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Objective: Changes in chloride cell abundance, Na*, K*-~ATPase immunolocalization
and activity were investigated in the gills of the golden grey mullet, Liza aurata, fry ac-
climated to freshwater (FW) and different salinities (12%o, 36%o and 46%o).

Materials and Methods: Na*, K*-ATPase localization was performed through immun-
ofluorescence light microscopy using a mouse monoclonal antibody IgGa,. Quantitive
analysis of Na*, K*-ATPase intensity was analyzed using Optima’s version 6.51 image
analysis software (Media Cybernetics, Silver Spring, MD, USA).

Results: In FW, the fluorescent cells (chloride cells) were observed on the epithelia
of filaments (mainly in inter-lamellar regions) and on the lamellae. Following transfer
to 12%o. salinity, the abundance of Na*, K*-ATPase immunofluorescence cells on the
filaments decreased 1.7-fold, and no immunofluorescence cells were detected on the
lamellae. Samples from 36%. and 46%. salinity showed a high density of chloride cells
on the epithelia of filaments, and a few cells on the lamellae. Na*, K*-ATPase intensity
did not change significantly with an increase in salinity from 36%. to 46%. but it was
significantly higher (p>0.05) in the FW compared to 12%. salinity. There was no signifi-
cant difference between gill Na*, K*-ATPase activity in FW and 12%o salinity, but it was
significantly higher (p>0.05) in the fish acclimated to 36%0 and 46%o. salinity (3.3- and
5.1-fold) compared to 12%eo.

Conclusion: The capability of L. aurata fry to change the number and size of gill chlo-
ride cells, as well as their activities indicate the high degree of adaptability of this fish
to a wide range of salinity.
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Introduction

Osmoregulatory activities enable aquatic animals to
adapt to external medium salinity fluctuations. In fresh-
water, the organism is subjected to water uptake and ion
loss. In fish, hyper-osmoregulatory mechanisms com-
pensate for these movements, with a low water intake,
active absorption of ions by the gills and production
of hypotonic urine by kidney (1). In seawater, hypo-
osmoregulatory mechanisms compensate for water loss
and ionic invasion. Dehydration is avoided by a high
rate of drinking. The water is absorbed by the intestine
and the gills reject the excess ions (1-3). Gill ion trans-
port is facilitated by chloride cells (ionocytes or mito-
chondria-rich cells) in the gill epithelium that possess a
plasma-membrane-associated Na*, K*-ATPase enzyme.
Chloride cells can individually transform between ion
absorption and ion secretion states in response to salin-

ity changes (4-6). Immunohistochemical localization of
Na',K*-ATPase has been recognized as a useful method
for locating the chloride cells in tissues and organs of
aquatic invertebrates (7). This enzyme also has been
localized in fish gills, intestine and kidney (8-10).
Levels of Na‘, K'-ATPase have been used extensively
as an index of transport capacity in fish exposed to a
variety of conditions including seawater (11). Na*, K*-
ATPase activity has been studied in several teleost fish
(2, 5, 12-19). Most euryhaline teleosts exhibit adaptive
changes in gill Na*, K*-ATPase activity following sa-
linity changes (16-18). Gill Na*, K*-ATPase is reported
to have a higher level of activation in seawater residing
teleosts (4). In contrast, in several euryhaline species of
non-estuarine marine teleosts, such as flounder, mullet
(18), and milkfish (20), higher Na*, K*-ATPase activity
was found in freshwater-adapted than seawater-adapt-
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ed fish.

Golden grey mullet, Liza aurata (synonym, Mugil aura-
tus Risso, 1810), is a euryhaline fish that occurs both in
freshwater and in highly salinated bodies of water (21).
It is currently one of the most important and major eco-
nomic species that reside in the Caspian Sea (salinities
ranging from 5 to 13%o). The number of investigations
on the effects of different salinities on the osmoregula-
tion of mugilidae fish is limited. To date, no study has
been conducted on the influence of different salinities
on chloride cell abundance, Na*, K*-ATPase enzyme
immunolocalization and activity in Caspian Sea mullet.
Thus the objective of this study was to use immunolo-
calization to undertake a quantitative analysis of the
intensity and activity of the Na*, K*-ATPase enzyme in
the gills of the golden grey mullet, Liza aurata, caught
from the Iranian coast of the Caspian Sea, and acclimat-
ed to freshwater and to three different salinities (12%o,
36%o and 46%o).

Materials and Methods

Animals

Golden grey mullet (Liza aurata) fry (1.5 £ 0.5 g) were
caught from the Iranian coast of the Caspian Sea (Ma-
zandaran) in April 2005. They were adapted to experi-
mental conditions (aerated Caspian Sea water at 25°C
with 12hr Dark: 12hr Light photoperiod) for a period
of 10 days. The experiment began with the transfer of
240 fish to 8, 60 Liter aquariums, containing aerated
freshwater (FW), Caspian Sea water (12%o salinity) and
artificial seawater (36%o and 46%o salinities) at 24-26°C
with a daily 12 hrs photoperiod for 5 days. During the
experiment the fish were fed with Gammarus 2 times a
day. In freshwater, 80% of the fish died after 24 hrs and
all had died after 4 days, so the remaining samples were
investigated after 72 hrs acclimation. Artificial seawater
was made of a mixture of synthetic sea salt and Caspian
Sea water. Concentrations of some main ions in Caspian
Sea water and artificial seawater are shown in Table 1.
Fish were anaesthetized in a solution of phenoxy 2 etha-
nol (0.3 ml/l) prior to any manipulation.

Tablel: Concentrations (mEgq/l) of some of the main ions
in Caspian Sea water and artificial seawater. Values are

Means + SE.
Salinity Na* K* Ca? Mg*
12%o 165+2 2.1+£0.05 17+0.23 58.12+1.85
36%o 382+4 59+0.18 48+1.8 160+2.95
46%o 502+34 7.8+0.82 51+2 199 £3.6

Na*,K*-ATPase immunolocalization

The heads of 6 young golden grey mullet acclimated to
each salinity were dissected. They were immersed in
Bouin’s fixative for 24 hours, washed and dehydrated
in an ascending series of ethanol for embedding in Para-
plast (Sigma, 060K19271). Following embedment of
the samples (whole heads) in Paraplast, transversal and
longitudinal sections of 5 pm were cut on a Leitz Wet-
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zlar microtome and collected on poly-L-lysine-coated
slides. Sections were preincubated for 10 min in 0.01
mM Tween 20, 150 mM NaCl in 10 mM phosphate
buffer, pH=7.3, and then treated with 50 mM NH,CI
in phosphate-buffered saline (PBS), pH=7.3, for 5 min
to mask the free aldehyde groups from the fixative.
The sections were washed in PBS and incubated for
10 min with a blocking solution (BS) containing 1%
bovine serum albumin (BSA) and 0.1% gelatin in PBS
(7, 9, 10, 22-24). Immunolocalization of the Na", K'-
ATPase was performed by immunofluorescence light
microscopy using a mouse monoclonal antibody IgGa
(Hybridoma Bank, University of lowa) raised against
the a-subunit of chicken Na*, K*-ATPase (25). This an-
tibody, diluted in PBS to 20 pg/ml!, was placed on the
sections and incubated for 2hrs at room temperature in
a moist chamber. The slides were rinsed in BS and they
were then incubated for 1h in the secondary antibody
(Fluorescein Isothiocyanate Conjugated, FITC) under
dark conditions. Negative control sections were incu-
bated in BSA-PBS without primary antibody. All slides
were rinsed in BS, and were mounted in a medium for
fluorescent microscopy (Sigma, ref. 7534) to retard
photobleaching. An Olympus digital camera, adapted
to the Olympus fluorescent microscope, was used to
obtain images from the tissues.

Na*, K*-ATPase immunofluorescence cells were count-
ed in 16 longitudinal sections of gill from each fish
and expressed per 1 mm? of tissue. Mean number of
immunofluorescence cells on the filaments and on the
lamellae for each group were obtained using the means
calculated from each fish.

Quantitative analysis of Na*, K*-ATPase intensity
Following immunolocalization of Na",K*-ATPase in the
6 samples from each salinity, 6 slides from each fish and
9 sections (containing gill filaments and lamellae) from
each slide and 3 images from each section were used
to quantify the fluorescence intensity using Optima’s
version 6.51 image analysis software (Media Cybernet-
ics, Silver Spring, MD, USA). The signal intensity was
measured as the fluorescent epithelial surface relative
to the whole epithelium (9).

Na*, K*-ATPase activity

The Na',K*-ATPase activity in the gills of fry was
determined according to the technique described by
Norby (26) and McCormick (27), and recently used by
Khodabandeh (7). The gill samples were quickly ex-
cised, weighed and homogenized in a cold imidazole
buffer (50 mmol.I"" imidazole, 250 mmol.I"" sucrose,
and 5 mmol.I" EDTA (ethylene diamine tetra-acetic
acid) at pH = 7.4 with HCI). The cuvette contained
2 ml of reaction mixture with and without 5 mmol.I"!
ouabain. The composition of the reaction media was:
25 mmol.I" Tris-HCI; 2 mmol.I'" MgClL; 0.25 mmol.I"
EGTA (ethyleneglycol tetra-acetic acid), pH = 7.4;
100 mmol.I"* NaCl, 25 mmol.I"' KCI; 1.5 mmol.I' PEP



(phosphenol-pyruvate); 0.15 mmol.I'' NADH (j nicoti-
namide adenine dinucleotide); 5 mmol.I"" ATP; 8.25 U/
ml LDH (lactate deshydrogenase); 2.75 U/ml PK (pyru-
vate kinase) enzymes. Incubation was conducted at 37
°C for 30 min and the Na*, K*-ATPase reaction was ini-
tiated by the homogenate addition. The Na*, K*-ATPase
activity (1 mole Pi/mg protein/hr) was expressed as the
activity in the presence of ouabain (a specific inhibi-
tor of Na*, K*-ATPase) subtracted from the activity ob-
tained in the absence of ouabain.

Statistical analysis

Analysis of variance (ANOVA) and student’s t-test were
used for statistical comparisons of the Na*, K*-ATPase
mean activity values (p<0.05) for six fish. Student’s t-
test was also used for statistical comparison of the mean
intensity values in six images from each gill segment.

Results

Na*, K*-ATPase immunolocalization
Immunofluorescence microscopy was used for the lo-
calization of Na*, K*-ATPase as the fixation and stain-
ing process provides good antigenicity. Positive control
Astacus gill sections were constantly brightly immunos-
tained (not shown). The negative control sections from
the mullet gill samples from freshwater, deprived of
primary antibodies, showed no specific immunofluores-
cence (Fig 1A). A weak auto-fluorescence was observed
in the blood cells (Fig 1B, D, F).

Na®, K*-ATPase enzyme was detected in the samples
from all salinities. Immunoreactive staining appeared
to be distributed evenly throughout the fluorescent cells
(chloride cells), except for the absence of staining in nu-
clei (Fig 1C, G). In FW samples, the fluorescent cells
were observed on the epithelia of filaments (mainly in
inter-lamellar regions) and on the lamellae (Fig 1B).
The number of fluorescent cells decreased on epithelia
of filaments from the Caspian Sea water samples (12%o
salinity) (Fig 1D, Table 2). They were observed mainly
in the basal parts of the filaments and were mostly ab-
sent from the apical parts (Fig 1D, E). At this salinity, no
immunofluorescence cells were detected on the lamellar
cells (Fig 1D, Table 2). Samples from the artificial sea-
water, 36%o (not shown) and 46%o. (Fig 1F, G), showed a
high density of fluorescent cells on the filaments (Table
2). A few fluorescent cells were also observed on the
lamellae of samples from these salinities (not shown).

Table 2: Na', K*-ATPase immunofluorescence cells (chlo-
ride cells) (cells/Imm?) on the filaments and lamellae of
mullet fry, after acclimation in different salinities. Values
are Means = SE. N=6 fish for each salinity. Different letters
indicate significant difference (p<0.05).

Immunofluorescence FW 12%o 36%o 46%o
cells (chloride cells)

(cells/Imm?)

On filaments 32420 19+£2° 30+£1° 34+£2°
On lamellae 12+2¢ 0 20 3+1°

Khodabandeh et al.

Fig 1: Immunolocalization of Na*,K*-ATPase in the gills of
the golden grey mullet, Liza aurata, fry. Negative control
(1A). Longitudinal (1B) and transversal (1C) sections of the
gill from samples acclimated in FW; the fluorescent cells
(chloride cells) were observed on the filaments and lamel-
lae. Longitudinal sections of the gill from samples (1D and
1E) acclimated in Caspian Sea water (12%o); the number of
fluorescent cells decreased. Longitudinal section of the gill
(1F) from samples acclimated in the 46%o; a high density of
fluorescent cells are present in the gills. A high magnifica-
tion of image from transversal section of the lamella (1G)
from samples acclimated in the 46%o; whole cytoplasm of
cells show immunofluorescence. Abbreviations: BC, blood
cells; CC, chloride cells; F filament; L, lamellae; N, nu-
cleus. Bars: 60 um (14); 80 um (I1B); 5 um (1C and 1G); 30
um (1D and 1E), 130 um (1F).

Quantitative analysis of Na*, K*-ATPase intensity
Quantification of Na*, K*-ATPase intensity in different
salinities showed significantly higher intensities in the
gills of samples acclimated in artificial seawater (36%o
and 46%o0) compared to FW and Caspian Sea water
(12%o0) (Fig 2). Na*, K*-ATPase intensity was signifi-
cantly higher in FW compared to 12%o salinity but did
not differ significantly from the 36%o and 46%. salini-
ties (Fig 2).

Na*, K*-ATPase activity
Results of the biochemical assay for Na*, K*-ATPase
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activity is shown in Fig 3. The Na*, K*-ATPase activity
was 2.45,2.23,7.32 and 11.21 uM Pi mg™! protein h! in
the gills of samples from FW and the 12%o, 36%0 and
46%o salinities, respectively. There was no significant
difference between gill Na*, K*-ATPase activity of fish
from FW and 12%o salinity. However, significant differ-
ence between salinities of 36%o and 46%o were found.
Na*, K*-ATPase activity was also significantly higher in
fish acclimated to salinities of 36%o and 46%o (3.3- and
5.1-fold) compared to 12%0 and FW, indicated by let-
ters in Fig 3.
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Fig 2: Quantitative analysis of the Na*, K*-ATPase inten-
sity (6 fish/salinity and 162/fish), in the gills of golden grey
mullet, Liza aurata, fry, after acclimatisation in different sa-
linities (FW, 12%o, 36%0 and 46%.). Data are expressed as
Means + SE. Different letters beside the error bars (4, B,
C) indicate significant difference (p<0.05). (Different letters
usually represent different levels of significance e.g. <0.05,
<0.01 etc)
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Fig 3: Na',K*-ATPase activity (n = 6 fish) in the gills of
golden grey mullet, Liza aurata, fry, after acclimatisation
in different salinities (FW, 12%o, 36%0 and 46%o.). Data are
expressed as Means + SE. Different letters beside the error
bars (A, B, C) indicate significant difference (p<0.05)

Discussion

Na®, K*-ATPase is a plasma-membrane-associated en-
zyme which catalyses ubiquitous ATP-driven Na“/K*
transport. This enzyme is crucial to ion and water regu-
lation in both freshwater and seawater fish (1). Salinity-
dependent alterations of Na®, K*-ATPase localization
and activity have been found in several species of fish
(2, 15, 24, 28).

Immunohistochemical localization of Na*, K*-ATPase
is recognized as a useful marker of mithochondria-rich
cells in the different tissues of fish (9, 10, 15, 24, 28,
29). In our study, Na*, K'-ATPase enzyme was detected
in the gills of L. aurata from all salinities. Immunoreac-
tive staining appeared to be distributed evenly through-
out the fluorescent cells, which correspond to chloride
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cells (mitochondria-rich cells or ionocytes) as shown in
previous studies (9, 15-17, 24, 28, 30). The abundance
and distribution of Na*, K*-ATPase fluorescent cells
(chloride cells) varied across the different salinities. In
FW, the chloride cells were observed on the epithelia of
filaments (mainly in inter-lamellar regions) and on the
lamellae. As observed in mullet in the present study, the
number of chloride cells on the lamellae of freshwater-
acclimated American shad (4losa sapidissimas) is much
higher than in seawater-acclimated shad (31). Chloride
cells were redistributed on the epithelia of both fila-
ments and lamellae in some freshwater-adapted euryha-
line teleosts (5, 30) but not others (32-35). Many inves-
tigators have suggested a role for the lamellar chloride
cells in ion uptake in hypo-osmotic environments on
the basis of observations of cell degeneration following
transfer from freshwater to seawater and hypertrophica-
tion following transfer to deionized water (16, 36, 37).

The number of chloride cells decreased in the filaments
of samples from Caspian Sea water (12%o0) but no im-
munofluorescence cells were detected in the lamellae.
The occurrence of chloride cells only on gill filaments
has already been reported in pufferfish, Tetraodon ni-
groviridis, as well as in tilapia, Oreochromis mossambi-
cus, after acclimatisation to freshwater, brackish water
and seawater (20, 28, 32). Shikano and Fujio (1998a)
reported that lamellar chloride cells degenerated when
chum salmon fry were transferred from freshwater
to brackish water and reappeared when they were re-
introduced to freshwater. In our study, a high density
of chloride cells were seen on the filaments in samples
from artificial seawater (36%o and 46%o) and a few
were also observed on the lamellae. In the Hawaiian
goby (Stenogobiuo hawaiiensis), there were still a large
number of chloride cells on the lamellae after seawater
exposure, and they had similar Na*, K*-ATPase immu-
noreactivity to that of chloride cells on the filaments
(15). It is also reported that chloride cells are normally
abundant in filament epithelia of both freshwater and
seawater teleosts (38), and are effective at secreting
ions in hypertonic seawater as well as taking up ions in
hypotonic freshwater (19).

In addition to a low density of gill chloride cells, the
lowest levels of Na*, K*-ATPase intensity and activity
were observed in the Caspian Sea water samples. The
near-iso-osmotic environment of the Caspian Sea is
likely subject mullet to very little osmotic stress. Low
levels of Na*, K*-ATPase activity in brackish water ac-
climated fish have also been reported in sea bass, Di-
centrarchus labrax (2), milkfish, Chanos chanos (35),
and pufferfish, Tetraodon nigroviridis (28).

Measured levels of gill Na", K*-ATPase intensity in
FW acclimated fish were significantly higher than in
Caspian Sea water acclimated fish, although there was
no significant difference in Na®, K*-ATPase activity
between them. All the mullet transferred to freshwater
died in less than 4 days, despite an increase in chloride
cell numbers and abundant Na-K pump. Possibly the
abrupt transfer did not provide enough time for Na*, K*-



ATPase activity to be established as earlier work on two
mullet species indicated higher Na*, K*-ATPase enzyme
activity in freshwater than seawater (37%o) (13, 39).
Na',K*-ATPase intensity and activity were at a maxi-
mum in the 36%o and 46%o acclimated mullet compared
to the Caspian Sea water samples. In seawater condi-
tions, Na*, K*-ATPase still pumps Na* from the intracel-
lular compartment of chloride cells into the extracellular
space across the basolateral surface. The strong Na* gra-
dient drives a secondary active co-transport of CI into
the cell through an Na*, K*,2CI- co-transporter. This cre-
ates an electrochemical gradient that favours diffusion
of CI- through a CI" channel on the apical side out to the
seawater. It enables the mullet to secrete excess salts ef-
ficiently and thus acclimate smoothly to these salinities.
A positive correlation between environmental salin-
ity and gill Na*, K*-ATPase activity, several days after
transfer of the fish from freshwater to seawater, have
been also reported (18). The majority of earlier works
have shown a similar positive correlation between envi-
ronmental salinity and gill Na®, K*-ATPase activity (5),
forming the well established ‘diadromid paradigm’ (18).
In contrast, in several species higher or similar levels of
gill Na®, K*-ATPase activity have been found in fresh-
water or low salinity-acclimated fish compared with
seawater fish; (2, 4, 6, 13, 14, 35, 39, 40). The majority
fish exhibiting this ‘alternative’ Na*, K*-ATPase activity
response are either marine or estuarine-dependent ma-
rine species. This signifies that adaptation of L. aurata
and other marine fish to low salinity environments can
be a response that differs considerably from the diadro-
mid paradigm.

Conclusion

In conclusion, the present study indicates that: - re-
sponses to salinity transfer can differ from one species
to another; - changes in Na*, K*-ATPase intensity are not
always matched by changes in Na', K'-ATPase activity;
- the capability of L. aurata fry to change the number
and size of gill chloride cells, as well as their activities
indicate the high degree of adaptability of these fish to a
wide range of salinity, under laboratory conditions.

Acknowledgments

The monoclonal Na*, K*-ATPase (a-subunit) antibody
was obtained from the Developmental Studies Hybri-
doma Bank maintained by the University of [owa (Iowa
City, USA). Thanks are due to the Tarbiat Modares Uni-
versity and the Ministry of Science, Research and Tech-
nology, Islamic Republic of Iran for financial aid and
support. There is no conflict of interest in this article.

References

1. Evans DH, Piermarini PM, Choe KP. The multifunc-
tional fish gill: Dominant site of gas exchange, osmoreg-
ulation, acid-base regulation, and excretion of nitroge-
nous waste. Physiol Review. 2005; 85: 97-177.

2. Jensen MK, Madsen SS, Kristiansen K. Osmoregula-
tion and salinity effects on the expression and activity of

Khodabandeh et al.

Na*,K*-ATPase in the gills of European sea bass, Dicen-
trarchus labrax (L.). J Exp Zool. 1998; 282: 290-300.
3. Hawkings GS, Galvez F, Goss GG. Seawater ac-
climation causes independent alterations in Na/K- and
H-ATPase activity in isolated mitochondria-rich cell sub-
types of the rainbow trout gill. J Exp Biol. 2004; 207:
905-912.

4. Uchida K, Kaneko T, Yamauchi K, Hirano T. Morpho-
metrical analysis of chloride cell activity in the gill fila-
ments and lamellae and changes in Na*,K*-ATPase ac-
tivity during seawater adaptation in chum salmon fry. J
Exp Zool. 1996; 276: 193-200.

5. Sakamoto T, Uchida K, Yokota S. Regulation of the
iontransporting mitochondria-rich cell during adaptation
to teleost fishes to different salinities. Zoolog Sci. 2001;
18: 1163-1174.

6. Katoh F, Kaneko T. Short-term transformation and
long-term replacement of branchial chloride cells in killi-
fish transferred from seawater to freshwater, revealed by
morphofunctional observation and a newly established
time-differential double fluorescent staining technique. J
Exp Biol. 2003; 206: 4113-4123.

7. Khodabandeh S. Na*,K*-ATPase in the gut of the Zy-
goptera Ischnura elegans and Anisoptera Libellula lydia
larvae (Odonata): activity and immunocytochemical lo-
calization. Zool Studi. 2006; 45: 510-516.

8. Varsamos S, Nebel C, Charmantier G. Ontogeny of
osmoregulation in postembryonic fish. Comp Biochem
Physiol Part A. 2005; 141: 401-429.

9. Giffard-Mena |, Charmantier G, Grousset E, Aujoulat
F, Castille R. Digestive tract ontogeny of Dicentrarchus
labrax: Implication in osmoregulation. Develop Growth
Differ. 2006; 48: 139-151.

10. Khodabandeh S, Khoshnood Z; Mosafer S. Immu-
nolocalization of Na*,K*-ATPase-rich Cells in the Gill
and Urinary System of Persian Sturgeon, Acipenser
persicus, fry in freshwater. Aquacul Res. 2009; 40(3):
329-336

11. Mancera JM, McCormick SD. Rapid activation of gill
Na,K-ATPase in the euryhalin teleosts Fundulus hetero-
clitus. J Exp Zool. 2000; 287: 263-274.

12. Venturini G, Cataldi E, Marino G, Pucci P, Garibaldi
L, Bronzi P, et al. Serum ions concentration and ATPase
activity in gills, kidney and esophagus of European sea
bass (Dicentrarchus labrax), during acclimation trials
to freshwater. Comp Biochem Physiol. 1992; 103: 451-
454.

13. Ciccaotti E, Marino G, Pucci P, Cataldi E, Cataudella
S. Acclimation trial of Mugil cephalus juveniles to fresh-
water ; morphological and biochemical aspects. Environ
Biol Fish. 1994; 43: 163-170.

14. Gaumet F, Boeuf G, Severe A, Le Roux A, Mayer-
Gostan N. Effects of salinity on the ionic balance and
growth of juvenile tubot. J Fish Biol. 1995; 47: 865-876.
15. McCormick SD, Sundell B, Bjornsson BT, Brown CL,
Hiroi J. Influence of salinity on the localization of Na*/
K*-ATPase, Na*/K*/2Cl- cotransporter and CFTR anion
channel in chloride cells of Hawaiian goby (Stenogobiuo
hawaiiensis). J Exp Biol. 2003; 206: 4575-4583.

16. Shikano T, Fujio Y. Immunolocalization of Na*K*-
ATPase in the branchial epithelium of chum salmon fry
during seawater and freshwater acclimation. J Exp Zool.
1998a; 201: 3031-3040.

17. Shikano T, Fujio Y. Relationships of salinity toler-

53



Na*, K*-ATPase in the L. aurata gill

ance to immunolocalization of Na*,K*-ATPase in the gill
epithelium during seawater and freshwater adaptation
of the guppy, Poecilia reticulate. Zoolog Sci. 1998; 15:
35-41.

18. Marshall WS, Bryson SE. Transport mechanisms of
seawater teleost chloride cells: an inclusive model of a
multifunctional cell. Comp Biochem Physiol Part A. 1998;
119: 97-106.

19. Marshall WS. Na*, Cl, Ca2* and Zn* transport by fish
gills: retrospective review and prospective synthesis. J
Exp Zool. 2002; 293: 264-283.

20. Lee TH, Feng SH, Lin CH, Hwang YH, Huang CL,
Hwang PP. Ambient salinity modulates the expression
of sodium pumps in branchial mitochondria-rich cells of
Mozambique tilapia, Oreochromis mossambicus. Zoolog
Sci. 2003; 20: 29-36.

21. Harrison IJ. Mugilidae. In: Fischer W, Krupp F, Sch-
neider W, Sommer C, Carpenter KE, Niem V. (eds.) Guia
FAO para Identification de Especies para lo Fines de la
Pesca. Pacifico Centro-Oriental. Rome, FAO; 1995; 3:
1293-1298.

22. Khodabandeh S, Charmantier G, Charmantier-
Daures M. Ultrastructural Studies and Na* K*-ATPase
immunolacalization of the Lobster Homarus gammarus
(Crustacea, Decapoda). J Histochem Cytochem. 2005;
53(10): 1203-1214.

23. Khodabandeh S, Kutnik M, Aujoulat F, Charmatier
G, Charmantier-Daures M. Ontogeny of the antennal
glands in the crayfish Astacus leptodactylus (Crustacea,
Decapoda). Immunolocalization of Na*,K*-ATPase. Cell
Tissue Res. 2005; 319: 153-16.

24. Nebel C, Negre-Sadargues G, Blasco C, Chamantier
G. Morphofunctional ontogeny of the urinary system of
the European sea bass Dicentrarchus labrax. Anat Em-
bryol. 2005; 209: 193-206.

25. Takeyasu K, Tamkun MM, Renaud KJ, Fambrough
DM. Ouabain sensitive (Na*,K*)-ATPase activity ex-
pressed in mouse L cells by transfection with DNA en-
coding the a-subunit of an avian sodium pump. J Biol
Chem. 1988; 263: 4347-4354.

26. Norby JG. Coupled assay of Na*,K*-ATPase activity.
Methods Enzymol. 1988; 156: 116-119.

27. McCormick SD. Methods for non-lethal gill biopsy
and measurement of Na*,K*-ATPase activity. Can J Fish
Aquat Sci. 1993; 50: 656-658.

28. Lin CH, Tsai RS, Lee TH. Expression and distribu-
tion of Na*,K*-ATPase in the gill and kidney of the spoted
green pufferfish, Tetraodon nigroviridis, in response to

Yakhteh Medical Journal, Vol 11, No 1, Spring 2009 54

salinity challenge. Comp Biochem Physiol A. 2004; 138:
287-295.

29. Ura K, Soyano K, Omoto N, Adachi S, Yamauchi K.
Localization of Na*,K*-ATPase in tissues of rabbit and
teleosts using an antiserum directed against a partial
sequence of the a-subunit. Zoolog Sci. 1996; 13: 219-
227.

30. Varsamos S, Diaz JP, Charmantier G, Flik G, Blasco
C, Connes R. Branchial chloride cells in sea bass (Di-
centrarchus labrax) adapted to fresh water, seawater,
and doubly concentrated seawater. J Exp Zool. 2002;
293: 12-26.

31. Zydlewski J, McCormick SD. Developmental and
environmental regulation of chloride cells in young
American shad, Alosa sapidissimo. J Exp Zool. 2001;
290: 73-87.

32. Uchida K, Kaneko T, Miyazaki H, Hasegawa S,
Hirano T. Excellent salinity tolerance of Mozambique
tilapia (Oreochromis mossambicus): elevated chloride
cell activity in the branchial and opercular epithelia of
the fish adapted to concentrated seawater. Zoolog Sci.
2000; 17: 149-160.

33. Sasai S, Kaneko T, Hasegawa S, Tsukamomto K.
Morphological alteration in two types of gill chloride cells
in Japanese eel (Anguilla japonica) during catadromous
migration. Can J Zool. 1998; 76: 1480-1487.

34. Laurent P, Perry SF. Environmental effects on fish
gill morphology. Physiol Zool. 1991; 64: 4-25.

35. Lin HC, Sung WT. The distribution of mithochondria-
rich cells in the gills of air-breathing fishes. Physiol Bio-
chem Zool. 2003; 76: 215-228.

36. Laurent P, Dunel S. Morphology of gill epithelia in
fish. Am J Physiol. 1980; 238: R147-R159.

37. Perry SF, Laurent P. Adaptational responses of rain-
bow trout to lowered external NaCl concentration: Con-
tribution of the branchial chloride cell. J Exp Biol. 1989;
147: 147-168.

38. Wilson JM, Laurent P. Fish gill morphology: inside
out. J Exp Zool. 2002; 293: 192-213.

39. Gallis JL, Bourdichon M. Changes of (Na-K) de-
pendent ATPase activity in gills and kidneys of two mul-
lets Chelon labrosus (Risso) and Liza ramada (Risso)
during freaswater adaptations. Biochem J. 1976; 58:
627-635.

40. Kelly SP, Chow INK, Woo NYS. Haloplasticity of
black seabream (Mylio macrocephalus): hypersaline
of freshwater acclimation. J Exp Zool. 1999; 283: 226
-241.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUS <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


