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a b s t r a c t
In teleosts, the pseudobranch is hemibranchial, with a gill-like structure located near the ﬁrst gill. We hypothesized that the pseudobranch of the milkﬁsh might exhibit osmoregulatory ability similar to that of the gills. In this
study, the obtained Na+, K+-ATPase (NKA) activity and protein abundance proﬁles showed that these parameters were higher in the pseudobranchs of the seawater (SW)- than the freshwater (FW)-acclimated milkﬁsh, opposite the situation in the gills. The pseudobranch of the milkﬁsh contained two types of NKA-immunoreactive
cells, chloride cells (CCs) and pseudobranch-type cells (PSCs). To further clarify the roles of CCs and PSCs in
the pseudobranch, we investigated the distributions of two ion transporters: the Na+, K+, 2Cl− cotransporter
(NKCC) and the cystic ﬁbrosis transmembrane conductance regulator (CFTR). NKCC on the basolateral membrane and CFTR on the apical membrane were found only in pseudobranchial CCs of SW-acclimated individuals.
Taken together, the results distinguished NKA-IR CCs and PSCs in the pseudobranch of milkﬁsh using antibodies
against NKCC and CFTR as markers. In addition, increases in the numbers and sizes of CCs as well as in NKA expression observed upon salinity challenge indicated the potential roles of pseudobranchs in hypoosmoregulation in this euryhaline teleost.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
In the teleosts the pseudobranch exhibits a gill-like structure on either side of the opercular epithelium near the ﬁrst gill arch. This structure displays only one row of parallel ﬁlaments, similar to a modiﬁed
hemibranch (Laurent and Dunel-Erb, 1984). Due to variations in its
size, form and location as well as its presence or absence in different
ﬁsh species, the pseudobranch has been an object of investigation for
a long time. Bertin (1958) described three morphological types of the
pseudobranchs in teleosts: (i) the lamellae-free type: pseudobranchs
with distinguishable ﬁlaments and completely free lamellae that contact the water, e.g., in bass (Dicentrachus labrax); (ii) 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 (iii) 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 semi-free
pseudobranch of the mullet, some fusion areas on the buccal edge,
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free of lamellae along the opercular edge (i.e., close to the afferent artery) are observed (Mattey et al., 1980).
The epithelium of the pseudobranch contains pavement cells, chloride cells (CCs; i.e., ionocytes), and the unique pseudobranch-type
cells (PSCs). In the covered-type pseudobranch of 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 tubular system in bass (Dicentrachus labrax); mullet
(Liza ramada); rainbow trout (Salmo gairdneri), smelt (Osmerus
esperlangus) and golden orfe (Leuciscus idus) (Mattey et al., 1978;
1980; Laurent and Dunel-Erb, 1984; Fischer-Scherl and Hoffmann,
1986). In addition, PSCs exhibit relatively high Na+, K+-ATPase (NKA)
activity in the pinﬁsh (Lagodon rhomboides) and Chinook salmon (Oncorhynchus tshawytscha), similar to branchial ionocytes (Dendy et al.,
1973; Quinn et al., 2003). In contrast, ultrastructural differences between the pseudobranchial PSCs and CCs in fresh water (FW) and seawater (SW) teleosts have been described and proved that they were
two different types of cells (Mattey et al., 1978; Laurent and DunelErb, 1984; Fischer-Scherl and Hoffmann, 1986).
The physiological relevance of the teleost pseudobranch as a remnant of a reduced gill arch is not yet clear. Numerous hypotheses have
been put forth regarding the physiological roles of the pseudobranch,
but direct conﬁrmatory evidence is lacking (Bridges et al., 1998;
Mölich et al., 2009). Among various proposed functions of the
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pseudobranch, evidence of a potential osmoregulatory role has been
reported (Epstein et al., 1967). In contrast, the pseudobranchial NKA
activity of juvenile Chinook salmon did not increase 10 days after transfer from FW to SW. It was therefore concluded that the pseudobranch
differs from the gill in terms of the regulation of NKA activity (Quinn
et al., 2003).
Maintaining a stable internal environment is important for vertebrates to survive in a variety of habitats. In response to changes in environmental conditions, the ion-transporting epithelia modulate ion
ﬂuxes. The strategy for successful adaptation from hypertonic to hypotonic environments is to switch from active hypoosmoregulation (ion
excretion) to active hyperosmoregulation (ion uptake) to counter the
passive diffusion ﬂuxes resulting from concentration gradients
(Lin et al., 2006; Tang et al., 2010; Tang et al., 2011). In contrast,
during adaptation from hypotonic to hypertonic environments,
the hypoosmoregulatory ability of ﬁsh is increased to maintain
ionic homeostasis (Franklin et al., 1992; Lee et al., 1996; Uchida et al.,
1996; Kang et al., 2010). The gills, which are directly exposed to the external medium, are the major osmoregulatory organs of teleosts. The
main ion transport system found in epithelial ionocytes is characterized
by the presence of a high abundance of mitochondria and an extensive
tubular system in the cytoplasm. This tubular system is continuous with
the basolateral membrane, providing a large area for expression of the
primary ion transport protein NKA, which is the driving force for secondary ion transporters to absorb ions from FW and secrete ions to
SW (Marshall, 2002; Evans et al., 2005; Hwang and Lee, 2007; Hwang
et al., 2011). According to previous studies (Evans et al., 2005; Hwang
and Lee, 2007), the model of chloride (Cl−) secretion in gill ionocytes
of SW teleosts has been depicted as involving a basolateral Na+, K+,
2Cl− cotransporter (NKCC) and an apical chloride channel, the cystic ﬁbrosis transmembrane conductance regulator (CFTR).
The milkﬁsh, Chanos chanos, which is the sole species belonging to
the family Chanidae of the order Gonorynchiformes, exhibits adaptation
to a remarkably wide range of salinities, from 0 to 158‰, but is relatively
stenothermal. This euryhalinity makes the milkﬁsh an excellent subject
for studies on physiological and behavioral processes associated with
salinity adaptation (Ferraris et al., 1988; Swanson, 1998). Previous studies have reported that the milkﬁsh is an excellent osmoregulator that
generally maintains its muscle water contents and plasma osmolality
within a narrow physiological range upon salinity challenge (Tang
et al., 2009, 2010). In addition, NKA expression (i.e., the distribution,
abundance of mRNA and protein, and activity of NKA) has been studied
in the gills of milkﬁsh acclimated to environments with different salinities. A marked enhancement of NKA activity and protein abundance, derived from a signiﬁcant increase in the number of lamellar
NKA immunoreactive (NKA-IR) cells, has been observed in the gills
of FW-adapted milkﬁsh compared to SW-adapted individuals
(Chen et al., 2004; Lin et al., 2003, 2006; Tang et al., 2010, 2011).
The pseudobranch of the milkﬁsh exhibits gill-like ﬁlaments, and
the lamellae located near the ﬁrst gill arch are assumed to play potential
roles in osmoregulation. Therefore, this study aimed to investigate the
morphological type of the milkﬁsh pseudobranch and ﬁgure out the
correlation between its structure and osmoregulatory ability in SWand FW-acclimated milkﬁsh.
2. Materials and methods
2.1. Experimental conditions and ﬁsh
Juvenile milkﬁsh (Chanos chanos) with a body mass of 15 ± 0.9 g
and total length of 10 ± 0.2 cm were obtained from a ﬁsh farm in central Taiwan. Seawater (SW; 35‰) was prepared from local tap water
with appropriate amounts of synthetic sea salt (Aquarium Systems,
Mentor, OH, USA). Milkﬁsh were reared ﬁrst 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), then in 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) or SW ([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), at 28 ± 1 °C with a daily 12 h photoperiod for at least four weeks before the experiments. 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 the Milkﬁsh Feed (Uni-President Aquatic Products). 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. 97–79) to T.–H. L.
2.2. Tissue collection
Fish were treated with 100–200 mg/L concentration of neutralized
MS-222 (Sigma–Aldrich, St. Louis, MO, USA) within two minutes to be
anesthetized over crushed ice. Following anesthesia, the pseudobranch
and operculum of the ﬁsh were sampled immediately after killing by
decapitation. In addition, the ﬁrst gill arch was excised. To obtain parafﬁn and cryo-sections, the sampled pseudobranchs and gills were ﬁxed
in 10% neutral buffered formalin at 4 °C overnight.
2.3. Histological examination of the parafﬁn sections
The ﬁxed tissues were dehydrated through a graded ethanol series
(50, 70, 80, 95, 100% ethanol) and cleared in xylene for 3 h. Then, the
samples were inﬁltrated and embedded in parafﬁn (Merck, Darmstadt,
Germany). Serial sections of the parafﬁn blocks with a thickness of
2–4 μm were mounted on 0.03% poly-L-lysine (Sigma)-coated glass
slides and stained with Gill's hematoxylin and eosin (HE) reagent
(Merck), followed by mounting with cover slips. The sections were observed under an optical microscope (BX50; Olympus, Tokyo, Japan), and
micrographs were obtained using a cooled CCD camera (DP72; Olympus) with CellSens, standard version 1.4 software (Olympus).
2.4. Cryosectioning
Fixed samples were washed three times with phosphate-buffered
saline (PBS; 137.00 mM NaCl, 2.68 mM KCl, 10.14 mM Na2HPO4,
1.76 mM KH2PO4, pH = 7.4), then stored in 100% methanol at −
20 °C. Prior to cryosectioning, the pseudobranchs were gradually immersed in PBS. The tissue was then mounted in O.C.T. (optimal cutting
temperature) compound (Tissue-Tek, Sakura, Torrance, CA, USA) at −
20 °C for 2 h. Longitudinal and cross-sections of the pseudobranchs
were cut at a thickness of 4–6 μm using a cryomicrotome (CM3050S,
Leica, Heidelberger, Nussloch, Germany) at − 25 °C. The cryosections
were ﬁnally placed on 0.03% poly-L-lysine-coated slides and kept in
slide boxes at −20 °C until immunoﬂuorescence staining.
2.5. 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 the human CFTR; and (5) antiactin: a rabbit polyclonal antibody, sc1616 (Santa Cruz, CA, USA), raised
against the C-terminus of human actin, for immunoblotting as a loading
control. The secondary antibodies employed in the immunoblotting assays were horseradish peroxidase (HRP)-conjugated goat anti-mouse
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IgG and anti-rabbit IgG (111-035-003 and 115-035-003, respectively,
Jackson ImmunoResearch, West Grove, PA, USA). For immunoﬂuorescence staining, the secondary antibodies used were DyLight549-conjugated afﬁnity puriﬁed goat anti-rabbit IgG and DyLight488-conjugated afﬁnity puriﬁed goat anti-mouse IgG (Jackson
ImmunoResearch).
2.6. 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. Then,
the sections were 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,
SuperPictureTM, Invitrogen, Camarillo, CA, USA) for visualization. A
1:250 dilution was used for the detection of NKA. Negative control experiments in which PBS replaced the primary antibody were also conducted to conﬁrm the positive results.
2.7. Double immunoﬂuorescence staining and confocal microscopy
For double immunoﬂuorescence staining, cryosections were rinsed
with PBS 3 times for 3 min and then incubated in 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), diluted 1:250 in blocking buffer, for 2 h at room
temperature. Following incubation, the cryosections were washed for
5 min 3 times with PBS, exposed to the appropriate secondary antibody
(DyLight-549 goat anti-rabbit) (Jackson Immuno Research), diluted
1:200 in blocking buffer, at room temperature for 1 h, and then washed
for 5 min 3 times with PBS. After the ﬁrst staining, the cryosections were
incubated with the primary monoclonal antibody either against NKCC
(T4), diluted 1:50, or CFTR, diluted 1:200, in blocking buffer overnight
at 4 °C. Following incubation, the cryosections were washed for 5 min
3 times with PBS, exposed to the appropriate secondary antibody
(DyLight-488 goat anti-mouse) (Jackson Immuno Research), diluted
1:500 in blocking buffer, at room temperature for 1 h, and then washed
several times with PBS. Subsequently, the cryosections were mounted
with a DAPI Fluoromount-G solution (Southern Biotech, Birmingham,
AL, USA), covered with cover slips, and examined under a ﬂuorescent
microscope (Olympus BX50). Within 3 h after staining, micrographs
were obtained via confocal laser scanning microscopy (Fluoview
FV1000, Olympus) using Fluoview Ver. 3.1 Viewer software (Olympus)
or the ﬂuorescent microscope to detect immunolocalization for subsequent immunoreactive cell counting and morphometric analyses.
2.8. Measurement of cell number and cell size
Following double staining of longitudinal cryosections with the NKA
and NKCC primary antibodies, the immunoreactive cells in the
pseudobranch cryosections were observed and photographed using a
ﬂuorescent microscope (Olympus BX50). For immunoreactive cell
counting and morphometric analyses, micrographs were analyzed
using Image-Pro software (Plus 5.1). Cells showing immunoreactivity
for both NKA and NKCC in the ﬁlaments (F) and NKA-immunoreactive
(IR) cells in the lamellae (L) were counted separately. For each individual, three different ﬁlaments were randomly selected for quantiﬁcation,
and a ﬁxed length (350 μm) was measured in each ﬁlament to standardize the counting of cells in which NKA and NKCC colocalized in
the ﬁlaments. Additionally, a ﬁxed lamellar length (100 μm) was measured in each ﬁlament to standardize the counting of NKA-IR cells in
the lamellae. A total of ninety cells were selected for quantiﬁcation of
the sizes of the NKA- and NKCC-IR cells in the ﬁlaments, or of the
NKA-IR cells in different lamellae from either the SW or FW individuals
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(Fig. S1). The mean numbers and sizes of cells were calculated from six
individuals (n = 6) of the SW or FW group.
2.9. Preparation of tissue homogenates
Pseudobranchs and gills were excised and immediately stored at
− 80 °C prior to use. For use in experiments, tissues were thawed and
mixed with 250 μL 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 in a 2 mL tube applying a homogenizer
(PT1200E, Kinematica AG, Lucerne, Switzerland) at maximal speed for
20–30 s on ice. Following homogenization, the homogenate was centrifuged at 5500 g for 15 min at 4 °C. Protein concentrations were determined with BCA protein assay reagents (Thermo, Rockford, IL, USA)
using BSA (Thermo) as a standard.
2.10. Immunoblotting
Immunoblotting was performed as described by Tang et al. (2010),
with some modiﬁcations. Aliquots containing 30 μg of protein from
pseudobranch homogenates were heated at 65 °C for 25 min and fractionated via electrophoresis in SDS-containing 7.5% polyacrylamide
gels, together 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; Bio-Rad Laboratories, Hercules,
CA, USA). The blots were blocked for 2 h with 5% (wt./vol.) nonfat dried
milk/PBST (phosphate buffer saline with Tween 20; Merck) to minimize
nonspeciﬁc binding, 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 a 1 h incubation with HRPconjugated 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 (ImmobilonTM Western, Millipore) for HRP-conjugated
systems, and the signals were detected using the ChemiDoc
XRS + image system (Bio-Rad). The obtained data were analyzed
with Image Lab software (version 3.0, Bio-Rad). The results were converted to numerical values for comparison of relative protein abundance.
Pseudobranch homogenates mixtures from ﬁve SW-treated individuals
were used as an internal control among different immunoblots for the
calibration of relative abundance.
2.11. Speciﬁc activity of NKA
Determination of NKA activity was carried out using the 96-well microplate method according to Tang et al. (2010), with some modiﬁcations. Aliquots of the pseudobranchial and branchial homogenate
suspensions, prepared as described above, were used for the determination of protein concentrations and NKA enzyme activities. The reaction
medium (ﬁnal concentration: 100 mM imidazole–HCl buffer, pH 7.6,
125 mM NaCl, 75 mM KCl, 7.5 mM MgCl2) 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). Sardella et al. (2008) demonstrated that the speciﬁc NKA activity in ﬁsh gills measured at environmental
temperature is correlated with the level of in vivo activity, while that
measured at 35 °C provides an estimate of the total amount of functional NKA in the studied organ (the total NKA capacity). Since the milkﬁsh
is stenothermal, 28 °C would be the more pertinent criteria for running
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the in vitro assays. Hence, the NKA enzyme assays were incubated at
28 °C in this study. The concentrations of inorganic phosphate were
measured according to Doulgerakia et al. (2002). The formation of
unreduced phosphomolybdate obtained in the present study 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. Each sample was measured in triplicate.
2.12. Statistical analysis
The values are presented as the mean ± S.E.M. (standard error
of the mean). Statistical signiﬁcance was compared using Student's
t-test. The signiﬁcance level was set at P b 0.05.
3. Results
3.1. Morphology of the pseudobranchs of seawater (SW)- and fresh water
(FW)-acclimated milkﬁsh
The pseudobranch of the milkﬁsh includes a pair of gill-like structures located near the ﬁrst gill arch, which contains a row of parallel ﬁlaments attached to the opercular epithelium just behind the eyes
(Fig. 1A, B). The pseudobranch is covered by part of the ﬁrst gill from
a side view (illustrated by schematic drawing of Fig. 1C). The average
length, height and ﬁlament numbers of the pseudobranch were
10.7 ± 0.9 mm, 5.0 ± 0.8 mm and 30.7 ± 2.4, respectively. Measurements of morphometric indexes normalized to body length revealed
that the morphology of the milkﬁsh pseudobranch did not differ significantly between SW- and FW-acclimated individuals (Table S1). Parafﬁn
sections of the pseudobranch stained with hematoxylin and eosin (HE)
exhibited the gill-like structure. In longitudinal sections, the arrangement of lamellae alternated in each ﬁlament. The pseudobranch-type
cells (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 milkﬁsh (Fig. 2A, B). In crosssections, the pseudobranch ﬁlaments were attached to the operculum
membrane (Fig. 2C, D). Between the pavement cells and PSCs appears
a white empty space which is not observed in gills (Fig. 2). Anatomical
and histological observations indicated that the pseudobranch of the
milkﬁsh was the lamellae-free type (illustrated in Fig. 3).
3.2. Na+, K+-ATPase (NKA) expression in the pseudobranchs of the milkﬁsh
acclimated to SW and FW
Immunohistochemical staining of the longitudinal and crosssections of both SW- and FW-acclimated ﬁsh revealed that NKAimmunoreactive (IR) cells were distributed along the edge of the parallel lamellae of the pseudobranch. Despite the expression detected in the
lamellar epithelium, within the ﬁlaments, the NKA-IR cells were more
abundant in the inter-lamellar epithelium close to the afferent artery
of the pseudobranch in SW-acclimated individuals than the FWacclimated ﬁsh (Fig. 4). In milkﬁsh gills, immunohistochemical staining
of NKA showed that most of the immunoreactive cells occurred in the
inter-lamellar epithelium close to the afferent artery of ﬁlaments in
SW-acclimated individuals. In contrast, the longitudinal and crosssections of gills showed NKA-IR cells throughout almost the whole gill
epithelium, except some regions of lamellae close to the efferent artery
of ﬁlaments in FW-acclimated ﬁsh (Fig. S2). In the pseudobranchs, approximately 2-fold higher NKA activity was observed in SWacclimated individuals than in FW-acclimated ﬁsh. In the gills, however,
an opposite expression pattern was observed, as the FW-acclimated individuals exhibited more than 2-fold higher NKA activity than the SWacclimated ﬁsh (Fig. 5). Immunoblotting of the NKA α-subunit protein

Fig. 1. Illustration of the milkﬁsh pseudobranch. (A) A pair of pseudobranchs located in the
operculum near the ﬁrst gill arch (ventral side view). (B) The pseudobranchs are located
behind the eyes and exhibit a gill-like structure, with a row of parallel ﬁlaments attached
to the opercular epithelium. (C) The schematic drawing shows the location of the
pseudobranch in the operculum. Arrows indicate the pseudobranch; PSL: pseudobranchial
length (mm), PSH: pseudobranchial height (mm).

(113 kDa) in the pseudobranchs revealed a single immunoreactive
band. The proﬁles of pseudobranchial NKA α-subunit protein expression showed signiﬁcantly higher expression in SW-acclimated milkﬁsh
than in the FW group, while the relative NKA protein abundance in the
FW-acclimated ﬁsh was approximately 3-fold higher than that in the
SW group in the gills (Fig. 6).
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Fig. 2. Histological observations of the milkﬁsh pseudobranch. Parafﬁn sections stained with hematoxylin and eosin (HE) were obtained from SW- and FW-acclimated milkﬁsh. (A, B) Longitudinal section, (C, D) cross-section. Arrows, pseudobranch-type cells; arrowheads, chloride cells; F, ﬁlaments; L, lamellae; C, cartilage; OM, the operculum membrane; AFA, afferent ﬁlament artery; EFA, efferent ﬁlament artery; SW, seawater; FW, fresh water. (A, B) scale bar = 20 μm, (C, D) scale bar = 100 μm.

3.3. Comparisons of chloride transporters between the PSCs and chloride
cells (CCs)
The relative protein expression of the Na+, K+, 2Cl− cotransporter
(NKCC, 125–220 kDa, a major band was noted at 125 kDa and another
one at 220 kDa) in the pseudobranchs and gills of the SW- and FWacclimated milkﬁsh was detected with a monoclonal antibody (T4).
The obtained proﬁles revealed signiﬁcantly higher NKCC protein abundance in the pseudobranchs and gills of SW-acclimated ﬁsh compared

Fig. 3. A schematic illustration of the lamellae-free-type pseudobranch of the milkﬁsh
(modiﬁed from Mattey et al., 1980). F, ﬁlaments; L, lamellae; C, cartilage; CVS, central venous sinus; V, vein; OM, the operculum membrane; AFA, afferent ﬁlament artery; EFA, efferent ﬁlament artery.

to the FW group (Fig. 7). Double immunoﬂuorescence staining of the
NKA α-subunit and NKCC in parafﬁn sections of pseudobranchs collected from SW- and FW-acclimated milkﬁsh showed that NKCC was
colocalized to NKA-IR cells in the ﬁlament epithelium. More NKCC and
NKA-IR cells were found in SW-acclimated milkﬁsh than FWacclimated individuals. In addition, more NKCC and NKA-IR cells occurred in the inter-lamellar epithelium close to the afferent artery of
the ﬁlament and the epithelium of the operculum membrane in
pseudobranchs of SW-adapted ﬁsh than FW-acclimated individuals
(Fig. 8). On the other hand, double immunoﬂuorescence staining of
the NKA α-subunit and cystic ﬁbrosis transmembrane conductance regulator (CFTR) in frozen cross-sections of the milkﬁsh pseudobranchs
showed that CFTR was localized in the apical regions of NKA-IR cells in
the ﬁlament epithelium of SW-acclimated milkﬁsh, whereas CFTRs
were not found in the NKA-IR cells of the lamellar epithelium (Fig. 9).
Therefore, the spherical NKA-IR cells, which were mainly located in
the ﬁlaments close to the afferent artery and the epithelium of the operculum membrane and exhibited both NKCC and CFTR staining in SWacclimated milkﬁsh, constituted CCs, similar to the ionocytes found in
gills. On the other hand, the ﬂat penta- or hexagonal cells located basically under the pavement cells along the lamellae, exhibiting only
NKA staining, were considered PSCs (Figs. 8, 9). Comparisons between
the CCs and PSCs in the pseudobranchs of the SW- and FW-acclimated
milkﬁsh showed that only the CCs exhibited NKCC and CFTR staining
in the basolateral and apical membranes, respectively, of SWacclimated individuals.
To further analyze the characteristics of the pseudobranchs, the
numbers and sizes of CCs/PSCs were counted. The average numbers
and sizes of CCs were increased approximately 10-fold and 2.5-fold, respectively, in the SW milkﬁsh compared to the FW group, mainly in the
ﬁlament epithelium close to the afferent artery. Meanwhile, in FW-

20

S.-H. Yang et al. / Comparative Biochemistry and Physiology, Part A 170 (2014) 15–25

Fig. 4. Immunohistochemical staining of Na+, K+-ATPase (NKA) in the pseudobranch of SW- and FW-acclimated milkﬁsh. The NKA-immunoreactive (IR) cells are distributed in the ﬁlament (F) as well as lamellae (L) of the pseudobranch. Numerous NKA-IR cells were found in the epithelium of the inter-lamellar region close to the afferent ﬁlament artery (AFA) in
the seawater (SW)-acclimated individuals. (A, B) Longitudinal section and (C, D) cross-section of the pseudobranch. Arrows, pseudobranch-type cells; arrowheads, chloride cells; F, ﬁlaments; L, lamellae; C, cartilage; FW, fresh water. Scale bar = 20 μm.

acclimated ﬁsh, the sizes of PSCs located in the lamellae became larger
than those of SW-acclimated individuals, but there was no signiﬁcant
difference in the average numbers of PSCs between the SW and FW
groups (Figs. 10, S1).
4. Discussion
The pseudobranch is found in almost all ﬁshes among the 238
known teleostean families, with the exception of a few species belonging to order Anguilliformes, suborder Siluroidei, and all species of

Fig. 5. Na+, K+-ATPase (NKA) activity in pseudobranchs and gills of milkﬁsh acclimated to
seawater (SW) and fresh water (FW). Higher NKA activity was found in the pseudobranch
of SW ﬁsh compared to the FW group (N = 4). In contrast, the NKA activity in the gills of
FW milkﬁsh was signiﬁcantly higher than in the SW ﬁsh (N = 4). The asterisks indicate
signiﬁcant differences between the SW- and FW-acclimated milkﬁsh. Different letters indicate signiﬁcant differences between the pseudobranchs and gills in the SW (capital letters) or FW (lowercase letters) group (Student's t-test, P b 0.05).

genera Gymnarchus and Cobitis (Wittenberg and Haedrich, 1974). Different types of pseudobranchs have been 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,
though the reason for this is not clear (Laurent and Dunel-erb, 1984).
In many FW teleosts, the pseudobranch is small and is covered by the
opercular epithelium. This type is referred to as a “glandular
pseudobranch” (i.e. belong to Types III in the Bertin's classiﬁcation) because its lamellae exhibit no contact with the external medium. On the
other hand, the pseudobranch is a much more impressive organ (i.e. belong to Types I in the Bertin's classiﬁcation) in the great majority of marine ﬁsh (Wittenberg and Haedrich, 1974; Laurent and Dunel-erb,
1984). In this study, however, the morphometric analyses revealed
that the morphology of milkﬁsh pseudobranchs was not signiﬁcantly
different between individuals acclimated to SW and FW (for more
than one month) (Table S1). It can be speculated that the divergence
of different type pseudobranchs is a phenomenon that has arisen
through long-term evolution, whereas temporary morphological adaptation of this structure is not observed under acclimation to environments with different salinities.
All pseudobranchs contain typical pseudobranch-type cells (PSCs)
resting on the basal lamina, which have never been observed in the
gills of teleosts (Laurent and Dunel-Erb, 1984). Bertin (1958) described
three morphological types of pseudobranchs in teleosts. Accordingly,
the milkﬁsh pseudobranch is more likely to be of type-Ι, the lamellaefree-type pseudobranch, with distinguishable ﬁlaments and completely
free lamellae that contact the water. Mattey et al. (1980) reported that
both chloride cells (CCs) and PSCs can be found in the lamellae-free
and semi-free types of pseudobranchs based on their location and
shape. In covered- or embedded-type pseudobranchs, however, only
PSCs can be found along the lamellae, as observed in the pseudobranchs
of Chinook salmon (Quinn et al., 2003) and rainbow trout (Kern et al.,
2002). The PSCs have been reported to display numerous mitochondria
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Fig. 6. Protein expression of the NKA α-subunit in the pseudobranchs and gills of milkﬁsh
acclimated to seawater (SW) and fresh water (FW). (A) A representative immunoblot
probed with a monoclonal antibody (α5) showing a single immunoreactive band of approximately at 113 kDa. (B) The relative protein abundance of the immunoreactive
bands obtained for SW and FW milkﬁsh was signiﬁcantly higher in the pseudobranchs
of ﬁsh in the SW group compared to the FW group, whereas that in gills of the FW ﬁsh
was signiﬁcantly higher than in the SW group (N = 6). The asterisks indicate signiﬁcant
differences between the SW- and FW-acclimated milkﬁsh. Different letters indicate significant differences between the pseudobranchs and gills in the SW (capital letters) or FW
(lowercase letters) group (Student's t-test, P b 0.05).

in the cytoplasm (Dendy et al., 1973; Mattey et al., 1978) and exhibit
high Na+, K+-ATPase (NKA) activity in several studied teleostean species (Kern et al., 2002; Quinn et al., 2003).
The lamellae-free- and semi-free-type pseudobranchs of teleosts exhibit epithelial CCs and have therefore been suggested to be involved in
osmoregulatory processes (Laurent and Dunel-Erb, 1984; Hamidian and
Alboghobeish, 2007). In addition, the pseudobranchial CCs equipped
with accessory cells have been demonstrated in a marine teleost Mullus
surmuletus (Laurent and Dunel-Erb, 1984). However, no direct evidence
of a potential osmoregulatory role of the pseudobranch has been reported. In this study, two types of NKA-IR cells with distinct locations and
shapes within the lamellae-free-type pseudobranch of a teleost were
described for the ﬁrst time. In the pseudobranch of the milkﬁsh, CCs
were mainly located in the ﬁlaments, especially close to the afferent artery, while PSCs were located in the lamellae. Previous studies have
shown that the PSCs within covered-type pseudobranchs exhibit relatively high NKA activity, with the enzyme localizing along the outer
edge of the parallel lamellae, which is opposite the localization observed
in gill ionocytes (i.e., chloride cells or mitochondria-rich cells; Laurent
and Dunel-Erb, 1984; Quinn et al., 2003). In the lamellae-free-type
pseudobranch of the milkﬁsh, however, we found that NKA mainly localized to the basolateral membrane of PSCs.
NKA is considered a marker of gill ionocytes because it is a primary
active transport pump providing the major driving force for ion transport (Marshall, 2002; Hirose et al., 2003; Hwang et al., 2011). Greater
numbers of NKA-IR CCs were found in the pseudobranchs of SW- than
FW-acclimated milkﬁsh. The NKA protein abundance and activity
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Fig. 7. Protein expression of NKCC in the pseudobranchs and gills of milkﬁsh acclimated to
environments with different salinities. (A) A representative immunoblot probed with a
monoclonal antibody (T4) showing an immunoreactive band at approximately
125–220 kDa. (B) The relative protein abundance of the immunoreactive bands obtained
for the SW and FW groups indicated that the NKCC contents in both the pseudobranchs
and gills were higher in the SW than the FW group (N = 6). The asterisks indicate significant differences between the SW- and FW-acclimated milkﬁsh. Different letters indicate
signiﬁcant differences between the pseudobranchs and gills in the SW (capital letters)
or FW (lowercase letters) group (Student's t-test, P b 0.05).

proﬁles showed that these parameters were also higher in the
pseudobranchs of SW milkﬁsh compared to FW individuals. Therefore,
our data suggested that the pseudobranchs of SW-acclimated milkﬁsh
required higher NKA activity and protein expression to establish a
hypo-osmoregulatory ability. In addition, our results revealed that the
number of pseudobranchial CCs was decreased in FW-acclimated ﬁsh,
whereas the number of branchial ionocytes in FW-acclimated milkﬁsh
was increased compared to the SW group (Fig. S1). Our data indicated
that pseudobranchial CCs did not proliferate abundantly along the lamellae, as observed in the gills, due to occupation by PSCs. Hence,
fewer pseudobranchial CCs for carrying out ion uptake were found in
the FW group. Accordingly, we suggested that the role of the
pseudobranchs in hyper-osmoregulaton was limited compared to that
of the gills of the milkﬁsh.
The pseudobranch might contribute differentially to osmoregulation among different species, as after transfer from FW to SW,
pseudobranchial NKA activity increases in euryhaline killiﬁsh but
had not changed in juvenile Chinook salmon at 10 days post-transfer
(Epstein et al., 1967; Quinn et al., 2003). On the other hand, CCs are generally present in lamellae-free-type pseudobranchs, while in the
covered- or embedded-type, CCs are replaced by PSCs (Hamidian and
Alboghobeish, 2007). Because CCs are thought to be the major sites
of ionoregulation, different types of pseudobranchs might play different roles. We speculate that the lamellae-free or semi-free-type
pseudobranchs containing CCs for hypo-osmoregulation are mainly
found in marine or euryhaline ﬁsh, whereas covered- or embeddedtype pseudobranchs, which do not contain CCs carrying out hyperosmoregulation, are most likely observed in stenohaline FW ﬁsh.
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Fig. 8. Double immunoﬂuorescence staining with antibodies for the NKA α-subunit and NKCC in parafﬁn cross-sections of the pseudobranchs of SW- and FW-acclimated milkﬁsh. Greater
numbers of NKCC-immunoreactive (IR) cells were found in the ﬁlaments of the SW-acclimated milkﬁsh (A, C, E) than the FW-acclimated individuals (B, D, F). F, ﬁlaments; L, lamellae; AFA,
afferent ﬁlament artery. Scale bar = 100 μm.

Some studies have investigated the osmoregulatory functions of
pseudobranchs by comparing NKA activity proﬁles upon salinity challenge (Epstein et al., 1967; Quinn et al., 2003). However, no pervious
study has compared the differences in the abundance of the NKA
protein and NKA activity between the pseudobranchs and gills. In the
present study, the NKA protein abundance and activity in the
lamellae-free-type pseudobranch of the milkﬁsh were approximately
2- to 3-fold higher than those in the gills in SW-acclimated ﬁsh, which
might be because the pseudobranchs exhibit many more NKA-IR PSCs
in the lamellae compared to the gills (Fig. S2). On the contrary, the
NKA protein abundance and activity in the gills were approximately
1- to 2-fold higher than in the pseudobranch in FW-acclimated milkﬁsh
because the gills exhibit numerous NKA-IR ionocytes (CCs) along the lamellae, in contrast to what is observed in the pseudobranch. This ﬁnding implied that upon salinity challenge, the difference in NKA
expression in comparison with the gills might be a characteristic of
hypo-osmoregulation in lamellae-free-type pseudobranchs.

In the gill epithelium of teleosts, ionocytes express high NKA protein
abundance and activity in immunocytochemical studies (Hirose et al.,
2003; Hwang and Lee, 2007). Prominent increases in Na+, K+, 2Cl−
cotransporter (NKCC) protein expression in branchial ionocytes can increase the efﬁciency of Cl− exclusion from the plasma when ﬁsh are acclimated to hyperosmotic environments (Kang et al., 2010). In gills, an
increased abundance of NKCC protein in response to hyperosmotic challenge has been reported in eels (Tse et al., 2006), sea bass (Lorin-Nebel
et al., 2006), killiﬁsh (Scott et al., 2004), salmon (Pelis et al., 2001;
Tipsmark et al., 2002; Hiroi and McCormick, 2007; Nilsen et al., 2007),
tilapia (Wu et al., 2003; Tipsmark et al., 2008) and milkﬁsh (Lin et al.,
2003; Tang et al., 2011). In the present study, the abundance of NKCC
protein in the pseudobranch was found to be similar to that in the
gills of SW-acclimated milkﬁsh. The colocalization of the NKCC and
NKA proteins in the pseudobranchs of SW- and FW-acclimated milkﬁsh
further revealed that NKCC protein was localized in the basolateral
membrane of pseudobranchial CCs. The monoclonal anti-human NKCC
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Fig. 9. Double immunoﬂuorescence staining with antibodies for the NKA α-subunit and CFTR in frozen cross-sections of the pseudobranchs of SW-acclimated milkﬁsh. The CFTR-immunoreactive (IR) cells were localized to the apical membranes of NKA-IR cells (arrowheads, chloride cells) in the ﬁlaments (A, B) but were not found in the lamellar NKA-IR cells (arrows,
pseudobranch-type cells) of the SW- and FW-acclimated milkﬁsh (C, D). F, ﬁlaments; L, lamellae; AFA, afferent ﬁlament artery. (A, B) scale bar = 50 μm; (C, D) scale bar = 20 μm.

antibody T4 cannot distinguish between secretory isoform NKCC1 and
absorptive isoform NKCC2 in mammals. T4 immunoreactivity in the apical membrane is assumed to be NKCC2 and that in the basolateral membrane is likely NKCC1, based on the reacting position of the CCs (Payne
et al., 1995; Kang et al., 2010). The NKCC detected in the
pseudobranchial CCs of the milkﬁsh should be the isoform NKCC1. Similar results have been found in the branchial ionocytes of other euryhaline teleosts such as killiﬁsh, salmon and tilapia (Pelis et al., 2001; Wu
et al., 2003; Hiroi and McCormick, 2007; Katoh et al., 2008) when acclimated to hyperosmotic environments. The distribution of NKCCs observed in the pseudobranchs of SW milkﬁsh agreed with the currently
accepted model of Cl− secretion via branchial ionocytes in SW ﬁsh
(Evans et al., 2005; Hwang et al., 2011). On the other hand, NKCC protein expression was decreased but was still detected in the CCs of the
pseudobranchs of FW-acclimated milkﬁsh. These changes might be necessary for maintaining the hyposmoregulatory endurance of the ﬁsh
(Kang et al., 2010) or for conducting cell volume regulation (Pelis
et al., 2001). 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 milkﬁsh.
Cystic ﬁbrosis transmembrane conductance regulator (CFTR) is a
chloride channel expressed in the apical membranes of the branchial
ionocytes that are responsible for chloride secretion in teleosts acclimated to SW (Hirose et al., 2003; Evans, 2008; Kaneko et al., 2008). Detected by the monoclonal anti-human CFTR antibody, the western blot
of SW bass gills revealed a major band at 138 kDa and the other band
at 71 kDa (Bodinier et al., 2009). In the pseudobranchs of SWacclimated milkﬁsh, CFTR was also expressed in the apical membranes
of CCs, similar to previous ﬁndings in the branchial ionocytes of killiﬁsh
(Katoh and Kaneko, 2003), tilapia (Hiroi et al., 2005), milkﬁsh and
pufferﬁsh (Tang et al., 2011). The immunocytochemical staining

analysis conducted in this study demonstrated that a CFTR antibody
can be used as a marker to trace CCs in the pseudobranch of SWacclimated milkﬁsh because the PSCs of SW-acclimated milkﬁsh and
the CCs and PSCs of FW-acclimated milkﬁsh were CFTR
immunonegative. Taken together, our results indicated that the
pseudobranchial NKA-IR cells, mainly located in the epithelium of the
ﬁlaments and the operculum membrane and exhibiting NKCC and
CFTR staining in SW-acclimated milkﬁsh, were CCs, whereas the cells
under the pavement cells along the lamellae exhibiting only NKA expression were PSCs. CCs, but not PSCs exhibited NKCC expression in
the basolateral membranes and CFTR expression in the apical membranes for carrying out hypo-osmoregulation in the pseudobranch of
SW-acclimated individuals.
Additionally, the increases in the numbers and sizes of
pseudobranchial CCs observed in the ﬁlaments close to the afferent artery in the SW-acclimated milkﬁsh indicated the potential role of the
lamellae-free-type pseudobranch in hypo-osmoregulation upon salinity
challenge. On the other hand, the average size of PSCs was greater in the
FW- than SW-acclimated ﬁsh, but the number per 100 μm in the lamellae did not change signiﬁcantly. The larger size of PSCs observed in the
hypoosmotic environment indicated that there was salinitydependent expression of NKA-IR PSCs in the milkﬁsh pseudobranch.
However, the PSCs are not the sites of salt secretion for the following
reasons: (1) the PSCs lack NKCC and CFTR, which are the crucial ion
transporters involved in Cl− excretion; and (2) the PSCs are covered
by pavement cells, therefore lacking apical surfaces contacting the external environment, which is a characteristic of branchial ionocytes for
salt secretion. According to the results of Kern et al. (2002), H+ATPase was immunolabeled on the tubular regions of the PSCs in the
pseudobranch of the FW rainbow trout (Oncorhynchus mykiss) and
was sensitive to speciﬁc inhibitor of H+-ATPase (baﬁlomycin A1).
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Fig. 10. Comparisons of the average numbers and sizes of the (A) chloride cells (CCs): NKA
and NKCC-immunoreactive (IR) cells in the ﬁlaments, and (B) pseudobranch-type cells
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the lamellae. The asterisks indicate signiﬁcant differences between SW- and FWacclimated milkﬁsh (Student's t-test, P b 0.05).

However, in the pseudobranch of marine euryhaline milkﬁsh, it is not
clear if the PSCs exhibit H+-ATPase and get involved in the blood acidiﬁcation or whether PSCs and CCs have different functions in acid–base
regulation. Further studies will focus on the ultrastructures and the
roles of the PSCs in the milkﬁsh pseudobranch.
This study investigated the anatomical structure of the milkﬁsh
pseudobranch and examined the localization of ion transporters within
the PSCs and CCs of the pseudobranch. The present study was the ﬁrst to
distinguish NKA-IR CCs and PSCs in the pseudobranch of milkﬁsh using
antibodies against NKCC and CFTR as markers. In addition, increases in
the numbers and sizes of CCs as well as in NKA expression of SWacclimated milkﬁsh pseudobranchs indicated the potential role of the
lamellae-free-type pseudobranch in hypo-osmoregulation upon salinity
challenge in this euryhaline teleostean species.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbpa.2013.12.018.
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