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a b s t r a c t
Euryhaline teleosts can survive in a broad range of salinity via alteration of the molecular mechanisms in certain
osmoregulatory organs, including in the gill and kidney. Among these mechanisms, Na+/K+-ATPase (NKA) plays
a crucial role in triggering ion-transporting systems. The switch of NKA isoforms in euryhaline ﬁsh gills substantially contributes to salinity adaptation. However, there is little information about switches in the kidneys of
euryhaline teleosts. Therefore, the responses of the renal NKA α-isoform protein switch to salinity challenge in
euryhaline tilapia (Oreochromis mossambicus) and milkﬁsh (Chanos chanos) with different salinity preferences
were examined and compared in this study. Immunohistochemical staining in tilapia kidneys revealed the localization of NKA in renal tubules rather than in the glomeruli, similar to our previous ﬁndings in milkﬁsh kidneys.
Protein abundance in the renal NKA pan α-subunit-like, α1-, and α3-isoform-like proteins in seawateracclimated tilapia was signiﬁcantly higher than in the freshwater group, whereas the α2-isoform-like protein
exhibited the opposite pattern of expression. In the milkﬁsh, higher protein abundance in the renal NKA pan
α-subunit-like and α1-isoform-like proteins was found in freshwater-acclimated ﬁsh, whereas no difference
was found in the protein abundance of α2- and α3-isoform-like proteins between groups. These ﬁndings suggested that switches for renal NKA α-isoforms, especially the α1-isoform, were involved in renal osmoregulatory
mechanisms of euryhaline teleosts. Moreover, differences in regulatory responses of the renal NKA α-subunit to
salinity acclimation between tilapia and milkﬁsh revealed that divergent mechanisms for maintaining osmotic
balance might be employed by euryhaline teleosts with different salinity preferences.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Maintaining an internal environment with stable conditions is
essential for animals to survive in a variety of habitats. Euryhaline teleosts can adapt to a broad range of ambient salinities, although salinity
adaptation is a complex process involving a set of physiological
responses to environments with differing ionoregulatory requirements
(Marshall and Grosell, 2006; Hwang and Lee, 2007). The osmoregulation of teleosts is regulated by a group of structures, including the
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gills, kidney, and gut (Evans and Claiborne, 2009; Whittamore, 2012).
The kidney is involved in osmoregulatory mechanisms of freshwater
(FW) and seawater (SW) teleosts, although its function is entirely
different in these two environments (Beyenbach, 2004; Takei et al.,
2014). To maintain osmolality and ionic balance within narrow physiological ranges under different salinity conditions, the primary function
of FW teleost kidneys is to excrete excess water and reabsorb ﬁltered
solutes to minimize salt loss and produce dilute urine. Conversely, in
the kidney of marine teleosts, the principal role is to conserve water,
and urine production is very low. Furthermore, the osmolality of
urine, in which the predominant electrolytes are Mg2 +, SO24 −, and
Ca2 +, rather than Na+ and Cl−, is similar to that of the body ﬂuid
(Beyenbach, 2004; Marshall and Grosell, 2006).
Previous studies that extensively reviewed the functional morphology of teleostean nephrons (the structural unit of kidney) stated that
the nephron generally consisted of a well-developed glomerulus
(although some teleosts are aglomerular), a ciliated neck segment, a
proximal tubule, a distal tubule, and a collecting tubule (Beyenbach,
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2004; Marshall and Grosell, 2006). Because the teleost kidney lacks
the loop of Henle and exhibits neither zonation nor a countercurrent system of tubular elements, they are not able to excrete
hypertonic urine (Marshall and Grosell, 2006; Whittamore, 2012).
Moreover, various adaptive changes in ﬁsh kidneys, including morphology, excretion, and absorption of ions, glomerular ﬁltration
rate, urine production, and metabolism, in response to salinity acclimation have been reported (Beyenbach, 2004; Marshall and Grosell,
2006).
Na+/K+-ATPase (NKA) is a crucial primary enzyme expressed in
animal cells to create an electrochemical gradient providing the driving
force for ion transports in osmoregulatory organs, including ﬁsh gills
and kidneys (Marshall and Grosell, 2006; Whittamore, 2012). Some
review articles stated that modulation of NKA activity or kinetics in
osmoregulatory organs of ﬁsh was essential for salinity acclimation
(Marshall and Grosell, 2006; Hwang and Lee, 2007; Whittamore, 2012).
Several mechanisms were reported to participate in regulation of NKA
activity, including changes in isoform composition (Scheiner-Bobis,
2002; Blanco, 2005; Suhail, 2010). Pagliarani et al. (1991) demonstrated
that NKA proteins isolated from FW- and SW-acclimated ﬁsh gills had
different biochemical properties and suggested that different NKA
isoforms might be correlated with ion regulation in different environmental salinities. Because α-subunit is the catalytic subunit of NKA, it
plays a crucial role in osmoregulation (Evans and Claiborne, 2009).
Four α-isoforms of NKA with highly tissue-dependent distributions
have been reported (Scheiner-Bobis, 2002; Blanco, 2005; Suhail,
2010). In birds and mammals, in which the α1-isoform expressed
ubiquitously, the α2-isoform is present primarily in muscle, heart, and
brain. The α3-isoform is mainly found in neurons and ovaries. In addition, the α4-isoform is expressed only in the testis. Among these
isoforms, the α1-isoform is predominantly expressed in transporting
epithelia to maintain osmotic balance and cell volume regulation in a
housekeeping capacity. Furthermore, specialized requirements of
differentiated cell-speciﬁc functions for cation transport were fulﬁlled
by the other α-isoforms (Takeyasu et al., 1990; Blanco, 2005). The
tissue-speciﬁc and development-dependent expression of the αsubunit was suggested to extend to all vertebrate classes, including
teleosts (Takeyasu et al., 1990; Pressley, 1992).
In ﬁsh, only NKA α1-, α2-, and α3-isoforms have been identiﬁed
(Armesto et al., 2014). In ﬁsh gills, alteration of NKA α-isoform expression correlating to salinity acclimation has been examined at mRNA and
protein levels in detail (Richards et al., 2003; Tang et al., 2009a; Armesto
et al., 2014). However, responses of renal NKA α-isoforms to environmental salinities have been poorly addressed. It is well known that the
protein is the function executor of a speciﬁc gene, although recent studies on mRNA expression patterns of NKA α-isoforms showed their
diverse responses to salinity changes (Feng et al., 2002; Richards et al.,
2003; Ip et al., 2012; Armesto et al., 2014). Furthermore, previous studies have reported changes in protein abundance but not mRNA levels of
NKA α-subunit isoforms in brains and gills of teleosts with different
treatments (Morrison et al., 2006; Hiong et al., 2014). These ﬁndings
were the motivation for the present study, in which we explored the
protein expression and potential roles of NKA α-isoforms in kidneys
of euryhaline teleosts during salinity acclimation. Tilapia (Oreochromis
mossambicus) and milkﬁsh (Chanos chanos) can maintain their blood
osmolality, chloride concentrations, and muscle water contents within
narrow physiological ranges under different salinity conditions (Lin
et al., 2003; Inokuchi et al., 2008; Tang et al., 2009b). These results
indicated that both species are excellent osmoregulators, which make
them good experimental species for studies on osmoregulation. In
addition, because tilapia and milkﬁsh are euryhaline teleosts with FW
and SW preferences, respectively, differential regulatory responses
may be used to maintain physiological homeostasis. The present study
documented protein expression patterns of the NKA α-isoforms, as
well as the NKA distribution in kidneys of tilapia and milkﬁsh acclimated to FW and SW, illustrating and comparing the regulatory roles of

NKA α-isoforms in kidneys of two euryhaline teleosts following salinity
challenges.
2. Materials and methods
2.1. Experimental animals and environments
Tilapia and milkﬁsh were used in the present study. Adult tilapia of
12.1 ± 4.7 g body mass and 7.0 ± 0.8 cm in total length were obtained
from laboratory stock. Juvenile milkﬁsh of 41.4 ± 25.1 g body mass and
14.7 ± 2.5 cm in total length were obtained from a ﬁsh farm in Tainan,
Taiwan. For the following experiments, the two ﬁsh species were acclimated to FW (aerated dechlorinated local tap water) or SW (35‰) for at
least 2 weeks at 28 ± 1 °C under a 12-h light: 12-h dark cycle. SW was
prepared from FW by adding standardized amounts of the synthetic sea
salt “Instant Ocean” (Aquarium Systems Co., Mentor, OH, USA). The
details of water parameters were identical to that of our previous
study (Kang et al., 2010; Yang et al., 2011). Water was continuously
circulated through fabric-ﬂoss ﬁlters. Fish were fed a daily diet of commercial fodder. In the following experiments, the ﬁsh were not fed and
were anesthetized with MS-222 (100–200 mg L−1) before sampling.
The protocol employed for the experimental ﬁsh was reviewed and
approved by the Institutional Animal Care and Use Committee of the
National Chung Hsing University (IACUC approval no. 96–48).
2.2. Antiserum/antibody
Six primary antibodies were used in the present study: (1) NKA pan
α-subunit: a mouse monoclonal antibody (α5; Developmental Studies
Hybridoma Bank, Iowa City, IA, USA) raised against the α-subunit of
the avian NKA was employed for immunohistochemical staining and
immunoblotting (200 × and 5000 × dilution, respectively); (2) NKA
α1-isoform: a mouse monoclonal antibody (a6F; Developmental
Studies Hybridoma Bank) raised against the α1-isoform of the avian
NKA was employed for immunoblotting (10,000× dilution); (3) NKA
α2-isoform: a rabbit polyclonal antibody (ab107033; Abcam, Cambridge, UK) raised against the α2-isoform of the human NKA was
employed for immunoblotting (1000× dilution); (4) NKA α3-isoform:
a goat polyclonal antibody (sc-16052; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) raised against the α3-isoform of the human NKA was
employed for immunoblotting (1000 × dilution); (5) actin: a mouse
monoclonal antibody (MAB1501; Millipore, Bedford, MA, USA) raised
against chicken actin was applied in immunoblotting assays (10,000×
dilution) as the loading control for tilapia kidneys; and (6) GAPDH
(glyceraldehyde-3-phosphate dehydrogenase): a rabbit polyclonal
antibody (sc-25778; Santa Cruz Biotechnology) raised against human
GAPDH was applied in immunoblotting assays (5000× dilution) as the
loading control for milkﬁsh kidneys.
Due to the higher sequence homology of individual NKA α-isoforms
among vertebrates than those of different isoforms within one species
(Blanco and Mercer, 1998; Guynn et al., 2002; Armesto et al., 2014)
including tilapia (Feng et al., 2002), we detected the individual NKA
α-isoforms by the heterologous antibodies for speciﬁc isoforms.
Among the isoform-speciﬁc heterologous antibodies used in this
study, α5 (pan α-subunit) is known to react comprehensively with
NKA α-subunits in ﬁsh and other animals (Ip et al., 2012; Chen et al.,
2013; Hiong et al., 2014; Ching et al., 2015), while the a6F antibody is
known to react speciﬁcally with NKA α1-isoform in ﬁsh (Lee et al.,
1998; Tang et al., 2009a; Hiong et al., 2014). Moreover, to conﬁrm the
speciﬁcity of these anti-NKA antibodies, a preliminary immunoblotting
was carried out (Supplementary Fig. S1).
The secondary antibodies employed for immunoblotting were
horseradish peroxidase-conjugated goat anti-mouse IgG and goat antirabbit IgG (GTX213112-01 and GTX213110-01, respectively; GeneTex,
Hsinchu, Taiwan), or rabbit anti-goat IgG (305-035-003; Jackson
ImmunoResearch, West Grove, PA, USA).
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2.3. Preparation of tissues and homogenates
The methods used in this study to prepare tissues and homogenates
were modiﬁed from Tang et al. (2009b, 2010). All subsequent operations were carried out on ice. Following anesthesia, kidneys from the
two ﬁsh species were dissected and immediately ﬁxed in Bouin's ﬂuid
(Sigma, St. Louis, MO, USA) for immunohistochemical staining or stored
at −80 °C for NKA activity assay or immunoblotting.
For tissue homogenates, kidneys were suspended in a mixture of
homogenization medium (100 mM imidazole–HCl, 5 mM Na2EDTA,
200 mM sucrose, and 0.1% sodium deoxycholate, pH 7.6) and proteinase
inhibitors (10 mg antipain, 5 mg leupeptin, and 50 mg benzamidine
dissolved in 5 mL aprotinin) (v/v, 20:1). Homogenization was
performed in 2 mL microtubes with a Polytron PT1200E (Kinematica,
Lucerne, Switzerland) at maximal speed for 30 s on ice. The homogenate
was then centrifuged at 13,000 × g at 4 °C for 20 min. The sample
supernatants were collected and used for protein concentration measurements, NKA activity assay, and immunoblotting. Protein concentrations were determined with the BCA Protein Assay (Pierce, Rockford, IL,
USA) using bovine serum albumin (Pierce) as a standard.
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700 nm. NKA activity was expressed as μmol inorganic phosphate released per mg of protein per hour.
2.6. Immunoblotting
The immunoblotting procedures were modiﬁed from Yang et al.
(2011, 2013). Brieﬂy, the tissue supernatants were heated with denaturing buffer at 37 °C for 30 min, followed by electrophoresis on an 8%
sodium dodecyl sulfate–polyacrylamide gel. After electrophoresis and
transfer of the proteins from the gels to PVDF membranes (Millipore),
the blots were pre-incubated in wash buffer (phosphate-buffered saline
with 0.2% Tween 20) containing 5% (wt/vol) nonfat dried milk to minimize non-speciﬁc binding. Then, the blots were incubated sequentially
in primary antibodies and secondary antibodies. The blots were ﬁnally
developed using the Immobilon™ Western (Millipore) and observed
in a Universal hood with a cooling-CCD (charge-coupled device) camera
(ChemiDoc XRS+; Bio-Rad, Hercules, CA, USA) and associated software
(Quantity One v4.6.8; Bio-Rad). Immunoreactive bands were analyzed
using Image Lab v3.0 (Bio-Rad). The results were converted to numerical values to compare the relative protein abundances of the immunoreactive bands.

2.4. Parafﬁn section preparation and immunohistochemical staining
2.7. Statistical analysis
The protocols used herein were modiﬁed from Yang et al. (2009)
and Tang et al. (2010). Brieﬂy, after ﬁxation and dehydration, tissues
were embedded in parafﬁn blocks and then cut at 5-μm thickness. The
deparafﬁnized sections were rinsed with phosphate-buffered saline
(137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH
7.4). Endogenous peroxidase was inactivated by incubating the sections
with 3% hydrogen peroxide. Afterward, the sections were stained with
primary antibody before being processed with a commercial kit
(PicTure; Zymed, South San Francisco, CA, USA). After staining, the sections were stained with hematoxylin (1.05175.0500; Merck, Darmstadt,
Germany) for histological evaluation. Finally, the immunostained sections were observed under an optical microscope (BX50; Olympus,
Tokyo, Japan) equipped with a digital camera (COOLPIX 5000; Nikon,
Tokyo, Japan).
To identify different segments of nephrons, the other sets of sections
were subjected to hematoxylin and eosin staining or periodic acid-Schiff
staining. The sections were observed as described above (data not
shown). Moreover, the characteristics of the segments were identiﬁed
based on the descriptions in previous studies (Katoh et al., 2008; Tang
et al., 2010; Teranishi and Kaneko, 2010; Yang et al., 2016).

All values are expressed as the mean ± standard error (SE).
Differences between the groups were analyzed via Mann–Whitney U
tests using SPSS 12.0 (SPSS, Chicago, IL, USA), and P values of b 0.05
were considered signiﬁcant.
3. Results
3.1. Renal NKA localization in tilapia and milkﬁsh
To investigate the distribution of NKA α-subunit in the kidneys of
the two euryhaline species, NKA was immunohistochemically stained
using monoclonal antibody α5 to label all the NKA α-subunits. The
immunoreactive results revealed that the NKA distribution in the tilapia
kidneys was similar between FW- and SW-acclimated individuals and
that NKA was distributed in the renal tubules including the proximal
and distal, as well as collecting tubules and ducts, but not in the glomeruli (Fig. 1). Moreover, NKA immunoreaction was detected in the
basolateral membrane of epithelial cells of all observed renal tubules.
NKA distribution was also similar between the kidneys of milkﬁsh and
tilapia (Table 1).

2.5. Tilapia renal NKA activity assay
3.2. Salinity effects on renal NKA expression in tilapia
The assay method was used to measure the inorganic phosphate
concentrations for determining NKA activity (Lin et al., 2004; Yang
et al., 2009). In this study, the reaction medium (100 mM imidazole–
HCl, 125 mM NaCl, 75 mM KCl, and 7.5 mM MgCl2, pH 7.6) was prepared
according to Hwang et al. (1988). The reaction was initiated by mixing
500 μL of the tilapia renal supernatant, 100 μL of 10 mM Na2ATP,
350 μL of the reaction medium, and 50 μL of 3.75 mM ouabain (speciﬁc
inhibitor of NKA) or deionized water per microtube; each sample was
assayed in triplicate. NKA enzyme activity was deﬁned as the difference
between the amount of inorganic phosphates liberated in the presence
and absence of ouabain in the reaction mixture. Then, the reaction
mixture was incubated at 37 °C for 30 min, followed by the addition of
200 μL ice-cold 30% trichloroacetic acid to stop the reaction. The formation of unreduced phosphomolybdate is directly proportional to the
amount of inorganic phosphate. The reaction mixtures and color reagent (560 mM H2SO4, 8.1 mM ammonium molybdate, and 175.5 mM
FeSO4) were mixed at a 1:2 (v/v) ratio and incubated at 20 °C for
30 min prior to detection. Finally, the reaction tube was centrifuged
and the inorganic phosphate concentration in the supernatant was determined with a spectrophotometer (U-2001; Hitachi, Tokyo, Japan) at

All immunoblotting of kidney tissues from tilapia acclimated to
environments of different salinities (FW and SW) resulted in a single
immunoreactive band (about 100 kDa for all NKA α-subunits/isoformlike proteins; Fig. 2a). Quantiﬁcations of immunoreactive bands of
NKA pan α-subunit, α1-, and α3-isoform-like proteins in SWacclimated ﬁsh were higher than those of FW-acclimated individuals
(approximately 4.8-, 7.5-, and 4.7-fold, respectively; Fig. 2b,c,e). Furthermore, in the NKA α2-isoform-like protein, the relative protein
abundance of immunoreactive bands in the SW group was lower (approximately 0.6-fold) than that of the FW group (Fig. 2d). Although
the protein expression of all NKA α-isoform-like proteins was salinitydependent in the tilapia kidneys (Fig. 2), renal NKA activity was not signiﬁcantly different between FW- and SW-acclimated individuals
(Table 1).
3.3. Salinity effects on renal NKA expression in milkﬁsh
In milkﬁsh kidneys, renal tissues of different salinity groups (FW and
SW) also resulted in a single immunoreactive band (approximately
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100 kDa for all NKA α-subunits/isoform-like proteins; Fig. 3a) in the
immunoblotting, similar to those of tilapia. Higher protein content of
renal NKA pan α-subunit and α1-isoform-like protein was found in
FW milkﬁsh than those in the SW group (approximately 3.5- and 2.4fold, respectively; Fig. 3b,c). For protein abundance of both NKA α2and α3-isoform-like proteins, however, there was no difference
between different salinity groups (Fig. 3d,e). Similar to the expression
patterns of NKA pan α-subunit and α1-isoform-like protein, renal
NKA activity of FW-acclimated ﬁsh was higher than that of SWacclimated individuals (Table 1).

for triggering ionoregulation (Hwang and Lee, 2007; Evans and
Claiborne, 2009). Although the kidney is an important organ responsible for ion-regulation in teleosts, only a few studies focused on its
osmoregulatory mechanisms when compared with those of the gills.
Hence, the present study investigated the protein expression patterns
of NKA α-isoforms in kidneys of the tilapia and milkﬁsh to illustrate
the mechanisms underlying the regulation of NKA activity in euryhaline
teleosts.

4. Discussion

In this study, the kidneys of both tilapia and milkﬁsh exhibited
typical structures of FW or euryhaline teleosts (Marshall and Grosell,
2006), including the glomerulus, proximal tubule, distal tubule,
collecting tubule, and collecting duct. Moreover, the results of NKA immunohistochemical staining were similar between these two teleostean
species and between FW- or SW-acclimated individuals, indicating that
the NKA α-subunit was distributed in the basolateral membrane of the
proximal tubule and distal tubule, as well as the collecting tubules and
ducts, but not in the glomeruli. These results of NKA localization were
similar compared to that for other teleosts (Lin et al., 2004; Katoh
et al., 2008; Teranishi and Kaneko, 2010; Yang et al., 2016). The main
functions of vertebrate kidneys contain excretion and osmoregulation.
The kidneys of FW teleosts have high glomerular ﬁltration rates, and
the distal tubule is the principal site for active absorption of salts; for
marine ﬁshes, the proximal tubule appears to be the site of reabsorption
of monovalent ions and organic compounds (Marshall and Grosell,
2006; Madsen et al., 2015). In these processes, renal NKA activity
plays a crucial role in providing the driving force for secondary ion
transporters to maintain homeostasis (Marshall and Grosell, 2006;
Whittamore, 2012). Taken together, the renal NKA distribution was
similar between different salinity groups in either tilapia or milkﬁsh
and between the two ﬁsh species or among them and other teleosts,
showing that NKA plays a role in renal osmoregulatory mechanisms
like the other teleosts.

When euryhaline teleosts were acclimated to FW or SW, the osmoregulatory systems used differed in the direction of ion and water
movements as well as in their molecular components (Tang et al.,
2009a; Takei et al., 2014). The current model shows that epithelial
NKA of teleostean osmoregulatory organs is the primary active pump

4.1. Similar renal NKA distribution in tilapia and milkﬁsh

4.2. Different expression proﬁles of renal NKA activity between the two ﬁsh
species
In the present study, the expression patterns of renal NKA activity
were different between tilapia and milkﬁsh following salinity
challenges. The higher levels of renal NKA activity were found in FWacclimated milkﬁsh. In FW, the major role of the teleostean kidney is
to excrete excess water and reabsorb ﬁltered solutes (Beyenbach,
2004; Marshall and Grosell, 2006). Hence, these results showed that
renal NKA might provide a greater driving force for increasing ion
reabsorption when the SW-preference milkﬁsh survived in FW (Tang
et al., 2010). In tilapia, on the other hand, renal NKA activity did
Table 1
Na+/K+-ATPase (NKA) activity and localization in the kidneys of tilapia and milkﬁsh.
NKA expression

Fig. 1. Immunohistochemical localization of Na+/K+-ATPase (NKA) recognized by α5
antibody in tilapia kidney acclimated to fresh water (a, b) and seawater (d–g). (c) The
representative nephron architecture of teleostean kidney. The distribution pattern of
renal NKA was similar between both salinity groups. The positive immunostaining was
found in the basolateral membrane of epithelial cells of proximal, distal, and collecting
tubules, as well as collecting ducts, but not in the glomerulus. Scale bars: 20 μm.

Tilapia

Milkﬁsh#

NKA activity (μmol Pi/mg protein/h)
Fresh water
19.99 ± 3.44
Seawater
20.05 ± 2.39

6.86 ± 1.54⁎
1.71 ± 0.32

NKA localization§ (fresh water/seawater)
Glomerulus
−/−
Proximal tubule
+/+
Distal tubule
+/+
Collecting tubule
+/+
Collecting duct
+/+

−/−
+/+
+/+
+/+
+/+

Values was mean ± SE (N = 4–5).
−, no immunosignal; +, positive immunosignal.
#
The data were modiﬁed from Tang et al. (2010).
§
Using the antibody α5.
⁎ A signiﬁcant difference between the freshwater and seawater groups (P b 0.05).
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Fig. 2. Salinity effects on protein expression of renal Na+/K+-ATPase (NKA) α-subunits in tilapia. (a) Representative immunoreactive bands of NKA α-isoforms; (b–e) relative protein
abundance of immunoreactive bands of NKA pan α-subunit, α1-, α2-, and α3-isoforms in the kidney of tilapia acclimated to environments of different salinities. Actin was used as an
internal control for the immunoblots. Values were mean ± SE (N = 4–8). The asterisk indicated a signiﬁcant difference (P b 0.05). M, marker (kDa); FW, fresh water; SW, seawater;
a.u., arbitrary units.

not change signiﬁcantly with changes in environmental salinities.
Similar results were reported in kidneys of some euryhaline ﬁsh
(Fuentes et al., 1997; Arjona et al., 2007; Tomy et al., 2009), considering
that a lower energy demand occurs in ﬁsh for osmoregulation

(Varsamos et al., 2002; Tomy et al., 2009). Our results revealed that
the requirements of osmoregulation might be different between tilapia
and milkﬁsh, although the mechanisms for the differences are not clear
yet. In gills, similar ﬁndings about the relationship between NKA
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Fig. 3. Salinity effects on protein expression of renal Na+/K+-ATPase (NKA) α-subunits in milkﬁsh. (a) Representative immunoreactive bands of NKA α-isoforms; (b–e) relative protein
abundance of immunoreactive bands of NKA pan α-subunit, α1-, α2-, and α3-isoforms in the kidney of milkﬁsh acclimated to environments of different salinities. GAPDH was used as an
internal control for the immunoblots. Values were mean ± SE (N = 7–8). The asterisk indicated a signiﬁcant difference (P b 0.05). M, marker (kDa); FW, fresh water; SW, seawater; a.u.,
arbitrary units.

expression and environmental salinity were reported in many euryhaline teleosts. Moreover, the differences between osmoregulatory capabilities of teleosts were considered correlating with their evolutionary/
life histories and/or natural/intrinsic habitats (Inoue and Takei, 2003;

Hwang and Lee, 2007; Freire et al., 2008; Takei et al., 2014). In this
study, therefore, one of the possible reasons for different expression
proﬁles of renal NKA activity between tilapia and milkﬁsh might be
caused by their FW and SW preference, respectively.
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4.3. Distinct isoform compositions of NKA α-subunit following salinity
challenge
The switching of NKA α- and/or β-subunits is one of the modulatory
mechanisms of NKA expression (Scheiner-Bobis, 2002; Blanco, 2005).
Alteration of NKA α-isoforms (the catalytic subunit) protein expression
was supposed to be a crucial mechanism in euryhaline teleosts for
acclimation to environments of various salinities (Tang et al., 2009a).
There was accumulating evidence indicating that teleosts expressed
multiple NKA α-isoforms and the levels changed with environmental
salinities, especially in the gills (Lee et al., 1998; Richards et al., 2003;
Tang et al., 2009a; Armesto et al., 2014). In protein level, the identities
of amino acid sequences of individual isoforms across species are higher
than those of different isoforms within one species (Blanco and Mercer,
1998; Guynn et al., 2002; Armesto et al., 2014), including tilapia (Feng
et al., 2002). Therefore, in many ﬁsh studies, the heterologous antibodies to NKA α-isoforms were used to determine expression of NKA αsubunit/isoform-like proteins (D'Cotta et al., 2000; Guynn et al., 2002;
Brauer et al., 2005; Chen et al., 2013; Armesto et al., 2014; Hiong et al.,
2014), including tilapia and milkﬁsh (Lee et al., 1998; Tang et al.,
2009a). In this study, we thus detected the individual NKA α-isoforms
by the heterologous antibodies for speciﬁc isoforms. Among them, two
of these anti-NKA antibodies, i.e., α5 (pan α-subunit) and a6F (NKA
α1-isoform), have been used widely to determine NKA expression of
various teleosts (Brauer et al., 2005; Ip et al., 2012; Chen et al., 2013;
Armesto et al., 2014; Hiong et al., 2014), including tilapia and milkﬁsh
(Lee et al., 1998; Tang et al., 2009a; Kang et al., 2015; Yang et al.,
2015). Moreover, the antibody of NKA α3-isoform (sc-16,052) has
been reported for estimating expression of branchial NKA α3-isoform
in milkﬁsh (Tang et al., 2009a). In addition, in the present study, the
results of the preliminary immunoblotting showed that different expression patterns of NKA α-subunit/isoform-like proteins were found
via using these heterologous antibodies. Differences in intensities of
the bands between each tissue with each isoform-speciﬁc antibody suggest that they are relatively speciﬁc and that is reasonably consistent
with the result of pan α-subunit (α5) antibody. However, there is no
guarantee of the absolute speciﬁcity or lack of cross-reactivity of the
antibodies for/or between each NKA isoform even though they have
been applied on the other ﬁsh species. Taken together, these results revealed that the antibodies are the appropriate tools to detect renal NKA
α-subunit/isoform-like proteins in these two ﬁsh species.
In this study, the expression patterns of renal NKA α-isoform-like
proteins in milkﬁsh and tilapia varied with the environmental salinities
to which the ﬁsh were acclimated. Following salinity challenge, protein
expression of NKA pan α-subunit and α1-isoform-like protein, as well
as NKA activity, was parallel in the milkﬁsh kidneys. Similar results
were reported in the gills of milkﬁsh (Tang et al., 2009a). On the other
hand, in the tilapia kidneys, the expression patterns of NKA α1- and
α3-isoform-like proteins were similar to the protein abundance of the
NKA pan α-subunit. In gills of tilapia acclimated to either FW or SW,
the protein expression of NKA pan α-subunit, α1-, and α3-isoforms,
as well as NKA activity have shown similar salinity-dependent patterns
(Lee et al., 1998, 2003). Unlike the gill, however, no difference was
found in renal NKA activities between SW- and FW-acclimated tilapia.
In mammals, NKA α-subunit isoforms possess different afﬁnities for
ouabain, ATP, and substrate ions (Blanco, 2005). Similarly, in teleosts,
including tilapia and milkﬁsh, branchial NKA activities between FWand SW-acclimated groups had different afﬁnities for Na+ or K+ (Lin
and Lee, 2005). These results indicated that the major kinetic
differences occurred because of the composition of different NKA αisoforms. Thus, tilapia might maintain internal water and ion balance
via switching of the three NKA α-isoforms (resulted in different afﬁnities) in the kidney rather than regulating renal NKA activity between
FW and SW. In addition, in the milkﬁsh, expression patterns of renal
NKA α2- and α3-isoforms were not salinity‐dependent, indicating
that they might not be involved in osmoregulation (Tang et al.,
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2009a). Furthermore, in the tilapia kidney, the expression pattern of
the NKA α2-isoform-like protein was opposite to the other NKA αsubunit/isoform-like proteins, implying that the role of the NKA α2isoform might differ from those of the NKA α1- and α3-isoforms.
Taken together, following salinity challenge, distinct isoform compositions of the NKA α-subunit, as well as NKA activity between the kidneys
of tilapia and milkﬁsh revealed their divergent modulatory mechanisms, which might be due to their FW and SW preference, respectively.
Salinity-dependent expression of the NKA α-isoforms, especially
the α1-isoform, in kidneys indicated their involvement in the
mechanisms of ion regulation in FW- and SW-acclimated tilapia and
milkﬁsh.
In mammals, the NKA α-isoforms have a different tissue distribution, and the NKA α1-isoform was the most widely expressed isoform,
as well as the major isoform expressed in the kidney (Blanco, 2005;
Suhail, 2010). Thus, NKA α1 is predicted to be the crucial isoform for
osmoregulation of teleosts (Liao et al., 2009; Dalziel et al., 2014). In
this study, the protein expression patterns of NKA pan α-subunit and
α1-isoform-like protein were parallel in kidneys of both teleost species,
yet their patterns were different between the FW and the SW groups.
These results implied that the renal NKA α1-isoform might play a
crucial role in the physiological regulation of euryhaline teleosts in
different environmental salinities. Of note, several paralogous genes of
the NKA α1-isoforms have been identiﬁed in certain teleosts and have
been investigated in gills following salinity challenge (Richards et al.,
2003; Ip et al., 2012; Armesto et al., 2014). In salmonid gills, nka α1a
and α1b were the dominant isoform in FW and SW, respectively
(Richards et al., 2003; Dalziel et al., 2014). However, unlike salmonid
gills, no salinity-dependent changes were reported for branchial nka
α1b expression in Senegalese sole (Solea senegalensis; Armesto et al.,
2014). On the other hand, the mRNA levels of nka α1a and α1b were
investigated in tilapia gills following salinity challenge; however, the
results were not consistent (Tipsmark et al., 2011; Moorman et al.,
2014, 2015). These results showed that the roles of these NKA α1
paralogous genes in euryhaline teleosts remain poorly understood.
Therefore, future studies should focus on detailed molecular mechanisms of the NKA α-subunit in kidneys of these two euryhaline teleosts.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbpb.2016.07.008.
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