( 1991) Thyroid hormone regulates developmental changes in muscle 

during flounder metamorphosis. Gen Camp Endocrinol 81: 464-472 

Zadunaisky J A (1984) The chloride cell: The active transport of chloride and the paracellular 

pathways. In "Fish physiology vol.l OB" Ed by WS Hoar, DJ Randall , Academic Press, 

Orlando, pp 130-176 

84 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048

