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ABSTRACT The pseudobranchs of two euryhaline teleost species, the milkfish (Chanos chanos) and the
Mozambique tilapia (Oreochromis mossambicus), were
studied after acclimization to different salinities using
optical and electron microscopy. The milkfish pseudobranch was the lamellae-free type, with separate lamellae along the filaments containing two groups of
mitochondria (Mt)-rich cells: chloride cells (CCs) and
pseudobranch type cells (PSCs). Conversely, the tilapia
pseudobranch was the embedded type, covered with
connective tissues and with only one group of Mt-rich
PSCs. Chloride cells were identified according to the
apical openings and branched tubular networks around
randomly distributed and diversely shaped Mt. Pseudobranchs type cells, however, were characterized according to the orderly arrangement of parallel tubules
around closely packed Mt; both the tubules and the Mt
were distributed in the vascular side of the cell, but
were absent from the apical region. Compared with
those of seawater (SW)-acclimated milkfish, the pseudobranchial lamellae of freshwater (FW) specimens
were longer on average, and the Mt of the CCs had
fewer cristae, were less electron-dense, and were often
vacuolated. The Mt in the PSCs of FW-acclimated milkfish and tilapia were larger and more electron-dense
than those of their SW-acclimated counterparts; in
addition, more tubules were found to aggregately surround the Mt and basolateral membranes in the PSCs
of fish from the hypo-osmotic environment. Conversely,
the PSCs of tilapia were periodic acid-Schiff (PAS)-positive,
and Mt in PSCs were concentrated with more parallel
arrays of the tubule system than those of milkfish. Therefore, salinity-dependent changes in the ultrastructures of
PSCs suggest their potential role in energy metabolism of
both lamellae-free and embedded pseudobranchs, whereas
the PAS-positive staining characteristics suggest a role in
releasing or storaging polysaccharides in the embedded
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INTRODUCTION
The physiological relevance of the teleostean
pseudobranch as a remnant of a reduced gill arch
supporting only one row of filaments on the operculum membrane is not yet clear. However, based
on variations in its size, form, location, and presence or absence in different fish species, the pseudobranch has long been a topic of investigation
(Wittenberg and Haedrich, 1974; Quinn et al.,
2003; Hamidian and Alboghobeish, 2007). Previous
studies have described four morphological types of
pseudobranch in teleosts: (I) lamellae-free type:
pseudobranchs with distinguishable filaments and
completely free lamellae that contact the water
directly, such as the milkfish (Chanos chanos)
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pseudobranch (Yang et al., 2014); (II) lamellae
semifree type: pseudobranchs with distinguishable
filaments and partially free lamellae covered by the
opercular membrane, such as the silver moony
(Monodactylus argenteus) pseudobranch (Yang et al.,
2015); (III) covered type: pseudobranchs completely
covered with connective tissue but still exhibiting a
row of parallel filaments directly attached to the
opercular membrane, such as the rainbow trout
(Oncorhynchus mykiss) pseudobranch (Mattey et al.,
1978); and (IV) embedded type: pseudobranchs
completely reduced and embedded in the connective
tissues with stereoscopic arrangement of filaments,
such as the Mozambique tilapia (Oreochromis mossambicus) pseudobranch (Yang et al., 2015).
The gill exposed to the external environment is a
major osmoregulatory organ of teleosts. The main
ion-transporting system consisting of epithelial mitochondria (Mt)-rich chloride cells (CCs) plays the role
of modulating ion fluxes (Evans et al., 2005; Hwang
and Lee, 2007). In contrast to the gills, pseudobranchs contain not only CCs, but also a unique cell
type, the pseudobranch type cells (PSCs; Newstead,
1971; Mattey et al., 1978; Laurent and Dunel-Erb,
1984). In both the lamellae-free and semifree types,
the epithelium of the pseudobranchs contain both
CCs and the PSCs; however, in the covered and
embedded types, the CCs are replaced by PSCs
(Hamidian and Alboghobeish, 2007). Notably, the
PSCs resemble branchial CCs, packed with numerous Mt and a tubular system in the cytoplasm
(Mattey et al., 1978). Pseudobranch type cells are
also characterized by the orderly arrangement of
parallel tubules around concentrated Mt arranged
in the vascular poles of the cells (Copeland and Dalton, 1959; Harb and Copeland, 1969). In addition,
similar to the branchial CCs, PSCs exhibit relatively
high Na1, K1-ATPase (NKA) activity in pinfish
(Lagodon rhomboides), Chinook salmon (Oncorhynchus tshawytscha; Dendy et al., 1973; Quinn et al.,
2003), milkfish (Yang et al., 2014), silver moony, and
Mozambique tilapia (Yang et al., 2015). Moreover,
higher NKA-protein expression and larger sizes of
NKA-IR PSCs were found in the embedded pseudobranchs of freshwater (FW)-acclimated tilapia (Yang
et al., 2015).
Pseudobranchial CCs are identified, similar to
branchial CCs, by apical openings, diverse Mt
shapes, and branched tubular networks around
randomly distributed Mt (Newstead, 1971; Mattey
et al., 1978). They also contain NKA, Na1/K1/2Clcotransporters (NKCCs) in the basolateral membranes (BMs), and cystic fibrosis transmembrane
conductance regulators (CFTR) in the apical membranes in seawater (SW)-acclimated milkfish and
silver moony; conversely, PSCs exhibit only NKA
(Yang et al., 2014, 2015). In addition, three morphological types of branchial CCs that varied with
different hypotonic media have been observed in
tilapia through scanning electron microscopes
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(SEM): wavy convex, shallow basin, and deep hole.
All three types have reversibly dominated in turn
across a range of hypotonic and hypertonic water
environments (Lee et al., 1996, 2003; van der Heijden et al., 1997); however, the effect of salinity on
apical morphological types of pseudobranchial CCs
remains unclear.
The euryhaline milkfish and Mozambique tilapia
are both key economic species in Taiwan; particular care should be taken, especially when they are
cultured near coastal areas and adapt to a range
of salinities. The pseudobranchs of milkfish exhibiting gill-like filaments and lamellae located on
the opercular membrane near the first gill arch;
conversely, the pseudobranchs of tilapia are
embedded in the connective tissue and lipid layers
near the first gill arch (Yang et al., 2014, 2015).
These two euryhaline species with different types
of pseudobranchs would be ideal models for morphological comparison. Ultrastructural changes in
branchial CCs have been examined to monitor the
effects of environmental salinity on fish (Hossler
et al., 1985; Hwang, 1987; Cioni et al., 1991; Lee
et al., 1996; Carmona et al., 2004; Wang et al.,
2009; Kang et al., 2012), but relatively few investigations have defined the ultrastructural alterations of Mt-rich cells in pseudobranchs that occur
after exposure to environments of various salinities. Thus, based on our previous physiological
studies of teleostean pseudobranchs, the present
study compared the ultrastructural alterations
between SW- and FW-acclimated PSCs and CCs in
euryhaline teleosts with the lamellae-free type (milkfish) and the embedded type (tilapia) pseudobranchs.
MATERIALS AND METHODS
Experimental Conditions and Fish
Juvenile milkfish, Chanos chanos (Forsskål, 1775), with a
body weight of 15.0 6 0.9 g and total length of 13.0 6 0.2 cm
were obtained from a local fish farm in Lukang, Taiwan.
Mozambique tilapia Oreochromis mossambicus (Peters, 1852),
with a body weight of 16.0 6 0.5 g and total length of 11.0 6
0.5 cm were obtained from laboratory stocks of the FW Aquaculture Research Center, Fisheries Research Institute (Lukang,
Taiwan). The milkfish were first reared in brackish water
(15&) ([Na1] 156.11 mmol l21; [K1] 5.72 mmol l21; [Ca21] 9.29
mmol l21; [Mg21] 30.34 mmol l21; [Cl2] 270.60 mmol l21;
pH 5 7.5 6 0.5) for at least 4 weeks. They were subsequently
transferred to SW (35&) ([Na1] 482.97 mmol l21; [K1] 11.38
mmol l21; [Ca21] 15.34 mmol l21; [Mg21] 67.87 mmol l21; [Cl2]
572.89 mmol l21; pH 5 7.5 6 0.5) that was prepared from local
tap water with synthetic sea salt added (Aquarium Systems,
Mentor, OH, U.S.A.), or FW ([Na1] 0.22 mmol l21; [K1] 0.04
mmol l21; [Ca21] 0.68 mmol l21; [Mg21] 0.28 mmol l21; [Cl2]
0.14 mmol l21; pH 5 7.5 6 0.5) for at least 4 weeks. Conversely,
the tilapia were first reared in FW for at least 4 weeks, then
transferred to brackish water for 1–2 days, and finally to SW
for another 4 weeks. Milkfish and tilapia were both kept at
288C 6 18C with a daily 12-h photoperiod while reared in brackish water, or maintained for at least 4 weeks in SW or FW
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 a diet of commercial pellets. The experimental fish were
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Fig. 1. Chanos chanos, light microscopic micrographs from paraffin cross sections of the SW and FW acclimated pseudobranchs
stained with HE (A, B) and PAS (C, D). An empty, white space is located between the pavement cells and the upper layer of PSCs in
the pseudobranchs of the SW- and FW-acclimated milkfish. L 5 pseudobranchial lamellae; arrowheads 5 PSCs; arrows 5 CCs. Scale
bar 5 10 lm. [Color figure can be viewed at wileyonlinelibrary.com]

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
The fish were anesthetized with 100–200 mg/l MS-222 (tricaine methane sulfonate, Sigma, St. Louis, MO) within a few
minutes of being removed from the water. After decapitation
over crushed ice, the pseudobranchs and opercula of the fish
were sampled immediately. For paraffin sections, the sampled
pseudobranchs were fixed in a 10% neutral buffered formalin at
48C overnight.

Paraffin Sectioning and Histological
Observation
The fixed pseudobranchs were dehydrated through a graded
ethanol series (50%, 70%, 80%, 95%, and 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 lm, were mounted on 0.03%
poly-L-lysine (Sigma)-coated glass slides, and then stained with
a hematoxylin and eosin (HE) reagent (Merck). For periodic
acid-Schiff (PAS) staining, sections were stained with a PAS
reagent (Merck), hematoxylin, and light green in acetic acid.
The sections were observed under an optical microscope (BX50;
Olympus, Tokyo, Japan), and micrographs were photographed
using a cooled charge-coupled device camera (DP72; Olympus)
with the CellSens software (standard version 1.4; Olympus).
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Transmission Electron Microscopy
The pseudobranchs were processed for transmission electron
microscopy (TEM). Tissues were cut into 1-mm-thick pieces and
fixed in a 0.1 mol l21 phosphate buffer (PB, pH 5 7.2) with 5%
glutaraldehyde and 4% paraformaldehyde for 2 h at 48C. The
tissues were then removed and postfixed in a buffered 1% (w/v)
osmium tetroxide solution for 2 h at 48C. Postfixed tissues were
rinsed in the PB, dehydrated through a graded ethanol series,
and then infiltrated and embedded in LR white resin. Longitudinal semithin (1 lm) and ultrathin (60–70 nm) sections were
subsequently cut using a microtome. The semithin sections
were dried on glass slides and stained with 1% toluidine blue
for optical microscopic examination; the ultrathin sections were
collected on naked copper-meshed grids and stained with 1%
uranyl acetate and 0.5% lead citrate. Finally, the sections were
examined using an electron microscope (Hitachi H-300, Tokyo,
Japan) operated at 120 kV.

Scanning Electron Microscopy
The pseudobranchs and opercula of the fish were fixed at
48C in 5% glutaraldehyde and 4% paraformaldehyde for 12 h.
After rinsing with 0.1 mol l21 PB three times, the specimens
were postfixed with a 1% (w/v) osmium tetroxide solution in
0.1 mol l21 PB at 48C for 2 h. After another PB rinse and a
graded ethanol series dehydration, the specimens were criticalpoint-dried with liquid CO2 using a Hitachi HCP-2 criticalpoint drier (Tokyo, Japan). Samples were then mounted on
aluminum stubs with silver paint, sputter-coated for 1 min
with a gold palladium complex in a platinum coater (JFC-1600,
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Fig. 2. Chanos chanos, ultrastructural comparison of the PSCs in the lamellae and CCs in the filaments and inter-lamellar spaces
of the pseudobranchs between the SW- and FW-acclimated individuals. Transmission electron micrographs show that mitochondria
(M) are concentrated near the basal layer of PSCs (A, B), but randomly distributed in the CC cytoplasm (C, D). The mitochondria
are more abundant in the CCs of the SW than in those of the FW acclimated milkfish. The inset of (C) shows the whole cell of CC
with the apical opening (arrowhead) and the small inset of (D) shows a submature CC probably with no apical opening. N 5 nucleus;
PVC 5 pavement cells; AC 5 accessory cells; * 5 the blood vessel and red blood cells. Scale bar 5 5 lm (A, B); 2 lm (C, D, and insets).
JEOL, Tokyo, Japan), and then examined with a SEM (TM3000 SEM, Hitachi).

Measurement of Lamellar Length
and Cell Size
The TEM and SEM micrographs of the pseudobranchs were
analyzed using the Image-Pro software (Plus 5.1). For TEM, the
Mt in ten PSCs were measured for quantification; a total of 50
Mt were selected from either the SW- or FW-acclimated specimens. For SEM, the density of the lamellae (magnified 300x) in
the milkfish pseudobranch, as well as the thickness and length
(magnified 1,000x), was measured separately. Five filaments
were randomly selected from each specimen for quantifying the
lamellar density, and the thickness and length of each lamella. A
total of six samples (n 5 6) from the SW and FW groups were
then used to calculate the mean values of the lamellae.

Statistical Analysis
The values are presented as the mean 6 standard error of
the mean. Statistical significance was compared using the Student’s t test. The significance level was set at P < 0.05.

RESULTS
Light Microscopy of the Pseudobranchs of
SW- and FW-Acclimated Milkfish
The lamellae-free type pseudobranch of the euryhaline milkfish includes a pair of gill-like structures
located near the first gill arch, which contains a row
of parallel filaments with free lamellae attached to
the epithelium of the opercular membrane just
behind the eyes (Yang et al., 2014). In the HE-

stained paraffin sections of the pseudobranch, spherical CCs were observed near the afferent artery in
the filaments (Fig. 1A). PSCs were located beneath
the pavement cells (PVC) along the parallel lamellae
and were associated with the blood compartments
separated by pillar cells. Between the PVC and
PSCs was an empty space that was not observed in
the gills through either HE or PAS staining, in both
the SW- and FW-acclimated milkfish (Fig. 1).
Comparison of the Ultrastructures between
the PSCs and CCs in the Pseudobranchs of
Milkfish
Examination of the milkfish pseudobranchs
revealed the presence of both CCs and PSCs. PSCs
were generally larger than the CCs (Fig. 2), and most
nuclei of the PSCs were distributed in the middle of
the cells. Empty spaces were found in the PSCs by
the optical microscope. Further TEM observation of
the empty spaces revealed the ultrastructure of cytoplasm. However, no organelle was identified in cytoplasm of the empty spaces of the PSCs (Figs. 1 and
2A,B). In addition, the PSCs were characterized by
spherical Mt concentrated in the basal layer, as well
as the absence of cytoplasmic tubule arrays in the apical regions (Figs. 2 and 4A,B). The CCs, by contrast,
were distinguished by apical openings, highly
branched tubule networks, and randomly dispersed
Mt with diverse shapes (Figs. 3 and 4C,D). On the
Journal of Morphology
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Fig. 3. Chanos chanos, ultrastructural comparison of the apical regions of the PSCs and CCs between the SW- and FW- pseudobranchs. Transmission electron micrographs show that PSCs (A, B) are completely covered with epithelial pavement cells (PVC). The
apical openings (arrows) of CCs (C, D) are the deep-hole type in both the SW and FW milkfish, and smaller pits are observable in
the FW group. M 5 mitochondria; T 5 tubular system; Scale bar 5 0.5 lm.

BM, the PSCs showed a dense invagination of regular,
parallel arrays with orderly arranged tubules connecting closely to endothelial cells and the vascular

lumen; conversely, the CCs exhibited a thin BM
combining branched tubules with surrounding cells at
frequent intervals (Fig. 5, Table 1).

Fig. 4. Chanos chanos, ultrastructural comparison of the cytoplasm of the pseudobranchial PSCs and CCs between the SW and
FW acclimated individuals. Transmission electron micrographs show that the shape of mitochondria (M) is spherical in the PSCs (A,
B) and the average size of mitochondria is larger in the FW group. The mitochondria of PSCs and CCs (B, D) are often vacuolated
(arrows) with fewer cristae in those from the FW group than from the SW group. The small inset shows a submature CC that probably no apical opening, with dense and numerous mitochondria. T 5 tubular system. Scale bar 5 0.5 lm.
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Fig. 5. Chanos chanos, ultrastructural comparison of the basal regions of the PSCs and CCs between the SW and FW pseudobranchs. Transmission electron micrographs show PSCs with more densely arranged basolateral tubules (T) near the vascular border
in the FW milkfish, and CCs with a basolateral area lacking a tight connection to adjacent cells in the FW milkfish.
M 5 mitochondria; arrows 5 basolateral membrane (BM). Scale bar 5 0.5 lm (A–D); 200 nm (A and B insets).

Comparison of the Ultrastructural
Characteristics of PSCs and CCs between
SW- and FW-Acclimated Milkfish
In transmission electron micrographs, more
electron-dense bodies between the PSCs and the
PVC on the apical regions were found in the FWthan the SW-acclimated fish (Fig. 3A,B). In addition, the PSCs and CCs showed vacuolar and
swelling Mt in the FW-acclimated milkfish (Fig.
4B,D). The inset in Figure 4D showed submature
CCs (i.e., subsurface CCs probably with no apical
opening) with dense and numerous Mt in FWacclimated fish. Notably, the sizes of Mt were significantly larger in the PSCs of the FW-acclimated
milkfish than in those of the SW-acclimated milkfish (1.52 6 0.13 vs. 0.83 6 0.23 lm2, P < 0.05). In
addition, the tubular system connected to the vascular lumen contained denser invagination along
the thicker BMs of the PSCs in the FW-acclimated

milkfish (Fig. 5A,B, Table 2). By contrast, the CCs
exhibited larger and electron-denser Mt combining
with the branched tubular system in the SWacclimated group (Fig. 4C,D).
Light Microscopy of the Pseudobranchs
of SW- and FW-Acclimated Tilapia
The pseudobranchs of the tilapia were embedded
in the connective tissues, situated in the opercular
cavity near the first gill arch, and exhibited a row
of stereoscopic arranged filaments with fused
lamellae (Supporting Information Fig. S1). PSCs
were located beneath the PVC along parallel
lamellae, and were associated with the blood compartments separated by pillar cells in both the
SW- and FW-acclimated tilapia. Meanwhile, examination of the tilapia pseudobranchs indicated that
only PSCs were found in the nonfree lamellae of
filaments. Between the PVC and the PSCs was an

TABLE 1. Comparisons of the ultrastructures between PSCs and CCs in the pseudobranchs of the milkfish

Location
Apical opening
Nucleus distribution
Mt. distribution
Mt. shape
Basolateral membrane (BM)
Tubular system

PSCs

CCs

Lamellae
None
Middle of the cells
Basal region
Round/spherical(milkfish)/irregular shape(tilapia)
Thick condense dark layer
Orderly arrangement to the BM and packed around Mt.

Filaments
With an apical pit
Randomly distributed
Randomly distributed
Spherical/long and branched
Thin layer
Highly branched

Mt., mitochondria.
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TABLE 2. Comparisons of ultrastructural characteristics of
PSCs between SW- and FW-acclimated milkfish and tilapia
PSCs

Apical region
Mitochondria size
Tubular system
BM

SW

FW

Less electron dense
bodies between
pavement cells
Smaller
Lower density
Thinner layer

More electron dense
bodies between
pavement cells
Larger
Higher density
Thicker layer

empty space that was not observed in the gills
through HE staining in either the SW- or FWacclimated tilapia (Fig. 6A,B), similar to the spaces
found in the milkfish PSCs. The PAS staining indicated that many PSCs were PAS-positive cells
among the nonfree lamellae in the pseudobranchs of
both the FW- and SW-acclimated tilapia (Fig. 6C,D).
Comparison of Ultrastructural
Characteristics of PSCs between
SW- and FW-Acclimated Tilapia
Light microscopy revealed the empty spaces in
the PSCs of the tilapia. Using TEM, the empty

spaces were found to be the cytoplasm with no
organelle (Fig. 7). In addition, the Mt shapes were
irregular and more diverse than those in the milkfish PSCs. The sizes of Mt were significantly larger in the PSCs of the FW-acclimated tilapia than
in those of the SW-acclimated tilapia (1.76 6 0.11
vs. 1.27 6 0.10 lm2, P < 0.05; Fig. 8A,B); moreover,
between the PVC on the apical region were found
existing more electron-dense bodies in the FWthan the SW-acclimated tilapia (Fig. 7C,D). The
tubular system contained denser parallel arrays of
invagination, connected to the vascular lumen
along the thicker BMs of PSCs in FW- than in
SW-acclimated tilapia (Fig. 8C,D, Table 2). However, the tubular system was more regular in the
parallel arrays of the tilapia than those in the
milkfish PSCs, with precisely arranged tubules.
Comparison of Lamellar Parameters
of the Pseudobranchs between SW- and
FW-Acclimated Milkfish
SEM of the free type pseudobranchs of the milkfish indicated longer lamellae, and the inset of
Fig. 9 shows that fused lamellae were more occasionally observed in the FW milkfish, but not in
the SW milkfish (Fig. 9C,D). However, the

Fig. 6. Oreochromis mossambicus, light microscopic micrographs of paraffin longitudinal sections of the SW and FW acclimated
pseudobranchs stained with HE (A, B) and PAS (C, D). An empty, white space is located between the pavement cells and upper layer
of the PSCs in the pseudobranchs of the SW- and FW-acclimated tilapia. Many PAS-positive cells exhibit a pink-purple color in the
cytoplasm of PSCs. L 5 pseudobranchial lamellae; arrowheads 5 PAS-positive cells. Scale bar 5 10 lm. [Color figure can be viewed at
wileyonlinelibrary.com]
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Fig. 7. Oreochromis mossambicus, ultrastructural comparison of the PSCs in the pseudobranchial lamellae between the SW and
FW acclimated individuals. TEM micrographs show mitochondria (M) with diverse shapes distributed near the basal layer of PSCs
(A, B). The PSCs are completely covered with epithelial pavement cells (PVC and arrowheads) and exhibit more electron-dense bodies between the pavement cells in the apical region of the FW group (C, D). N 5 nucleus; * 5 the blood vessel and red blood cells.
Scale bar 5 5 lm (A, B); 0.5 lm (C, D).

thickness and density of the lamellae did not differ
significantly between the FW- and SW-acclimated
specimens. From scanning electron micrographs at

higher magnification, CCs with apical openings
near the afferent filament artery were more frequent in the SW-acclimated specimens (Fig. 10).

Fig. 8. Oreochromis mossambicus, ultrastructural comparison of the cytoplasm of pseudobranchial PSCs between the SW and FW
acclimated individuals. Transmission electron micrographs show that the average size of mitochondria (M) surrounded by the tubular
system (T) is larger in the PSCs of the FW fish (A, B). More densely arranged basolateral tubules near the vascular border of the
cell (C, D) are observable in the FW group than in the SW group. Arrows 5 BM. Scale bar 5 0.5 lm.
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Fig. 9. Chanos chanos, Scanning electron microscopy micrographs of the SW and FW acclimated pseudobranchs (A, B). The lamellae (L) are longer in the FW milkfish than those in the SW
group (C, D). The small inset shows two fused lamellae. F 5 filaments; Scale bar 5 100 lm (A, B);
30 lm (C, D).

Overall, the area of the CC apical openings was
more diverse in the FW-acclimated group than in
the SW-acclimated group, and featured occasional
tiny apical pits (Table 3).
DISCUSSION
A pseudobranch is a gill-like structure on either
side of the opercular epithelium near the first gill
arch, and it connects only one row of parallel filaments, similar to a modified hemibranch (Laurent
and Dunel-Erb, 1984). Among the 238 known teleostean families, pseudobranchs are found in most
fish, with the exception of a few species of the
order Anguilliformes, suborder Siluroidei, and all
species of the genera Gymnarchus and Cobitis
(Hamidian and Alboghobeish, 2007). Previous
studies proposed that the pseudobranch had multiple functions, such as respiration, osmoregulation,
endocrinal functions, and vision (Parry and Holliday, 1960; Harb and Copeland, 1974; Beatty, 1975;
Quinn et al., 2003), as well as ocular oxygen secretion (Waser and Heisler, 2004, 2005; Waser, 2011).
On the other hand, in vivo experiments did not
support the role for preconditioning of ocular blood
supply (M€olich et al., 2009). In addition, it is
Journal of Morphology

unclear how the PSCs were involved in the mechanisms of carbonic anhydrase production or blood
acid-base regulation (Kern et al., 2002; Rahim
et al., 2014).
There are four types of pseudobranch in teleosts:
lamellae-free, semifree, covered, and embedded.
According to the presence of CCs, pseudobranchs
could alternately be classified into two groups:
those with CCs (lamellae-free and semifree) and
those without CCs (covered and embedded; Hamidian and Alboghobeish, 2007). An increase in the
number and size of pseudobranchial CCs, observed
in the filaments and interlamellar spaces near the
afferent artery in SW-acclimated fish, indicates
that lamellae-free and semifree type pseudobranchs
have a potential role in hypo-osmoregulation during
changes in environmental salinity (Yang et al., 2014,
2015). In our previous studies, we hypothesized that
fish inhabit in higher saline environments are associated with more dominant pseudobranchs, like
lamellae-free or semifree types, whereas fish in FW
environments are associated with shrunken pseudobranchs, such as the covered or embedded types
(Yang et al., 2014, 2015). Regarding the potential
role in hypo-osmoregulation, the lamellae-free and
lamellae semifree types probably have multiple
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Fig. 10. Chanos chanos, Scanning electron microscopy micrographs of the milkfish pseudobranchs. Comparison of CCs between the
SW (A, C) and FW (B, D) milkfish pseudobranchs shows that the apical openings of CCs (arrows) near the afferent artery regions of
the filaments are more abundant in the SW group than in the FW group (A, B). The size of pseudobranchial CC apical openings is
more diverse in the FW milkfish than in the SW group (C, D). Scale bar 5 10 lm (A, B); 5 lm (C, D).

functions, whereas the covered and embedded types
might be related to vision (Wittenberg and Haedrich,
1974) or other ion transporter roles (Quinn et al.,
2003).
Notably, the structure of the pseudobranchs differs between the SW- and FW-acclimated groups.
In a previous study, SEM micrographs and histological results showed that several regions of the
free lamellae in the semifree pseudobranch of SWacclimated silver moony fish had numerous spherical CCs with apical openings along the opercular
edge (i.e., near the afferent artery; Yang et al.,
2015); these additional CCs have potential hypoosmoregulation functions. However, an increase in
the regions of the fusion areas of nonfree lamellae
on the buccal edge was found in FW-acclimated
TABLE 3. Comparisons of the lamellae parameters of the
pseudobranchs between the SW- and FW-acclimated milkfish

Lamellae density
Lamellae thickness
Lamellae length
CCs apical pit width
*P < 0.05.

SW

FW

20.05 6 0.67
19.90 6 0.41 mm
82.07 6 4.07 mm
2.00–3.00 mm

18.35 6 0.42
17.51 6 1.12 mm
100.22 6 6.00 mm*
0.50–4.50 mm

silver moony fish (Yang et al., 2015). In the present study, the free-type pseudobranchs of the
milkfish exhibited longer lamellae and more fused
pieces in the FW- than SW-acclimated specimens.
The results suggest that more PSCs occur in the
pseudobranch and prevent it from contacting
external environments, which might be beneficial
to fish acclimated to hypo-osmotic media. Thus,
the current morphology of pseudobranchs is likely
a compromise between opposing evolutionary
demands to reduce the ambient surface area but
increase the inner vascular connection of lamellae.
Researchers have determined that the morphological
changes in the lamellae of crucian carp gills
increases the protruding surface area in response to
hypoxic water and rising temperature to improve
oxygen consumption (Sollid et al., 2003, 2005; Sollid
and Nilsson, 2006). However, the physiological roles
of pseudobranchial lamellae morphology, modified
over a range of salinities, remains to be investigated.
Previous studies have also shown that pseudobranchial CCs are similar to branchial CCs
because they both contain numerous Mt in the
cytoplasm, as well as transporters for chloride
(Cl-) secretion; these include the NKA and NKCC
on the BM, and the CFTR on the apical membrane
Journal of Morphology
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(Evans et al., 2005; Hwang and Lee, 2007; Yang
et al., 2014, 2015). Moreover, three apical types of
branchial epithelial CC (wavy convex, shallow
basin, and deep hole) have been dominant in turn
across a range of hypotonic and hypertonic water
environments (Lee et al., 1996, 2003; van der Heijden et al., 1997; Kang et al., 2012, 2015). In the
present study, the result differs from apical types
of branchial CCs that exhibit shallow or convex in
the FW media, and only the deep-hole apical type
of pseudobranchial CCs was observed near the filament of the opercular edge in both the SW- and
FW-acclimated specimens of milkfish. SEM enables the identification of the apical surface of
mature CCs (Perry et al., 1992; van der Heijden
et al., 1997), the apical pits of CCs in the milkfish
were noticeably reduced and more diverse in size
after 1 month of acclimation to FW. The diverse
apical openings are supposed to represent different
developmental stages as the immature proliferation of CCs or the inactive form of CCs that they
might not have clear apical openings to the external environment.
Van der Heijden et al. (1997) noted that TEM
could also be used to detect accessory, mature, and
immature CCs. In the present study, accessory
cells were found adjacent to pseudobranchial CCs
in the SW-acclimated milkfish, which may provide
a paracellular route for salt excretion (Evans
et al., 2005; Hwang et al., 2011). However, in the
FW-acclimated milkfish, the pseudobranchial CCs
were generally smaller in size, fewer in number
(Yang et al., 2014), and the Mt of these CCs had
fewer cristae, were less electron-dense, and were
often vacuolated. Ultrastructural changes in pseudobranchial CCs of the European sea bass (Dicentrachus labrax) were similarly described when
exposed to a hyposaline environment (Mattey
et al., 1978); nevertheless, the immature pseudobranchial CCs of our FW-acclimated milkfish were
found to be more similar to those of the SWacclimated group, with dense and abundantly
branched Mt.
Newstead (1971) described pseudobranchial CCs
shifting their appearance to resemble PSCs, and
suggested that CCs undergo rearrangement of
their cytoplasmic components to the characteristics of PSCs; this indicates that they are identical
cell types with changeable forms. However, we
found that PSCs were characterized by abundant
Mt and parallel arrays of tubule systems, distributed in the basal region and absent from the apical region. On the BMs, PSCs showed a dense
invagination of regular, parallel arrays with ordered
tubules connecting closely with endothelial cells and
the vascular lumen. This unique organization of the
tubules and Mt has also been described in the pseudobranchs of killifish (Copeland and Dalton, 1959),
flounder (Harb and Copeland, 1969), bass, smelt,
rainbow trout (Mattey et al., 1978), and mangrove
Journal of Morphology

rivulus (King et al., 1993). However, the PSCs of
various species with different types of pseudobranchs might appear distinct, with characteristics
such as a highly organized and parallel tubular system between concentrated Mt; these characteristics
were observed in the PSCs of the tilapia, but not in
the milkfish.
In our previous study, paraffin section with HE
staining showed the empty space in the PSCs of
milkfish, silver moony, and tilapia (Yang et al.,
2014, 2015). In the present study, TEM micrographs showed that the empty space in the PSCs
held cytoplasm but almost no organelles in either
the milkfish or tilapia specimens. Other researchers have similarly reported that concentrated Mt
and parallel tubules filled the cytoplasm in the
PSCs of sea bass and Chinook salmon, whereas
the apical membrane lacked Mt (Mattey et al.,
1978; Quinn et al., 2003). Our PAS-staining process,
which has been used to detect polysaccharides, such
as glycogen, mucosubstances, glycoproteins, glycolipids, and mucins, in various cells, such as mucous
goblet cells or rodlet cells (Fischer-Scherl and Hoffmann, 1986; Srivastava et al., 2012; Mokhtar and
Abd-Elhafeez, 2014), revealed some PAS-positive
PSCs in the pseudobranchs of both FW and SWacclimated tilapia; however, no PAS-positive PSCs
were observed in the pseudobranchs of our milkfish
specimens. The PAS-positive cells of the tilapia PSCs
were examined through TEM, and appeared to have
darker cytoplasm than the PSCs of milkfish. Thus,
we determined that the pseudobranch of the tilapia
functions similar to a gland that stores neutral
mucopolysaccharides into the cytoplasm, secretes the
substance to the vascular lumen, or releases to the
interlamellar space.
Previous studies have examined the effects of
salinity on ultrastructural changes in the PSCs of
several teleosts (Mattey et al., 1978, 1980; FischerScherl and Hoffmann, 1986). Although some studies have reported that PSCs do not exhibit obvious
ultrastructural changes in response to changes in
salinity (Mattey et al., 1978; King et al., 1993),
Mattey et al. (1978) reported a large increase in
the number of glycogen particles in the PSCs of
sea bass after 24-h exposure to hypo-osmotic
media. In our previous studies, we have found
that the higher expression through immunoblotting of NKA a-subunit proteins in the embeddedtype pseudobranch of tilapia may be partially
correlated with the presence of larger NKAimmunoreactive PSCs in the milkfish (lamellaefree type; Yang et al., 2014), silver moony
(semifree type), and tilapia (embedded type; Yang
et al., 2015) pseudobranchs of the FW- than SWacclimated specimens. Furthermore, PSCs and
CCs are endowed with Mt and strongly reliant on
oxidative phosphorylation for energy production.
Morphological examination of Mt is an obvious
and key complement to functional studies. In the
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present study, we assessed the size and morphology of Mt by using an electron microscope to reveal
opposite characteristics in ultrastructural changes
in PSCs and CCs. Mt were larger in the PSCs of
the FW group than in the SW group, and the
tubular system was denser along the BMs in the
FW specimens. Similarly, Kelley et al. (2002)
determined that the morphology of altered Mt was
smaller in the skeletal muscles of humans with
obesity and type two diabetes, indicating a weak
bioenergetic capacity.
In summary, our observations of PSCs in hypoosmotic environments indicate that the morphological structures can change with ambient salinities.
Specifically, we found that pseudobranchial lamellae became longer in the milkfish, the occasional
fusion of lamellae increased, and the Mt in the
PSCs of the FW-acclimated milkfish and tilapia
were larger with a more aggregated tubular system near the BMs of the ultrastructure. Although
the PSCs are unlikely to be directly involved in
hyperosmoregulation because they were covered
with PVC, this response to osmotic stress represents
a homeostatic mechanism in both lamellae-free type
and embedded-type pseudobranchs. Moreover, most
PSCs of the embedded-type pseudobranchs were
PAS-positive cells, and converted to the functions of
storage or secretion of polysaccharides. Therefore,
salinity-dependent changes in the ultrastructures
suggest that PSCs in both lamellae-free type and
embedded type pseudobranchs have a potential role
in energy metabolism.
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