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Abstract There are essentially four different morphological types of pseudobranchs in teleosts, including lamellaefree, lamellae semi-free, covered, and embedded types. In
the euryhaline silver moony (Monodactylus argenteus),
the pseudobranch belongs to the lamellae semi-free type,
which is characterized by one row of filaments on the opercular membrane and fusion on the buccal edge. The pseudobranchial epithelium of the moony contains two types
of Na+, K+-ATPase (NKA)-rich cells: chloride cells (CCs)
and pseudobranch-type cells (PSCs). Our results revealed
increased expression of NKA, the Na+, K+, 2Cl− cotransporter (NKCC), and the cystic fibrosis transmembrane
conductance regulator (CFTR) for Cl− secretion and CCs
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profiles in the pseudobranchs of seawater (SW)-acclimated
silver moonies, which indicates the potential role of pseudobranchs containing CCs in hypo-osmoregulation. In
contrast, the pseudobranch of the Mozambique tilapia
(Oreochromis mossambicus) belongs to the embedded
type, which is covered by the connective tissues and only
contains PSCs but not CCs. No sign of NKCC and CFTRimmunoreactivity (IR) was found in the pseudobranchs of
SW and freshwater (FW) tilapia. However, higher NKA
protein expression and larger sizes of NKA-IR PSCs were
found in the pseudobranchs of FW-acclimated tilapia.
Moreover, in the FW-acclimated moony, NKA-IR PSCs
also exhibited higher numbers and larger sizes than in the
SW individuals. Taken together, similar responses in lowsalinity environments in different types of pseudobranchs
indicated that the salinity-dependent morphologies of PSCs
might be involved in critical functions for FW teleosts.
Keywords Pseudobranch · Osmoregulation · Na+, K+ATPase · Na+, K+, 2Cl− cotransporter · Silver moony ·
Tilapia

Introduction
Among the 238 known teleostean families, with the exception of a few species the pseudobranchs are found in all teleosts (Wittenberg and Haedrich 1974). Based on variations
in its size, form, location, presence, or absence in different
fish species, the pseudobranch has been a topic of investigation for a long time. The pseudobranch exhibits a gilllike structure on each side of the opercular epithelium near
the first gill arch, and it attaches to only one row of parallel
filaments, like a modified hemibranch (Laurent and DunelErb 1984). Bertin (1958) described three morphological
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pseudobranch types in teleosts: (1) the lamellae-free type:
pseudobranchs with distinguishable filaments and completely free lamellae that contact the water directly, e.g., in
bass (Dicentrarchus labrax); (2) the lamellae semi-free and
the covered type: pseudobranchs covered by the opercular
membrane and connective tissue, e.g., in grey mullet (Liza
ramada, semi-free) and rainbow trout (Salmo gairdneri,
covered); and (3) embedded type: pseudobranchs that are
completely reduced and embedded in the connective tissues, e.g., in carp (Cyprinus carpio) (Mattey et al. 1980,
Hamidian and Alboghobeish 2007).
In the lamellae-free and semi-free types, the epithelium
of the pseudobranch contains two kinds of mitochondriarich cells, the chloride cells (CCs; i.e., ionocytes) and the
unique pseudobranch-type cells (PSCs). In the covered
type pseudobranch of the trout and grass carp, the CCs
have been replaced by PSCs (Hamidian and Alboghobeish
2007). The PSCs resemble branchial ionocytes, with a high
density of mitochondria and a tubular system in the cytoplasm (Mattey et al. 1978). In addition, PSCs exhibit relatively high Na+, K+-ATPase (NKA) activity in the pinfish
(Lagodon rhomboides), Chinook salmon (Oncorhynchus
tshawytscha) (Dendy et al. 1973; Quinn et al. 2003), and
milkfish (Chanos chanos) (Yang et al. 2014).
Some hypotheses have been suggested concerning the
physiological roles of the pseudobranch. Among various
proposed functions, evidence of a potential role in hypoosmoregulation has been reported in the lamellae-free type
pseudobranch of the euryhaline milkfish, which stems from
increases in the numbers and sizes of CCs as well as in
NKA expression observed upon salinity challenge (Yang
et al. 2014). However, Quinn et al. (2003) reported that the
NKA activity of the covered type pseudobranch in juvenile Chinook salmon did not increase 10 days after transfer
from freshwater (FW) to seawater (SW); therefore, it was
concluded that the role of the pseudobranch in the function
of osmoregulation is different from that of the gills. The
divergence of pseudobranchial types suggests multifunctional capabilities of the pseudobranchs. Meanwhile, we
are not clear about the structural and potentially physiological roles of different types of pseudobranchs.
It is important for euryhaline vertebrates surviving in
a variety of habitats to maintain a stable internal environment. While the environment changes, the ion-transport
systems modulate ion fluxes. Epithelial ionocytes are characterized by the presence of a high abundance of mitochondria and a tubular system in the cytoplasm, which is continuous with the basolateral membrane. This provides an
extensive area for the expression of the primary ion transport protein NKA, which is the driving force for secondary
ion transporters that absorb ions from FW and secrete ions
in SW (Marshall 2002; Evans et al. 2005; Hwang and Lee
2007; Hwang et al. 2011). According to previous studies,
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the model of chloride (Cl−) secretion in branchial CCs
(ionocytes) of SW teleosts includes Na+, K+, 2Cl− cotransporter (NKCC) on the basolateral membrane and the Cl−
channel, cystic fibrosis transmembrane conductance regulator (CFTR), on the apical membrane (Evans et al. 2005;
Hwang and Lee 2007). In our previous research, CCs and
PSCs could be distinguished using antibodies of the NKCC
and CFTR ion transporters as markers of CCs, but not
PSCs, in the lamellae-free type pseudobranchs of the SW
milkfish (Yang et al. 2014).
The euryhaline silver moony (Monodactylus argenteus)
is distributed in the tropical Indo-West Pacific, and exhibits adaptation to a wide range of salinities. The species is
found in bays, harbors, mangrove estuaries, and occasionally on coastal reefs, and it sometimes reaches freshwater
streams (Allen 1999; Lieske and Myers 2002; Kang et al.
2012). This euryhalinity makes the silver moony an excellent subject for studies of physiological and behavioral
processes associated with salinity acclimation. In addition, the species is easy to rear and inexpensive, and it is a
popular aquarium species in Taiwan. Previous studies have
reported that the silver moony is an efficient osmoregulator that generally maintains its muscle water content and
plasma osmolality within a narrow physiological range
upon salinity challenge. A marked enhancement of NKA
expression (i.e., the abundance of protein and activity of
NKA), derived from a significant increase in the number of
lamellar NKA-immunoreactive cells, has been observed in
the gills of FW-adapted moonies compared to SW-adapted
individuals (Kang et al. 2012). Conversely, the euryhaline
Mozambique tilapia (Oreochromis mossambicus) is native
to some freshwater lakes in southern Africa, but it can tolerate salinities of up to 120 ‰ (Stickney 1986). This characteristic makes it a good model organism for studies of
ionic and osmotic acclimation in teleost fish (Hiroi et al.
2008; Inokuchi et al. 2008; Sardella et al. 2008; Tang et al.
2008; Wang et al. 2009; Tang and Lee 2011). Upon salinity challenge, the significantly higher expression of NKA
(including isoform α1-mRNA abundance, relative protein
abundance, and activity) and increasing numbers of deephole type ionocytes were exhibited in the gill filaments
(Lee et al. 2003; Lin et al. 2004).
The pseudobranchs of silver moonies, exhibiting gilllike filaments and lamellae located on the opercular membrane near the first gill arch, are assumed to play a role in
osmoregulation. On the other hand, the pseudobranchs of
tilapia are embedded into the connective tissue and lipid
layers that are close to the first gill arch. These two species
with different types of pseudobranchs are ideal models for
comparison. Based on our previous study on the milkfish
pseudobranch (Yang et al. 2014), this study aimed to compare different morphological types of pseudobranchs and to
further elucidate the expression of NKA and Cl− excretion
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ion transporters in the pseudobranchs of the silver moony
and tilapia when acclimated to SW and FW environments.

Materials and methods
Experimental conditions and fish
Juvenile silver moonies (M. argenteus) with a body weight
of 2.0 ± 0.5 g and total length of 3.5 ± 0.5 cm were
obtained from a fish farm in central Taiwan. Juvenile tilapia
(O. mossambicus) with a body weight of 8.0 ± 0.9 g and
total length of 6.0 ± 0.2 cm were obtained from laboratory
stocks. Moonies were first reared in brackish water (15 ‰)
([Na+] 156.11 mM; [K+] 5.72 mM; [Ca2+] 9.29 mM;
[Mg2+] 30.34 mM; [Cl−] 270.60 mM; pH = 7.6 ± 0.1)
for at least 4 weeks, were then transferred to seawater (SW; 35 ‰) ([Na+] 482.97 mM; [K+] 11.38 mM;
[Ca2+] 15.34 mM; [Mg2+] 67.87 mM; [Cl−] 572.89 mM;
pH = 7.6 ± 0.1) that was prepared from local tap water
with appropriate amounts of synthetic sea salt (Aquarium Systems, Mentor, OH, USA), and fresh water (FW)
([Na+] 0.22 mM; [K+] 0.04 mM; [Ca2+] 0.68 mM; [Mg2+]
0.28 mM; [Cl−] 0.14 mM; pH = 7.6 ± 0.1). The fish were
held at 28 ± 1 °C with a daily 12 h photoperiod for at least
4 weeks before performing experiments. Tilapia were first
reared in FW at least 4 weeks, then were transferred to
brackish water (15 ‰) for 1–2 days, and finally to SW for
at least 4 weeks. Feeding was terminated 24 h prior to the
experiments. The water was continuously circulated through
fabric-floss filters, and the fish were fed twice a day with
a diet of commercial pellets. The experimental fish were
reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the National Chung Hsing University (IACUC Approval No. 101-90) to T.-H. L.
Tissue collection
Fish were treated with MS-222 (Sigma, St. Louis, MO,
USA) at concentrations of 100–200 mg/L within a few
minutes for anesthetization. Following anesthesia, the
pseudobranchs of both species were immediately sampled
after euthanizing by decapitation over crushed ice. In addition, the first gill arch was excised. For paraffin and cryosections, the sampled pseudobranchs and gills were fixed
in 10 % neutral buffered formalin at 4 °C overnight. Sampled tissues were frozen at −80 °C prior to subsequent biochemical analyses.
Scanning electron microscopy
The pseudobranchs were dissected and fixed at 4 °C in
5 % glutaraldehyde and 4 % paraformaldehyde (PFA) in
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0.1 M phosphate buffer (PB, pH 7.2) for 12 h. After rinsing with 0.1 M PB three times, specimens were post-fixed
with 1 % osmium tetroxide in 0.2 M PB for 1 h. After rinsing with PB and dehydrating in ethanol, specimens were
critical-point-dried using a Hitachi HCP-2 critical-point
drier. Samples were mounted on aluminum stubs with silver paint, sputter coated for 3 min with gold–palladium
complex in a Pt coater, and then examined with a scanning electron microscope (TM-3000 SEM, Hitachi, Tokyo,
Japan).
Paraffin sectioning
The fixed pseudobranchs and gills were dehydrated via a
graded ethanol series (50, 70, 80, 95, 100 % ethanol) and
cleared in xylene for 3 h. The samples were then embedded
in paraffin (Merck, Darmstadt, Germany). Sections of the
paraffin blocks with a thickness of 2–4 μm were mounted
on 0.03 % poly-l-lysine (Sigma)-coated glass slides that
were stained with Gill’s hematoxylin and eosin (HE) reagent (Merck). The sections were observed under an optical
microscope (BX50; Olympus, Tokyo, Japan), and micrographs were photographed using a cooled CCD camera
(DP72; Olympus, Tokyo, Japan) with CellSens software,
standard version 1.4 (Olympus).
Antibodies
The following primary antibodies were used in the present
study: (1) anti-NKA α subunit: a mouse monoclonal antibody, α5 (Developmental Studies Hybridoma Bank, Iowa
City, IA, USA), raised against the α-subunit of avian NKA;
(2) anti-NKCC: a mouse monoclonal antibody, T4 (Developmental Studies Hybridoma Bank), raised against the
C-terminus of human NKCC; (3) anti-NKA α subunit: a
rabbit monoclonal antibody, ab76020 (Abcam, Cambridge,
UK), a synthetic peptide corresponding to residues near the
N-terminus of human sodium potassium ATPase α subunit;
(4) anti-CFTR: a mouse monoclonal antibody, MAB25031,
24-1 (R&D System, Boston, MA, USA) directed against
104 amino acids at the C-terminus of human CFTR; and
(5) anti-actin: a rabbit polyclonal antibody, sc1616 (Santa
Cruz, CA, USA), raised against the C-terminus of human
actin, for immunoblotting as the loading control. The secondary antibodies employed in the immunoblotting assays
were horseradish peroxidase (HRP)-conjugated goat antimouse IgG and anti-rabbit IgG (111-035-003 and 115035-003, respectively, Jackson ImmunoResearch, West
Grove, PA, USA). For immunofluorescence staining, the
secondary antibodies used were DyLight-549-conjugated
affinity purified goat anti-rabbit IgG and DyLight-488-conjugated affinity purified goat anti-mouse IgG (Jackson
ImmunoResearch).
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Immunohistochemical staining (IHC)
The paraffin sections of pseudobranchs and gills were
deparaffinized with xylene, rehydrated in a graded series
of alcohol, and incubated with 3 % H2O2 for 10 min to
inactivate endogenous peroxidase. The sections were then
immunohistochemically stained for 2 h at room temperature with a monoclonal primary antibody (α5), followed
by staining with a commercial HRP polymer conjugate kit
(AEC, SuperPicture™, Invitrogen, Camarillo, CA, USA)
for visualization. A 1:250 dilution was used for the detection of NKA. Negative control experiments in which phosphate-buffered saline (PBS) was applied to replace the primary antibody were also conducted to confirm the results
of immunoreaction.
Cryosectioning
The fixed pseudobranchs and gills were washed three times
with PBS (137.00 mM NaCl, 2.68 mM KCl, 10.14 mM
Na2HPO4, 1.76 mM KH2PO4; pH = 7.4), and were then
stored in 100 % methanol at −20 °C. Before cryosectioning, the pseudobranchs were immersed in PBS, followed by
mounting in the optimal cutting temperature (OCT) compound (Tissue-Tek, Sakura, Torrance, CA, USA) at −20 °C
for 2 h. The cross sections of pseudobranchs were cut at
a thickness of 4 μm using a cryomicrotome (CM3050S,
Leica, Heidelberger, Nussloch, Germany) at −20 °C, and
were subsequently placed on 0.03 % poly-l-lysine-coated
slides.
Double immunofluorescence staining and confocal
microscopy
According to the methods of Yang et al. (2014), cryosections
were rinsed three times with PBS for 3 min, and were then
incubated in the blocking buffer, consisting of 5 % bovine
serum albumin (BSA; Bio basic, Markham, Canada) in PBS,
for 0.5 h at room temperature. The cryosections were incubated with the primary monoclonal antibody against the
NKA α subunit (ab76020), and were then diluted (1:250)
in the blocking buffer for 2 h at room temperature. Following incubation, the cryosections were washed three times for
5 min with PBS, exposed to the DyLight-549 goat anti-rabbit
antibody (diluted 1:200 in the blocking buffer) at room temperature for 1 h, and then washed three times for 5 min with
PBS. After the first staining, the cryosections were incubated
with the primary monoclonal antibody against either NKCC
(T4; diluted 1:50) or CFTR (diluted 1:200) in the blocking
buffer overnight at 4 °C. Following incubation, the cryosections were washed three times for 5 min with PBS, exposed
to the DyLight-488 goat anti-mouse antibody (diluted 1:200
in the blocking buffer) at room temperature for 1 h, and then
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washed several times with PBS. Subsequently, the cryosections were mounted with the DAPI Fluoromount-G solution
(Southern Biotech, Birmingham, AL, USA), covered with
cover slips, and examined under a fluorescent microscope
(Olympus BX50). After staining, micrographs were obtained
via confocal laser scanning microscopy (Fluoview FV1000,
Olympus) using Fluoview Ver. 3.1 Viewer software (Olympus) or a fluorescence microscope to detect immunolocalization for subsequent immunoreactive cell count and morphometric analyses.
Measurement of cell number and cell size
Following double staining of the paraffin sections with the
NKA and NKCC primary antibodies, the immunoreactive cells in the pseudobranchs were observed and photographed using a fluorescence microscope (Olympus BX50).
For immunoreactive cell count and morphometric analyses,
micrographs were analyzed using Image-Pro software (Plus
5.1). Cells showing immunoreaction for both NKA/NKCC
as markers of chloride cells (CCs) in the filaments and free
lamellae, only NKA-IR cells in the non-free lamellae as
PSCs (pseudobranch-type cells) were counted separately.
For each individual, five different filaments were randomly
selected for quantification. NKA/NKCC colocalized cells
(CCs) or NKA-IR cells (PSCs) were counted and measured
in each filament. A total of 300 cells were selected for the
size quantification of CCs or PSCs in the filaments and free
or non-free lamellae from either the SW or FW individuals.
Six individuals (n = 6) from either the SW or FW groups
were used to calculate the mean numbers and sizes of cells.
Preparation of tissue homogenates
According to the methods of Yang et al. (2014), with some
modifications, pseudobranchs and gills were excised and
immediately stored at −80 °C prior to use. For use in experiments, tissues were thawed and mixed with 200 μL (pseudobranchs) and 300 μL (gills) of SEID buffer (150 mM
sucrose, 10 mM EDTA, 50 mM imidazole, and 0.1 %
sodium deoxycholate; pH 7.5) containing protease inhibitors
(v/v 25:1, Roche, Mannheim, Germany). Homogenization
was performed using a homogenizer (PT1200E, Kinematica
AG, Lucerne, Switzerland) at maximal speed for 20–30 s in
a 2-mL tube, on ice. The homogenate was then centrifuged
at 5500×g for 15 min at 4 °C. Bovine serum albumin of
BCA protein assay reagents (Thermo, Rockford, IL, USA)
was used as a standard to determine protein concentrations.
Immunoblotting
As modified by Yang et al. (2014), aliquots containing 30 μg
of protein from pseudobranch and gill homogenates were
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heated at 60 °C for 30 min and fractionated via electrophoresis in SDS-containing 7.5 % polyacrylamide gels with a
pre-stained protein marker (Fermentas, Hanover, MD, USA).
The separated proteins were transferred from unstained gels
to 0.45 μm PVDF membranes (Millipore, Bedford, MA,
USA) using a tank transfer system (Mini Trans-Blot; BioRad Laboratories, Hercules, CA, USA). The blots were
blocked for 2 h with 5 % (wt./vol.) nonfat dried milk/phosphate buffer saline with Tween 20 (PBST; Merck) to minimize nonspecific binding, and were then incubated overnight
at 4 °C with primary antibodies (α5, 1:4000; T4, 1:500; or
actin, 1:2000) diluted in PBST with 1 % BSA (Bio basic)
and 0.05 % sodium azide (Sigma). The blots were subsequently washed in PBST, followed by 1 h incubation with
HRP-conjugated secondary antibodies (Jackson) diluted
in PBST (1:10,000 for anti-mouse IgG or anti-rabbit IgG).
Finally, the blots were developed with an ECL kit (Immobilon™ Western, Millipore) for HRP-conjugated systems,
the signals were detected using the ChemiDoc XRS+ image
system (Bio-Rad), and were subsequently analyzed with
Image Lab software (version 3.0, Bio-Rad).
NKA‑specific enzyme activity
Aliquots of the pseudobranchial and branchial homogenate suspensions were used for the determination of NKA
enzyme activities according to Tang et al. (2010) with some
modifications. The reaction medium [final concentration:
100 mM imidazole–HCl buffer (25 mM NaCl, 75 mM KCl,
7.5 mM MgCl2; pH 7.6)] was prepared according to Hwang
et al. (1988). Then, 10 μL of the supernatant, 50 μL of 5 mM
ouabain (specific inhibitor of NKA) or deionized water, and
100 μL of 10 mM Na2ATP were added to 340 μL of the reaction medium. NKA enzyme activity was defined as the difference between the amounts of inorganic phosphates liberated in
the presence and absence of ouabain in the reaction mixture.
The reaction mixture was incubated at 28 °C for 20 min, followed by immediate transfer to an ice bath for 10 min to stop
the reaction (Cheng et al. 1999). Since the moony and tilapia
specimens were reared at 28 ± 1 °C, 28 °C would be the more
pertinent criteria for running the in vitro assays. The formation
of unreduced phosphomolybdate is directly proportional to
the amount of inorganic phosphate. The reagent used for color
development consisted of 1 % Tween-20 and 1 % ammonium
molybdate in 0.9 M H2SO4. The reaction mixtures and color
reagent were mixed at a 1:1 (v/v) ratio and incubated for 3 min
on ice prior to detection using a microplate reader (VERSAmax, Molecular Devices, Sunnyvale, CA, USA) at 405 nm.
Statistical analysis
The values are presented as the mean ± standard error of
the mean (SEM). Statistical significance was compared
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using two-way ANOVA (SPSS 20.0) and Student’s t test.
The significance level was set at P < 0.05.

Results
Morphology of the pseudobranchs of SW‑
and FW‑acclimated silver moony
The pseudobranch of the silver moony consists of a pair
of gill-like structures located near the first gill arch, which
contains a row of parallel filaments attached to the epithelium of the opercular membrane (Fig. 1, S1A). In longitudinal sections, the arrangement of lamellae alternated in
each filament (Fig. 1b). The scanning electron microscopic
(SEM) observations of the pseudobranchs showed that the
lamellae were fused over a larger area on the buccal edge in
the FW- compared to the SW-acclimated moony (Fig. 2c, d,
S2). The filaments and lamellae containing two structures,
the non-free (fused) and free lamellae, were revealed in
micrographs of the SEM and hematoxylin and eosin (HE)stained paraffin sections of the pseudobranch (Figs. 2c, d,
3a, b). In cross-sections, the pseudobranch filaments were
attached to the operculum membrane. In addition, the pseudobranch-type cells (PSCs) are located beneath the pavement cells along parallel lamellae, and are associated with
the blood compartment that is separated by pillar cells in
both SW- and FW-acclimated moonies. Meanwhile, spherical chloride cells (CCs) could be found close to the afferent
artery in the filament and basal free-lamellae (Fig. 2e, f, 3a,
b). An empty space between the pavement cells and PSCs
appeared, which was not observed in gills.
Comparisons of NKA and chloride transporters
between the PSCs and CCs in the pseudobranchs of the
silver moony acclimated to SW and FW
Immunohistochemical staining of the cross-sections of both
SW- and FW-acclimated fish revealed that NKA-immunoreactive (IR) cells of PSCs were distributed along the
edge of the parallel non-free lamellae of the pseudobranch.
Meanwhile, the NKA-IR cells of CCs were more abundant
in the free lamellar epithelium near the afferent artery of
the pseudobranch in SW-acclimated individuals than in
the FW-acclimated fish (Fig. 3c, d). However, in moony
gills, immunohistochemical staining of NKA showed that
more numbers of the immunoreactive cells occurred in the
inter-lamellar epithelium of filaments in FW-acclimated
individuals. In addition, the cross-sections of moony gills
indicated that NKA-IR cells were more abundantly distributed in the inter-lamellar epithelium and some regions
of lamellae close to the afferent artery of filaments in FWacclimated fish (Fig. S3).
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CFTR was not found in the NKA-IR cells of the non-free
lamellar epithelium (Fig. 4c, d). However, the cells located
principally under the pavement cells along the non-free
lamellae that exhibited only NKA staining were considered
to be PSCs (Fig. 4). Comparisons between the CCs and
PSCs in the pseudobranchs of the SW- and FW-acclimated
moonies showed that only the CCs exhibited NKCC and
CFTR staining in the basolateral and apical membranes,
respectively, in SW-acclimated individuals.
Morphology of the pseudobranchs of SW‑
and FW‑acclimated tilapia

Fig. 1  Illustration of the silver moony pseudobranch. a A pair of
pseudobranchs located behind the eyes, near the first gill arch, and
attached to the opercular epithelium. b The paraffin longitudinalsection stained with hematoxylin and eosin showing a row of parallel
filaments, including free and non-free lamellae (NFL) that belong to
lamellae semi-free pseudobranch type. The arrow indicates the pseudobranch. F filaments, FL free lamellae. Scale bar 50 μm

Double immunofluorescence staining of the NKA
α-subunit and NKCC in paraffin sections of pseudobranchs collected from SW- and FW-acclimated moonies
showed that NKCC was colocalized to NKA-IR cells in
the filament and free lamellar epithelium. More NKCC and
NKA-IR cells were found in the pseudobranchs of SWacclimated moonies than in FW-acclimated individuals. In
addition, more NKCC and NKA-IR cells occurred in the
free lamellar epithelium near the afferent artery of the filament and the epithelium of the operculum membrane in
pseudobranchs of SW fish than FW individuals (Fig. 4a, b).
On the other hand, double immunofluorescence staining of
the NKA α-subunit and CFTR in frozen cross-sections of
the moony pseudobranchs showed that CFTR was localized
to the apical regions of NKA-IR cells in the filament and
free lamellar epithelium of SW-acclimated moonies, but
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The pseudobranch of the tilapia included a pair of structures located near the first gill arch, which were embedded
in the connective tissues situated in the opercular cavity
(Fig. 5, S1B). The SEM observations of the pseudobranchs
showed that a row of filaments in a stereoscopic arrangement and the lamellae were fused in the FW- and SW-acclimated tilapia (Fig. 6). Micrograph results of the SEM and
HE-stained paraffin sections of the pseudobranch suggest
that the lamellae contained only the non-free (fused) lamellae (Figs. 6c, d, 7a, b). In addition, the PSCs are located
beneath the pavement cells along parallel lamellae, and are
associated with the blood compartment separated by pillar
cells in both SW- and FW-acclimated tilapia. Meanwhile,
spherical CCs could not be found in the filaments and nonfree lamellae (Fig. 7). An empty space between the pavement cells and PSCs appeared, which was not observed in
gills. Anatomical and histological observations indicated
that the pseudobranch of the euryhaline tilapia was the
embedded type.
Comparisons of NKA and chloride transporters
between the PSCs in the pseudobranchs of the tilapia
acclimated to SW and FW
Immunohistochemical staining of both SW- and FW-acclimated fish revealed that NKA-IR cells of PSCs were distributed along the edge of the parallel lamellae of the pseudobranch, but the NKA-IR cells of CCs were not detected
in the lamellar epithelium of the pseudobranch in FW- and
SW-acclimated fish (Fig. 7c, d). In the cross-sections of
tilapia gills, immunohistochemical staining of NKA-IR
cells showed that CCs were more abundantly distributed in
the inter-lamellar epithelium close to the afferent artery of
filaments in SW- than FW-acclimated fish (Fig. S4). Double immunofluorescence staining of the NKA α-subunit
and NKCC in paraffin sections of pseudobranchs collected from SW- and FW-acclimated tilapia showed that
NKCC was not detected in NKA-IR cells in the filament
and non-free lamellar epithelium (Fig. 8a, b). Moreover,
double immunofluorescence staining of the NKA α-subunit
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Fig. 2  Scanning electron
microscopic (SEM) micrographs of the silver moony
pseudobranch. a The pseudobranchs with a row of parallel filaments attached to the
operculum membrane (OM), b
filament of the opercular edge,
part of free filament on the top,
c filament of the buccal edge
in seawater (SW)-, and d fresh
water (FW)-acclimated individuals. e, f The apical openings
of chloride cells (arrowheads)
distributed around the free
lamellae (FL) regions (star) on
the opercular edge. F filaments,
NFL non-free lamellae. Scale
bar a 500 μm, b–d 50 μm, e
10 μm, f 5 μm

and CFTR in frozen sections of the tilapia pseudobranchs
showed that CFTR was not detected in the NKA-IR cells of
the non-free lamellar epithelium (Fig. 8c, d).
Comparisons of numbers or sizes between NKA‑IR
cells in the pseudobranchs of SW‑ and FW‑acclimated
fishes
To further analyze the characteristics of the pseudobranchs
of the silver moony, the numbers and sizes of CCs or PSCs
per filament were counted. The average number and size
of CCs per filament increased approximately 3- and 1.6fold, respectively, in the SW moonies compared to the FW
group, and this occurred mainly in the filament and free
lamellar epithelium near the afferent artery. Meanwhile, in
FW-acclimated fish, the average number and size of PSCs
per filament located in the non-free lamellae increased
approximately 1.3- and 1.5-fold, respectively, compared to

those of SW-acclimated individuals (Fig. 9a, b). To analyze
the characteristics of the tilapia pseudobranchs, the sizes of
NKA-IR PSCs (300 total cells from six individuals) were
measured. In FW-acclimated fish, the average size of PSCs
located in the non-free lamellae increased approximately
1.3-fold compared to those of SW-acclimated individuals
(Fig. 9c).
NKA and NKCC expression in the pseudobranchs
of the silver moony and tilapia acclimated to SW
and FW
Immunoblotting of the NKA α-subunit protein (113 kDa)
in either pseudobranchs or gills revealed a single immunoreactive band. There was no significant difference in
NKA protein expression between FW and SW (P > 0.05),
as well as between gills and pseudobranchs (P > 0.05) in
silver moony and tilapia. However, significant interactions
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Fig. 3  The paraffin cross-sections stained with hematoxylin
and eosin (a, b) and immunohistochemical staining of Na+,
K+-ATPase (NKA) (c, d) in
the pseudobranch of seawater
(SW)- and fresh water (FW)acclimated silver moonies. The
NKA-immunoreactive (IR) cells
are distributed in the filament
(F) as well as the lamellae of
the pseudobranch. Numerous
NKA-IR cells were found in the
epithelium of the free lamellar
(FL) regions (star) close to the
afferent filament artery (AFA)
in the SW-acclimated individuals (a, c). Arrows pseudobranchtype cells; arrowheads chloride
cells; C cartilage, OM the operculum membrane, EFA efferent
filament artery, NFL non-free
lamellae. Scale bar 20 μm

Fig. 4  Double immunofluorescence staining of the
pseudobranchs in the SW- and
FW-acclimated silver moonies
with antibodies for the NKA
α-subunit and NKCC in paraffin
cross-sections (a, b) and CFTR
in frozen cross-sections (c, d).
Numbers of NKCC-immunoreactive (IR) cells (yellow in
the micrographs) were found
to be more abundant in the
filaments close to the afferent
artery of the SW- than the FWacclimated moonies (a, b). The
CFTR-IR cells were localized to
the apical membranes of NKAIR cells (i.e., chloride cells,
arrowheads) in the free lamellae
(FL) of the SW moony (c), but
were not found in the non-free
lamellae (NFL) NKA-IR cells
(i.e., pseudobranch-type cells,
arrows) of the SW- and FW(c, d) acclimated moonies. F
filaments, AFA afferent filament
artery. Scale bar 50 μm (a,
b), 10 μm (c, d) (color figure
online)
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Fig. 5  Illustration of the tilapia pseudobranch. a A pair of pseudobranchs located behind the eyes, near the first gill arch and covered
by connective tissues. The right-lower inlet displays the whole pseudobranch with a row of filaments (F). Scale bar 1 mm. b The paraffin longitudinal-section of pseudobranch stained with hematoxylin
and eosin showing a row of filaments belonging to the embedded type
pseudobranch. Scale bar 200 μm. Arrows indicate the pseudobranch

were found between salinities and organs in both moony
and tilapia (P < 0.05) with the two-way ANOVA. The profiles of pseudobranchial NKA α-subunit protein expression
showed higher expression in SW-acclimated moonies than
in the FW group, while the relative NKA protein abundance in the FW-acclimated fish was approximately twofold higher than that in the gills of the SW group (Fig. 10c).
On the other hand, the profiles of pseudobranchial NKA
α-subunit protein expression revealed higher expression
in FW-acclimated tilapia than in the SW group, while the
relative NKA protein abundance in the SW-acclimated fish
was approximately twofold higher than that in the gills of
the FW group (Fig. 10d).
Meanwhile, there are significant differences between
FW and SW, as well as between gills and pseudobranchs
in NKA activity of moony and tilapia. The significant
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interaction between salinities and organs in NKA activity
was found only in the silver moony (P <  0.01) according
to results of the two-way ANOVA. In the pseudobranchs,
approximately threefold higher NKA activity was observed
in SW-acclimated individuals than in FW-acclimated
moonies. However, in the gills, an opposite expression pattern was observed, as the FW-acclimated individuals exhibited approximately twofold higher NKA activity than the
SW-acclimated moonies (Fig. 10e). In the pseudobranchs,
approximately threefold higher NKA activity was observed
in SW-acclimated individuals than in FW-acclimated tilapia. A similar expression profile was observed in the gills
as the SW-acclimated individuals exhibited significantly
higher NKA activity than the FW-acclimated tilapia
(Fig. 10f).
There are significant differences between FW and SW,
as well as between gills and pseudobranchs in NKCC
protein expression of moony and tilapia. According to
the results of two-way ANOVA, significant interactions
between salinities and organs in NKCC protein expression
were found (P <  0.01) in both moony and tilapia. The relative protein expression of NKCC (145–160 kDa; a major
band was noted at 150 kDa and another at 110 kDa) in
the pseudobranchs and gills of SW- and FW-acclimated
moonies was detected with a monoclonal antibody (T4).
The obtained profiles revealed significantly higher NKCC
protein abundance in the pseudobranchs and gills of SWacclimated fish compared to the FW group (Fig. 11c). In
addition, the relative NKCC protein abundance was significantly higher in the pseudobranchs than the gills of SW
moonies. Regarding tilapia, the relative protein expression of NKCC (145–160 kDa; a major band was noted at
150 kDa and the others at 125–135 kDa) in the gills of the
SW-acclimated tilapia was detected with a monoclonal
antibody (T4). The obtained profiles revealed significantly
higher NKCC protein abundance in the gills of SW-acclimated fish compared to the FW group (Fig. 11d). However,
the relative NKCC protein abundance was very low in the
pseudobranchs of tilapia.

Discussion
There are four morphological types of pseudobranchs
in teleosts (Hamidian and Alboghobeish 2007). Accordingly, anatomical and histological observations indicated
that the pseudobranch of the euryhaline silver moony is
most likely the lamellae semi-free type, with distinguishable filaments but partial fused lamellae that are separated
from the outer media. The pseudobranchs of milkfish and
silver moonies both have a row of parallel filaments that
are attached to the operculum membrane. Measurements of
morphometric indexes, normalized to body length, revealed
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Fig. 6  SEM micrographs of
the tilapia pseudobranch. The
pseudobranch with a row of
filaments (F) in stereoscopic
arrangement embedded into
the connective tissue and lipid
layers of the (a, c) freshwater
(FW)-, and (b, d) seawater
(SW)-acclimated individuals. F filaments, NFL non-free
lamellae, LT lipid tissues. Scale
bar a 500 μm, b 300 μm, c, d
100 μm

Fig. 7  The paraffin longitudinal
sections stained with hematoxylin and eosin (a, b) and
immunohistochemical staining
of NKA α-subunit (c, d) of the
pseudobranchs from FW (a,
c) and SW tilapia (b, d). The
NKA-immunoreactive cells are
distributed in the lamellae (L)
of the pseudobranch. Arrows
pseudobranch-type cells; F filaments, NFL non-free lamellae,
C cartilage. Scale bar 20 μm

that no obvious morphological changes in the lamellaefree type pseudobranchs of the milkfish were observed
under acclimation to environments with different salinities
(Yang et al. 2014). However, in this study of the semi-free
pseudobranch of the silver moony, the SEM micrographs
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and histological staining results indicated increases in the
regions of the free lamellae expressing numerous spherical chloride cells (CCs) with apical openings along the
opercular edge (i.e., close to the afferent artery) in the SWacclimated group and fusion areas of non-free lamellae on
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Fig. 8  Double immunofluorescence staining with antibodies
for the NKA α-subunit and
NKCC in paraffin crosssections (a, b) and CFTR in
frozen cross-sections (c, d) of
the pseudobranchs in the FW
(a, c) and SW (b, d) tilapia.
The NKA-immunoreactive (IR)
cells (arrows, pseudobranchtype cells) are distributed in the
lamellae (L) of the pseudobranch. However, NKCC-IR or
CFTR-IR cells are not found
in the lamellae of the SW- and
FW-acclimated tilapia. F filaments, NFL non-free lamellae.
Scale bar a, b 20 μm, c, d
40 μm

the buccal edge in the FW-acclimated group. In the SWacclimated moonies, increases in the regions of free lamellae could provide additional CCs for hypo-osmoregulation
functions (Table 1).
The lamellae of pseudobranchs exhibit unique pseudobranch-type cells (PSCs) which have never been observed
in the gills of teleosts (Laurent and Dunel-Erb 1984). The
PSCs have been reported to display numerous mitochondria
in the cytoplasm (Dendy et al. 1973; Mattey et al. 1978)
and to exhibit high NKA activity in several teleostean species (Kern et al. 2002; Quinn et al. 2003; Yang et al. 2014).
Moreover, Mattey et al. (1980) reported that both CCs and
PSCs could be found in the lamellae-free and semi-free
types of pseudobranchs based on their location and shape.
In this study, two types of NKA-IR cells with distinct locations and shapes within the lamellae semi-free type pseudobranch of silver moonies were described for the first time.
In the pseudobranch of the silver moony, CCs were mainly
located in the filaments and free lamellae, specifically near
the afferent artery. Therefore, the spherical NKA-IR cells
that were mainly located in the filaments near the afferent artery and the epithelium of the free lamellae, which

exhibited both Na+, K+, 2Cl− cotransporter (NKCC)
and cystic fibrosis transmembrane conductance regulator
(CFTR) staining in SW-acclimated moonies, constituted
CCs that are similar to the ionocytes found in gills. While
the flat penta- or hexagonal PSCs located essentially under
the pavement cells along the non-free lamellae, near the
opposite side of the afferent artery, which only exhibited
NKA staining were considered PSCs. However, in covered or embedded type pseudobranchs, only PSCs can be
found along the lamellae, as observed in the covered pseudobranchs of Chinook salmon (Quinn et al. 2003) and rainbow trout (Kern et al. 2002). Covered type pseudobranchs
are covered with connective tissues, but still exhibit a row
of parallel filaments directly attached to the operculum
(personal observation). Accordingly, the tilapia pseudobranch is most likely the embedded type pseudobranch
with stereoscopic arrangement filaments, and the PSCs
were only located along the fused non-free lamellae that
was separated from the outer media.
The primary active transport pump, NKA is considered a
marker of branchial CCs (ionocytes), because it provides the
main driving force for ion transport (Marshall 2002; Hirose
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Fig. 9  Comparisons of the
average numbers and sizes of
the a chloride cells (CCs): NKA
and NKCC-immunoreactive
(IR) cells in the filaments and
free lamellae, b pseudobranchtype cells (PSCs): the NKA-IR
cells in the non-free lamellae of
the pseudobranchs of SW- and
FW-acclimated silver moonies
(N = 6). Cells of the pseudobranch in paraffin cross-sections
were counted and measured for
five filaments in each individual. c The average sizes of
PSCs in the pseudobranchs of
FW- and SW-acclimated tilapia
(N = 6). The asterisks indicate
significant differences between
SW- and FW-acclimated groups
(Student’s t test, P < 0.05)

et al. 2003; Hwang et al. 2011). More numbers of NKAIR CCs were found close to the afferent filament artery in
the pseudobranchs of SW- than FW-acclimated moonies.
However, the pseudobranchial CCs did not proliferate abundantly along the non-free lamellae because of occupation
by PSCs around blood capillaries. Our results revealed that
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the number/size of pseudobranchial CCs was lower in FWacclimated individuals, whereas the number/size of branchial
CCs in FW-acclimated moony was higher compared to the
SW group (Fig. S3, Kang et al. 2012). In addition, the NKA
protein abundance and activity profiles showed that these
parameters were higher in the semi-free type pseudobranchs
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Fig. 10  Expression of NKA
α-subunit in the pseudobranchs
and gills of silver moony and
tilapia acclimated to seawater
(SW) and fresh water (FW). The
representative immunoblots of
the silver moony (a) and tilapia
(b) probed with a monoclonal antibody (α5) showing a
single immunoreactive band of
approximately at 113 kDa. Relative NKA protein abundance
of the immunoreactive bands (c,
d) and NKA activity (e, f) were
compared with the pseudobranchs and gills of the SW and
FW-acclimated groups, each
group containing silver moony
or tilapia (N = 5). The asterisks
indicate significant differences
between the SW- and FWacclimated fish. Different letters
indicate significant differences
between the pseudobranchs and
gills in the SW (capital letters)
or FW (lowercase letters) group
(two-way ANOVA, P < 0.05)

of SW moonies compared to FW individuals. Therefore,
our data suggest that the pseudobranchs of SW-acclimated
moonies required higher NKA activity and protein expression to establish hypo-osmoregulatory ability. The lamellaefree type pseudobranchs of milkfish also expressed similar
profiles (Yang et al. 2014). In contrast, the results of embedded type of pseudobranchs found in tilapia indicated that
FW-acclimated tilapia expressed higher NKA protein in
comparison to the SW-acclimated group, while higher NKA
activity was exhibited upon salinity challenge. The NKA
activity might be affected by differential expression of NKA
isoforms such as α1a (higher in FW) and α1b (higher in SW)
(Richards et al. 2003; McCormick et al. 2009, 2013; Urbina
et al. 2013). A possible explanation is that the concentration
of ouabain needed to detect NKA activity might favor measurements of NKA α1b over α1a; thus, the result of NKA
activity per molecule might be greater in SW than in FW
(Jorgensen 2008; McCormick et al. 2009). The NKA activity might also be affected by some regulators of NKA, such
as FXYD protein families. For instance, branchial FXYD11

proteins interacted with the NKA α-subunit, and led to
higher expression in FW-acclimated brackish medaka (Yang
et al. 2013) and SW-acclimated eels (Tang et al. 2012). It
will be of interest to examine the differential expression of
NKA isoforms in the pseudobranchs, and to compare the
results with that of gills based on responses to different salinities. Furthermore, the higher expression of NKA proteins
in the embedded type pseudobranch of tilapia may partially
correlate with the presence of NKA-IR PSCs with larger cell
sizes in the milkfish (lamellae-free type, Yang et al. 2014),
silver moony (semi-free type), and tilapia (embedded type)
pseudobranchs in the FW- than SW-acclimated fish.
The NKA protein abundance and activity in the lamellae semi-free type pseudobranch were approximately threefold higher than those of the gills in SW-acclimated silver
moonies, which might be due to the presence of NKA-IR
PSCs in the lamellae as well as more CCs near the afferent
filament artery compared to the gills (Fig. S3). Meanwhile,
the NKA protein abundance and activity of the pseudobranch
were similar to those of the gills in FW-acclimated moonies
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Fig. 11  Protein expression of
NKCC in the pseudobranchs
and gills of the silver moony (a,
c) and tilapia (b, d) acclimated
to environments with different salinities. The representative immunoblot probed with
a monoclonal antibody (T4)
showing a major immunoreactive band at approximately
145–160 kDa. c The relative
NKCC protein abundance of
the immunoreactive bands was
compared with the pseudobranchs and gills of the SW and
FW-acclimated groups, each
group containing silver moony
or tilapia (N = 5). The asterisks
indicate significant differences
between the SW- and FWacclimated fish. Different letters
indicate significant differences
between the pseudobranchs and
gills in the SW (capital letters)
or FW (lowercase letters) group
(two-way ANOVA, P < 0.05)

Table 1  Comparisons between different types of pseudobranchs
Items

Milkfish (Yang et al. 2014)

Silver moony

Tilapia

Type of pseudobranch (PS)
Lamellar types
Chloride cells (CCs)
NKA-IR on CCs
NKCC-IR on CCs in SW
CFTR-IR on CCs in SW
CCs sizes/numbers
Pseudobranch-type cells (PSCs)
NKA-IR on PSCs
NKCC-IR on PSCs
CFTR-IR on PSCs
PSCs sizes/numbers
NKA activity of PS

Lamellae-free type
Free lamellae
+
+
+
+
Greater
+
+
−
−
Less
Greater

Lamellae semi-free type
Free and non-free lamellae
+
+
+
+
Greater
+
+
−
−
Less
Greater

Embedded type
Non-free lamellae
−
−
−
−
−
+
+
−
−
Less
Greater

NKA protein expression of PS

Greater

Greater

Less

IR Immuno-reactive
All were seawater (SW) compared with freshwater

because the gills exhibited numerous NKA-IR CCs along the
lamellae, which is in contrast to the fewer CCs on the free
lamellae of the pseudobranch in the FW group. This finding implies that upon salinity challenge, differences in NKA
expression, in comparison with the gills, might be a characteristic of hypo-osmoregulation in lamellae semi-free type
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pseudobranchs. On the other hand, the NKA protein abundance in the embedded type pseudobranch of the tilapia was
approximately twofold higher than that observed in the gills
of FW-acclimated fish, which might be due to more NKAIR PSCs exhibited in the lamellae of the pseudobranchs
compared to the gills (Fig. S4). The NKA activity in the
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pseudobranch was lower than the gills in FW- and SW-acclimated tilapia because the gills exhibited numerous NKA-IR
CCs along the filaments, in contrast to the embedded type
pseudobranch without any CCs in non-free lamellae.
When fish were acclimated to hyperosmotic environments, increases in basolateral NKCC protein expression
and the apical CFTR facilitated Cl− exclusion from the
plasma in branchial ionocytes (Hirose et al. 2003; Hwang
and Lee 2007; Kang et al. 2010). In the present study, the
abundance of NKCC protein in the pseudobranch was
found to be threefold higher than that in the gills of SWacclimated moonies. Colocalization of the NKCC and
NKA proteins in the pseudobranchs of SW- and FW-acclimated moonies revealed that the NKCC protein was localized in the basolateral membrane of pseudobranchial CCs.
T4 immunoreactivity in the apical membrane is assumed
to be NKCC2, and that in the basolateral membrane is
likely NKCC1 based on the position of the CCs (Payne
et al. 1995; Evans et al. 2005; Hwang et al. 2011; Kang
et al. 2012). Therefore, the NKCC detected in the pseudobranchial CCs of the moony should be the NKCC1 isoform. Our immunocytochemical staining results indicated
that the NKCC antibody (T4) could be used as a marker
to detect CCs, rather than PSCs in the pseudobranchs of
moonies as well as milkfish (Yang et al. 2014). The western blot analysis of NKCC proteins detected in the gills
of the SW-acclimated tilapia should be the NKCC1a isoform (Hiroi et al. 2008; Inokuchi et al. 2008), but it was
not obviously detected in the pseudobranchs of the FW and
SW-acclimated groups. Therefore, we speculate that PSCs
are not responsible for salt secretion.
On the apical membranes of the branchial ionocytes in
teleosts acclimated to SW, expressed CFTR is responsible for chloride secretion (Hirose et al. 2003; Evans 2008;
Kaneko et al. 2008). Detected by the monoclonal antibody,
the western blot of SW bass gills revealed a major band at
138 kDa and another band at 71 kDa (Bodinier et al. 2009).
In the pseudobranchs of SW-acclimated moonies, CFTR
was also expressed in the apical membranes of CCs, which
is similar to results from previous studies of the branchial
ionocytes of killifish (Katoh and Kaneko 2003), tilapia
(Hiroi et al. 2005), pufferfish (Tang et al. 2011), and milkfish (Tang et al. 2011; Yang et al. 2014). The immunocytochemical staining analysis demonstrated that a CFTR antibody could be used as a marker to trace pseudobranchial
CCs of the SW-acclimated moony because the CCs of FWacclimated moonies and the PSCs of SW- and FW-acclimated groups were CFTR immunonegative.
Taken together, our results indicate that the pseudobranchial CCs, exhibiting NKA and NKCC (in the basolateral membranes) and CFTR (in the apical membranes)
staining in SW-acclimated moonies are necessary for hypoosmoregulation; whereas, the PSCs under the pavement
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cells along the non-free lamellae exhibit only NKA expression. However, when compared with the silver moony, the
tilapia pseudobranchs containing only PSCs were NKCC
and CFTR immunonegative in both SW- and FW-acclimated groups (Table 1). Different types of pseudobranchs
were observed according to the SW or FW habitat of fish.
The sizes, forms, and external structures of the pseudobranchs vary widely within orders, families, and species,
although the reason for the variation is not clear (Laurent
and Dunel-erb 1984). Formal researches described four
morphological types of pseudobranchs classification in
teleosts (Bertin 1958; Hamidian and Alboghobeish 2007).
Among them, CCs are generally present in lamellae-free or
semi-free type pseudobranchs, while the covered or embedded types contain only PSCs but no CCs (Hamidian and
Alboghobeish 2007). Because CCs were thought to be the
major sites of ionoregulation, different types of pseudobranchs might play different roles. Regarding the potential
role in hypo-osmoregulation, the lamellae-free and lamellae semi-free types probably have multiple functions, while
the covered and embedded types might be related to vision
(Wittenberg and Haedrich 1974) or other roles (Quinn et al.
2003). Therefore, from the physiological view point, we
suggest pseudobranchs could be classified into two groups,
with or without CCs in the pseudobranchs. We hypothesized that fish habitats in high-salinity environments are
associated with more dominant pseudobranchs, like lamellae-free or semi-free types, while fish habitats in freshwater are associated with shrunken pseudobranchs such as the
covered or embedded types.
On the other hand, the average numbers/sizes of PSCs
were more abundant/greater in FW- than in SW-acclimated
moonies and tilapia. The PSCs observed in the hypoosmotic environments indicated that there was salinitydependent expression in both the moony and tilapia pseudobranchs. In addition, the PSCs are also combined with
the following characteristics: (1) the PSCs lack NKCC and
CFTR in both moony and tilapia pseudobranchs, which are
the crucial ion transporters involved in Cl− excretion; (2)
the PSCs are located along the non-free lamellae and are
covered by pavement cells, thus lacking apical surfaces that
contact the external environment and prevent water uptake
in hypoosmotic media; and (3) PSCs are connectively associated with the blood capillary compartment separated by
pillar cells. According to Kern et al. (2002), H+-ATPase
was immunolabeled on the tubular regions of PSCs in
the covered type pseudobranch of the FW rainbow trout
(Oncorhynchus mykiss), and it was sensitive to a specific
inhibitor of H+-ATPase (bafilomycin A1). Further studies
will focus on the roles of the NKA-rich PSCs in moony and
tilapia pseudobranchs.
This study compared the anatomical structures of the
pseudobranchs from lamellae semi-free type moonies and
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embedded type tilapia, and examined the localization of ion
transporters within the PSCs and CCs of the pseudobranchs.
The present study was the first to reveal salinity effects on
the plastic morphologies of pseudobranchs between semifree type and embedded type pseudobranchs. Moreover,
increases in the numbers/sizes of pseudobranchial CCs as
well as NKA/NKCC expression in the SW-acclimated silver moony indicated the potential role of the lamellae semifree type pseudobranchs in hypo-osmoregulation upon
salinity challenge. Meanwhile, increases in the numbers
and sizes of PSCs in FW-acclimated individuals suggested
that the PSCs in pseudobranchs of the sliver moony and
tilapia might be related to ion-uptake for hyper-osmoregulation or acid–base regulation in these euryhaline teleosts.
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