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Almost the whole life cycle of the grass puffer (Takifugu niphobles) occurs in seawater (SW), but it is
also sometimes found in fresh water (FW) rivers. This study aims to evaluate the effects of FW
exposure on the stress, osmoregulatory, and physiological responses of the grass puffer. The grass
puffers were captured from a local wetland and acclimated to SW (35‰) or FW in the laboratory. In
the stress responses, plasma glucose concentrations and the abundances of hepatic and branchial
heat shock proteins were higher in the FW group than in the SW group. FW acclimation led to a
signiﬁcant increase in the protein abundance and the speciﬁc activity of branchial Naþ/Kþ‐ATPase
(NKA). Immunochemical staining showed that the NKA immunoreactive (NKIR) cells of the FW and
SW puffer were distributed mainly in gill ﬁlaments. Although the number of NKIR cells was similar
in the two groups, the protein levels of proliferating cell nuclear antigen (PCNA) of nuclear fractions
were elevated in the gills of the FW puffer. The induction of gill PCNA might contribute to cell
proliferation which would maintain the amount of NKIR cells or repair DNA when exposed to FW, an
osmotically stressful environment. Hence, activation of stress responses would provide the
osmoprotection associated with FW adaptation of the grass puffer. Changes of branchial NKA
expression and activity for osmoregulatory adjustment were required for stable blood osmolality
and muscle water content. Based on our ﬁndings, the grass puffer was suggested to be a euryhaline
teleost with SW preference. J. Exp. Zool. 319A:409–421, 2013. © 2013 Wiley Periodicals, Inc.
How to cite this article: Tang C‐H, Lee T‐H. 2013. Freshwater acclimation induces stress
responses and expression of branchial Naþ/Kþ‐ATPase and proliferating cell nuclear antigen in
Takifugu niphobles. J. Exp. Zool. 319A:409–421.

The maintenance of a stable internal environment is important for
vertebrates to survive in a variety of habitats. Even slight changes in
ion concentration, osmolality, or the pH of body ﬂuids can
signiﬁcantly affect the survival of the animals. Strategies for
maintaining the homeostasis of body ﬂuids vary, depending on the
species of animal and on their habitats (Evans, 2009). Osmotic stress
is one of the principal challenges that can ﬂuctuate greatly in aquatic
environments. When osmotic stresses are present, protein synthesis,
stabilization, and biological function become disrupted, eventually
causing protein damage harmful to cellular function and viability
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(Deane and Woo, 2004; Choe and Strange, 2008). Stress responses
are energy‐demanding mechanisms in animals (Vijayan et al., '97;
Iwama et al., '99). Because glucose plays a major role in providing
energy for metabolism, a change in plasma glucose concentration is
one known stress indicator at the organismal level (Afonso
et al., 2003; Iwama et al., 2006). Moreover, cellular responses to
stressors lead to an evident increase in the levels of stress‐related
proteins. Under stressed conditions, proteins belonging to the heat
shock protein (HSP) family are rapidly synthesized and perform an
important cytoprotective function, helping to refold and repair
damaged proteins (Hightower, '91; Gething and Sambrook, '92).
Among them, HSP70 constitutes the central part of a ubiquitous
chaperone system in eukaryotic cells and HSP90 is one of the most
abundant proteins in unstressed cells (Lai et al., '84; Macario
et al., '99; Wegele et al., 2004). HSPs are also involved in the adaptive
mechanisms that ﬁsh use to resist extreme environments, which
contain various stressors (Hightower, '91; Beck et al., 2000; Iwama
et al., 2006). Without these protective mechanisms, cellular proteins
become misfolded and aggregate when organisms are exposed to
stresses (Wegele et al., 2004). HSPs have received the most attention
in organisms undergoing experimental stresses in the laboratory
(Feder and Hofmann, '99). Furthermore, HSPs with large molecular
weights may serve as biomarkers of non‐speciﬁc stressors in many
organisms because they are highly conserved among organisms
from different taxa (Iwama et al., '99). The crucial roles of HSPs in
salinity acclimation have been discussed in ﬁsh (Pan et al., 2000;
Deane et al., 2002; Deane and Woo, 2004).
Osmoregulatory mechanisms are crucial for salinity adaptation
of euryhaline teleosts (Evans et al., 2005, 2010; Marshall and
Grosell, 2006; Kaneko et al., 2008; Hwang et al., 2011). The gills are
the major osmoregulatory organs that directly contact the
external aquatic environment. The fundamental transporters
responsible for ion movement across gill epithelia have been
reported in several reviews (Evans et al., 2005; Kaneko et al., 2008;
Evans, 2010; Hwang et al., 2011). Among the transporters, Naþ/
Kþ‐ATPase (NKA) is thought to provide the primary driving force
for ion‐transporting systems. Therefore, modulation of gill NKA
protein expression and activity is a critical osmoregulatory
adjustment. Because most of the NKA protein expressed in gills is
localized in mitochondrion‐rich (MR) cells, MR cells are also called
NKA immunoreactive (NKIR) cells and are thought to be the
principal sites responsible for ion transport. The distribution of gill
NKIR cells is dependent on species and environmental salinity. In
addition, the densities of NKIR cells correlated with the NKA
responses in the gills of several studied teleosts (Hwang and
Lee, 2007; Kaneko et al., 2008). Moreover, proliferating cell
nuclear antigen (PCNA) is a biomarker of cell proliferation and a
protein involved in DNA repair (Cox, '97; Maga and
Hubscher, 2003). The changes in NKIR cell densities in response
to salinity changes are related to alteration of the rates of cell
proliferation and turnover (Uchida and Kaneko, '96; Katoh and
Kaneko, 2003).
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Takifugu is a genus of puffer belonging to the Tetradontidae
family of teleost ﬁsh. Because the genome project for T. rubripes
has been completed (Aparicio et al., 2002), the Takifugu genus has
become a good model animal (Kato et al., 2005). The grass puffers
(Takifugu niphobles) are widely distributed around the coastal
areas of Korea, Japan, and China (Masuda et al., '84). Nearly the
entire life cycle of the T. niphobles occurs in the SW, including
maturation and reproduction (Nozaki et al., '76; Honma and
Ozawa, '80). However, the grass puffers are the peripheral FW ﬁsh
that adult grass puffers sometimes can be found in brackish river
mouths (Miyadi et al., '76; Masuda et al., '84), and FW rivers (Kuo
and Shao, '99; Kato et al., 2005). Moreover, Shen et al. (2007) and
our preliminary test have shown that grass puffers can survive in
fresh water (FW) for at least 2 weeks. To our knowledge, impact of
FW acclimation on the physiological responses of T. niphobles has
not been well studied. Therefore, the aim of this study is to
investigate how stress responses and osmoregulatory mechanisms
are related to the euryhalinity of the grass puffer.

MATERIALS AND METHODS
Experimental Animals and Environments
The grass puffers (T. niphobles), 11–13 cm in total length and 30–
40 g in weight, were captured from the local estuary (i.e., Gaomei
wetland at Taichung, Taiwan) (the salinity was approximately 22–
25‰) and raised in a tank with a seawater (SW; 35‰) circulating
system at 27  1°C with a 12/12‐hr light/dark photoperiod for at
least 2 weeks. The SW (35‰) used in this study was prepared from
local tap water with proper amounts of synthetic sea salt (Instant
Ocean, Aquarium Systems, Mentor, OH, USA). The composition of
the SW was [Naþ], 582.6 mM; [Cl], 526.8 mM; and [Ca2þ],
15.7 mM; pH 8.2. The water was continuously circulated through
fabric‐ﬂoss ﬁlters, and the salinity was checked daily. The ﬁsh
were fed a daily diet of commercial pellets but were not fed for a
period of 24 hr before the sampling. No mortality was observed
during the holding period.
Acclimation Experiment
After the holding period, the grass puffers were randomly divided
into two different groups for the acclimation experiment. The ﬁsh
were directly transferred to SW or fresh water (FW; dechlorinated
local tap water) tanks for 2 weeks. The composition of the
dechlorinated FW was [Naþ], 2.6 mM; [Cl], 0.2 mM; and [Ca2þ],
0.58 mM; pH 7.8. After 2 weeks, experimental animals were
randomly selected from tanks and anaesthetized by immersion in
MS‐222 (75 mg/L) before sampling.
Analysis of Plasma Glucose Levels, Plasma Osmolality and Muscle
Water Content (MWC)
Fish blood was collected from the heart using heparinized 1 mL
syringes and 21 G needles. After centrifugation at 1,000g at 4°C
for 10 min, the plasma osmolality and glucose levels were
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measured immediately using a Wescor 5520 Vapro osmometer
(Logan, UT, USA) and an ACCU‐CHEK Go blood glucose meter
(Roche, Mannheim, Germany), respectively. The MWC was
determined according to Tang et al. (2009). The MWC was
measured gravimetrically after drying at 100°C for 48 hr.
Antibodies
The primary antibodies used in the present study included (1) anti‐
HSP70, a mouse monoclonal antibody (H 5147; Sigma, St. Louis,
MO, USA) generated using immunization with puriﬁed bovine
brain HSP70; (2) anti‐HSP90, a rabbit polyclonal antibody (#4874;
Cell Signaling Technology, Beverly, MA, USA) corresponding to
human HSP90; (3) anti‐Naþ/Kþ‐ATPase (NKA), a mouse monoclonal antibody (a5; Developmental Studies Hybridoma Bank,
Iowa City, IA, USA) raised against the a‐subunit of avian NKA;
and (4) anti‐PCNA, a mouse monoclonal antibody raised against
amino acid residues 112–121 of human PCNA (Ab‐1; Calbiochem,
Darmstadt, Germany). The secondary antibodies for immunoblotting were alkaline phosphatase‐conjugated goat anti‐mouse IgG
and goat anti‐rabbit IgG (Chemicon, Temecula, CA, USA).
Preparation of Gill and Liver Homogenates
Immediately after the ﬁsh were killed by spinal pithing, the gills
and livers were extracted, and the gill arches were removed and
blotted dry. The samples were immersed in liquid nitrogen and
placed into an ice‐cold homogenization buffer (250 mM sucrose,
1 mM EDTA, and 30 mM Tris, pH 7.4). To 1 mL of the ice‐cold
homogenization buffer, 40 mL of a proteinase inhibitor cocktail
(Roche) was added. Homogenization was performed in 2 mL tubes
using a Brinkmann Polytron Homogenizer (PT1200E, Kinematica,
Lucerne, Switzerland) operating at maximum speed for 10 strokes.
The homogenates were centrifuged at 4°C and 12,000g for 20 min,
and the supernatants were stored at 80°C. The protein
concentrations were determined colorimetrically using a BCA
Protein Assay Kit (Pierce, Hercules, CA, USA) with bovine serum
albumin (Pierce) as a standard.
Preparation of Nuclear and Non‐Nuclear Fractions of Gills
Nuclear and non‐nuclear fractions were prepared according to
Rendell and Currie (2005). Brieﬂy, the gills were minced and
homogenized in TEDG buffer (50 mM Tris, 1.5 mM EDTA, 1 mM
dithiothreitol, and 30% glycerol). To 1 mL of the TEDG buffer, 40 mL
of a proteinase inhibitor cocktail (Roche) was added. The
homogenization was performed in 2 mL tubes with a Brinkmann
Polytron Homogenizer operating at maximum speed for 10 strokes.
The homogenates were centrifuged at 1,000g for 20 min, and the
supernatants were stored at 80°C. This supernatant represented the
non‐nuclear fraction. The nuclear pellet from the original 1,000g
centrifugation was washed twice in TMDS buffer (50 mM Tris,
5 mM MgCl2, 250 mM sucrose, and 1 mM dithiothreitol; pH 7.4)
and centrifuged at 750g for 10 min after each wash. The pellet was
re‐suspended in 500 mL of TEDG þ KCl (TEDG buffer with 0.6 mM
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KCl; pH 7.4) and intermittently vortexed for 60 min. After vortexing,
the samples were centrifuged at 12,000g for 20 min. The
supernatant, representing the nuclear salt extract (nuclear fraction),
was stored at 80°C for further analysis.
Immunoblotting
The immunoblotting procedure was conducted according to Tang
et al. (2009) with little modiﬁcation. Proteins from the samples
were heated with sample buffer at 90°C for 5 min for the HSPs and
the PCNA and 37°C for 30 min for the NKA a‐subunit. The pre‐
stained protein molecular weight marker was purchased from
Fermentas (SM0671; Hanover, MD, USA). All samples were
separated using electrophoresis on sodium dodecyl sulfate (SDS)‐
containing 7.5% (for HSPs and NKA a‐subunit) or 12% (for PCNA)
polyacrylamide gels (30 mg protein/lane). The separated proteins
were then transferred to a PVDF membrane (Millipore, Bedford,
MA, USA) by electroblotting. After preincubation for 3 hr in PBST
buffer containing 5% (w/v) nonfat dried milk (used to minimize
nonspeciﬁc binding), the blots were incubated for 2 hr at room
temperature with the primary antibodies diluted in 1% (w/v) BSA
and 0.05% (w/v) sodium azide in PBST. The dilution factor for the
primary antibodies is 1:4,000 for anti‐HSP70; 1:3,000 for anti‐
HSP90; 1:5,000 for anti‐NKA, and 1:2,000 for anti‐PCNA. The
blots were then washed in PBST and incubated at room
temperature for 1.5 hr with the secondary antibody (1:5,000
dilution). The blots were developed after incubation with a BCIP/
NBT Kit (Zymed, South San Francisco, CA, USA). The immunoblots were photographed and imported as TIFF ﬁles into the
commercial image‐analysis software package MCID version 7.0,
rev. 1.0 (Imaging Research Inc., Ontario, Canada). The results were
converted into numerical values to compare the relative intensities
of the immunoreactive bands.
Speciﬁc Activity of NKA
Gill NKA activity was determined as described by Hwang et al.
('89). Aliquots of the suspension of gill homogenates, prepared as
described above, were used for determination of protein and
enzyme activities. The NKA activity was assayed by adding the
supernatant to the reaction mixture (100 mM imidazole–HCl
buffer, pH 7.6, 125 mM NaCl, 75 mM KCl, 7.5 mM MgCl2, and
5 mM Na2ATP). The reaction was run at 37°C for 30 min and then
stopped by the addition of 200 mL of ice‐cold 30% trichloroacetic
acid. The inorganic phosphate concentration was measured
according to Peterson's method ('78). The enzyme activity of NKA
was deﬁned as the difference between the amount of inorganic
phosphate liberated in the presence and absence of 1 mM ouabain in
the reaction mixture. Each sample was assayed in triplicate.
Cryosection and Immunohistochemical Detection of NKA
Immunoreactive (NKIR) Cells
Cryosections were performed to reveal different parts of the gills,
that is, the ﬁlaments and lamellae, for examining the distribution
J. Exp. Zool.
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of NKIR cells. The procedure for immunohistochemical staining of
NKA was modiﬁed from Lin et al. (2006). The gills were excised
and ﬁxed in a mixture of methanol and DMSO (4:1 v/v) at 20°C
for 3 hr before being embedded using O.C.T. (optimal cutting
temperature) compound (Sakura, Tissue‐Tek®, Torrance, CA,
USA). The ﬁxed samples were washed with PBS, and the gill
arch and one side of the ﬁlaments were removed. Serial sections
(7 mm) were cut parallel to the long axis of the ﬁlament and
mounted on slides coated with poly‐L‐lysine. The cryosections
were incubated with the primary antibody to NKA a‐subunit (a5)
(1:200 dilution) followed by staining with a commercial kit
(PicTure TM, Zymed). The immuno‐stained sections were counterstained with hematoxylin. Negative control experiments, in which
PBS was used instead of the primary antibody, were conducted
(data not shown) to conﬁrm the positive results. To quantify the
distribution of NKA immunoreactive cells (NKIR cells), longitudinal sections of the gills, including the lamellae and the cartilages
of the ﬁlaments, were chosen; the immunoreactive cells in the
ﬁlaments (F) and lamellae (L) were also counted. Lamellar areas
were deﬁned as the parts projecting from ﬁlaments. The
interlamellar regions, including the regions between the lamellar
bases and ﬁlaments, were considered to be ﬁlament areas. Ten
areas on the ﬁlaments, including symmetrical lamellae, were
randomly selected in each sample. The immunostained cryosections were observed using a light microscope (Olympus BX50,
Tokyo, Japan), and the micrographs were recorded with a digital
camera (Nikon COOLPIX 5000, Tokyo, Japan).
Statistical Analysis
The signiﬁcance of the difference between SW and FW was
assessed using an unpaired t‐test (P < 0.05). The values were
expressed as the means  SEM.

RESULTS
Stress Responses at the Organismal and Cellular Levels: Plasma
Glucose Levels and Expression of Branchial and Hepatic Heat Shock
Proteins (HSPs)
The acclimation experiments revealed that the plasma glucose
levels were signiﬁcantly higher in the fresh water (FW)‐acclimated
group (117.6  15.6 mg/dL) than in the seawater (SW)‐acclimated group (49.6  3.1 mg/dL). The relative protein abundance of
stress proteins (i.e., HSPs) in the ﬁsh gills and livers was examined.
Immunoblotting of the gills (Figs. 1A and 2A) and livers (Figs. 1C
and 2C) from the FW‐ and SW‐acclimated grass puffers, probed
with primary antibodies to HSP70 (Fig. 1) and HSP90 (Fig. 2),
resulted in single immunoreactive bands with molecular weights
at approximately 70 (Fig. 1A and C) and 90 kDa (Fig. 2A and C),
respectively. The protein expression levels of HSP70 (Fig. 1B and
D) and HSP90 (Fig. 2B and D) in the gills and livers of the FW‐
exposed individuals were signiﬁcantly higher than those of the
SW‐acclimated ﬁsh.
J. Exp. Zool.
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Plasma Osmolality and Muscle Water Content (MWC)
The plasma osmolality was signiﬁcantly lower in the FW‐
acclimated grass puffers (T. niphobles) (296.5  12.8 mOsm/kg)
than in the SW‐acclimated individuals (383.0  6.5 mOsm/kg).
There was no signiﬁcant difference in the MWC of the FW‐ and
SW‐acclimated grass puffers (79.2  1.1% and 79.2  1.1%).
Branchial Naþ/Kþ‐ATPase (NKA) Responses
The relative protein abundance of branchial NKA was examined.
Immunoblotting of the gills from the FW‐ and SW‐acclimated
grass puffers resulted in a single immunoreactive band with
molecular weight of approximately 105 kDa (Fig. 3A). The relative
protein abundance of gill NKA a‐subunit was signiﬁcantly
elevated in the FW‐acclimated grass puffer group compared with
the SW‐acclimated group (Fig. 3B). Moreover, the NKA speciﬁc
activities in the gills of the FW individuals were also signiﬁcantly
higher than those of the SW ﬁsh (1.94‐fold; Fig. 3C).
Distribution and Quantiﬁcation of NKA Immunoreactive (NKIR) Cells
No evident changes associated with salinity could be observed in
the distribution of gill NKIR cells (Fig. 4). The gill NKIR cells of the
FW‐ and SW‐acclimated ﬁsh were distributed in the ﬁlaments, yet
none were found in the lamellae (Fig. 4A and B). Additionally, no
signiﬁcant difference was found in the densities of NKIR cells
between the FW‐ and SW‐acclimated grass puffers (Fig. 4C;
19.34  0.74 vs. 19.77  0.55 per 100 mm of the gill ﬁlament).
Expression of Proliferating Cell Nuclear Antigen (PCNA) in Non‐
Nuclear and Nuclear Fractions of Gills
Immunoblotting of the non‐nuclear (Fig. 5A and B) and nuclear
fractions (Fig. 5C and D) of the gills from the FW‐ and SW‐exposed
puffers showed a single immunoreactive band at 33 kDa (Fig. 5A
and C). Quantiﬁcation of the immunoreactive bands revealed no
signiﬁcant difference between the FW and SW puffers in the
amount of gill PCNA in the non‐nuclear fractions (Fig. 5B).
However, in the nuclear fractions, the protein expression level of
gill PCNA was signiﬁcantly higher in the FW‐acclimated grass
puffer group than in the SW‐acclimated group (Fig. 5D).

DISCUSSION
Seawater (SW) is the major habitat of grass puffer (T. niphobles),
however, it can be found naturally in freshwater (FW) rivers (Kuo
and Shao, '99; Kato et al., 2005). The ecological distribution of T.
niphobles revealed that it is a peripheral FW species. Changes in
environmental salinity usually result in osmotic stress to aquatic
organisms have be illustrated in the previous studies (Kltz, 2001;
Iwama et al., 2006; Fiol and Kltz, 2007; Deane and Woo, 2009).
Furthermore, when marine teleosts (Deane et al., 2002; Deane and
Woo, 2004; Choi and An, 2008), lobsters (Spees et al., 2002),
mussels (Hamer et al., 2008), and sea cucumber (Dong et al., 2008)
were acclimated to hypotonic or low‐salinity environments,
diverse cellular stress responses were activated. It was therefore
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Figure 1. Representative immunoblots (A, C) and relative protein abundance (B, D) of the grass puffer livers and gills probed with a
monoclonal antibody to HSP70. The immunoreactive bands of FW‐acclimated puffer livers (A) and gills (C) are more intense than those in the
SW‐acclimated individuals. The relative protein amounts of the immunoreactive bands of HSP70 in livers (B) and gills (D) are signiﬁcantly
higher in the FW ﬁsh than in the SW ﬁsh (n ¼ 6). The expression of hepatic and branchial HSP70 is 2.6‐ and 2.1‐fold higher in the FW group
than the SW group, respectively. M, marker; FW, fresh water; SW, seawater.

hypothesized that diverse physiological mechanisms would be
activated to maintain organismal and cellular homeostasis in SW
grass puffers were acclimated to FW. To evaluate the effects of a
hypotonic environment on the stress responses of the grass puffer,
stress bioindicators were examined. Stress responses are energy‐
demanding processes and animals must regulate energy substrates
to metabolically resist the stresses. Thus, changes in plasma
glucose concentrations have commonly been used as a stress
bioindicator at the organismal level (Basu et al., 2001; Afonso
et al., 2003; Iwama et al., 2006). In the present study, plasma
glucose levels greatly increased in the FW‐exposed puffers
compared with the SW‐exposed ﬁsh (Table 1). Thus, it is presumed
that more energy is needed for compensation of the cost from

energy‐demanding processes when grass puffers were acclimated
from SW to FW. In contrast, osmotic stress (i.e., hypertonic and
hypotonic stress) at the cellular level would severely disrupt
protein synthesis and conformation, causing protein damage that
is harmful to cells (Beck et al., 2000; Deane et al., 2002; Deane and
Woo, 2004; Alﬁeri and Petronini, 2007). In response to hypotonic
shock, many cell types conduct regulatory volume decrease (RVD)
through changes in speciﬁc ionic ﬂuxes (Margalit et al., '93).
Hypotonicity‐induced ionic balance disruption with subsequent
protein damage can increase the expression of heat shock proteins
(HSPs) (Deane et al., 2002). HSPs are crucial to the cellular defense
procedures (cytoprotection) that cells use to survive when
experiencing abnormal protein conditions or proteotoxicity. In
J. Exp. Zool.
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Figure 2. Representative immunoblots (A, C) and relative protein abundance (B, D) of the grass puffer livers and gills probed with a polyclonal
antibody to HSP90. The immunoreactive bands of FW‐acclimated puffer livers (A) and gills (C) are more intense than those in the SW‐
acclimated individuals. The relative protein amounts of the immunoreactive bands of HSP70 in the livers (B) and gills (D) are signiﬁcantly
higher in the FW group than in the SW group (n ¼ 6). The expression of hepatic and branchial HSP70 is 1.7‐ and 2.8‐fold higher in the FW
group than in the SW group, respectively. M, marker; FW, fresh water; SW, seawater.

our study, the protein expression of hepatic HSP70 and HSP90
were examined. This organ has sensitive physiological responses
and performs a wide variety of important functions; the liver is
usually considered the major biochemical factory of the body
(Sherwood et al., 2005). The abundances of HSP70 and HSP90
were also measured in the gills, the osmoregulatory organ directly
exposed to the external environment (Figs. 1 and 2). Compared
with those in the SW puffer, the protein levels of hepatic and
branchial HSPs were higher in the FW individuals (Figs. 1 and 2).
The induction of increased protein abundance of HSPs could
protect cells from injury. HSPs have roles as molecular
chaperones; thus, they repair the damage to proteins induced
by hypotonicity and maintain the folding, assembly, and
J. Exp. Zool.

biological function of proteins in grass puffers acclimated to
FW. The ﬁsh intestine also plays a critical role in osmoregulation
and is exposed to the external environment when ﬁsh drink in SW.
Although this study examined the protein expression of HSPs in
grass puffer gills and livers, it is difﬁcult to fully characterizing the
effects of osmotic stress without the data of cellular stress
responses in intestine. On the other hand, the induction of HSP
expression is mediated by the binding of a transcriptional
activator, heat shock factor (HSF), to a short, highly conserved
upstream response element, the heat shock cis‐element (HSE)
(Xiao and Lis, '88). Importantly, it has been demonstrated that
HSF‐1 is activated by hypotonic stress in mammalian cells (Huang
et al., '95; Caruccio et al., '97). However, the expression and
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Figure 3. Representative immunoblots of the grass puffer gills
probed with monoclonal antibody a5 to the NKA a‐subunit (A). The
immunoreactive bands of the FW‐acclimated ﬁsh are more intense
than those of the SW‐acclimated individuals. (B) Relative
abundance of the immunoreactive bands of the NKA a‐subunit
in the gills of different salinity groups (n ¼ 6). The expression of
the NKA a‐subunit is 4.8‐fold higher in the FW group than in the
SW group. (C) The NKA activity in the gills of grass puffers
acclimated to FW and SW (n ¼ 6); the activity is signiﬁcantly
higher in the FW‐acclimated group than in the SW‐acclimated
group. M, marker.
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Figure 4. NKA immunostaining in longitudinal sections of the gills
of (A) FW‐acclimated and (B) SW‐acclimated grass puffers. (C)
Quantiﬁcation of NKA immunoreactive (NKIR) cells in the gills of
SW and FW ﬁsh (n ¼ 6) revealed that there is no signiﬁcant
difference between these two groups in the number of NKIR cells in
the ﬁlaments. F, ﬁlaments; L, lamellae; arrowhead, NKIR cells.
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Figure 5. Representative immunoblots of the grass puffer gills probed with a monoclonal antibody (NA03; Calbiochem) to gill PCNA in
cytoplasmic (A) and nuclear (C) fractions. The relative intensities of the PCNA immunoreactive bands (n ¼ 4) showed that no signiﬁcant
difference in the amounts of cytoplasmic PCNA was found between the FW and SW groups (B); however, a signiﬁcant increase in the PCNA
protein abundance of the nuclear fraction was observed in the puffer exposed to FW (D). M, marker.

activation of teleostean HSF‐1 in response to osmotic stress are
poorly understood. Only the positive correlation was found
between the levels of gill HSP70 and HIF‐1 transcripts in
euryhaline silver sea bream acclimated to different salinities
(Deane and Woo, 2004). Therefore, future work will investigate

whether HSF‐1 of grass puffers can be activated by hypotonic
shock to trigger the induction of HSP expression. Combining
previous ﬁndings with our data reveals that activation of cellular
stress responses is crucial for the species with SW preference faced
with a low‐salinity challenge.

Table 1. Comparison of SW‐ and FW‐acclimated grass puffers, Takifugu niphobles.
Environments
Plasma glucose levels (mg/dL)
Plasma osmolality (mOsm/kg)
Muscle water content (%)
Values are expressed as the mean  SEM, n ¼ 6 for all groups.

Signiﬁcantly different between SW and FW groups values at P < 0.05.
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SW

FW

49.6  3.1
383.0  6.5
79.2  1.1

117.6  15.6
296.5  12.8
79.2  1.1
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In general, marine teleosts exhibit limited capability for FW
adaptation. However, the euryhaline marine or estuarine teleosts
have been shown to be capable of tolerating low‐salinity
environments. This ﬁnding suggests that those teleosts might
have excellent hyper‐osmoregulatory ability, allowing them to
maintain blood osmolality within certain physiological ranges
(reviewed by Kaneko et al., 2008). In the long‐term (i.e., at least 2
weeks) acclimation experiment, unlike the euryhaline milkﬁsh
(Chanos chanos) (Lin et al., 2003) and the Senegalese sole (Solea
senegalensis) (Arjona et al., 2007), salinity‐induced changes in
plasma osmolality were found in the grass puffer (Table 1), tilapia
(Oreochromis mossambicus) (Uchida et al., 2000), spotted green
pufferﬁsh (Tetraodon nigroviridis) (Lin et al., 2004), gilthead sea
bream (Sparus aurata) (Sangiao‐Alvarellos et al., 2004), and
medaka (Oryzias latipes and O. dancena) (Kang et al., 2008).
Although the plasma osmolality of the FW group was lower than
that of the SW group, the osmolality of the FW‐ and SW‐
acclimated grass puffers were well within the ranges reported for
FW and SW teleosts (Withers, '92; Kaneko et al., 2008).
Additionally, the plasma osmolality of the grass puffer reported
by Kato et al. (2005) was similar in SW individuals (392.00  5.60
vs. 383.00  6.52 mOsm/kg) compared with the present study but
different for the FW group (244.00  9.50 vs. 296.50  12.80
mOsm/kg). The lower osmolality was consistent with the higher
mortality in the FW‐acclimated grass puffers (Kato et al., 2005).
Although the grass puffers used in Kato et al. (2005) were adult
ﬁsh, their body lengths (approximately 6–7 cm) were smaller than
the lengths of the ﬁsh used in this study (approximately 11–
13 cm). Our data showing that the captured grass puffers could
survive in FW in the laboratory reﬂected the fact that adult grass
puffers have sometimes appeared in FW rivers (Kuo and Shao, '99),
also mentioned in Kato et al. (2005). Moreover, muscle water
content (MWC) could be an indicator of the osmoregulatory
capacity and degree of euryhalinity in ﬁshes (Freire et al., 2008).
The MWC in FW and SW grass puffer was similar (Table 1). As
described by numerous previous studies, the MWC in euryhaline
teleosts can be maintained within a narrow range when
acclimated to environments of different salinities reﬂected their
homeostasis. These species included two medaka (O. latipes and O.
dancena) (Kang et al., 2008), European sea bass (Dicentrarchus
labrax) (Giffard‐Mena et al., 2008), brown trout (Salmo trutta)
(Tipsmark et al., 2002), Mozambique tilapia (O. mossambicus), and
milkﬁsh (C. chanos) (Tang et al., 2009). According to the
physiological parameters described above, the grass puffer should
have excellent osmoregulatory ability when subject to a salinity
challenge.
The signiﬁcant role played by branchial NKA in ion transport
has been conﬁrmed in various species (reviewed in Evans
et al., 2005; Hwang and Lee, 2007; Hwang et al., 2011). Moreover,
salinity‐dependent alterations of the protein abundances and
speciﬁc activity of gill NKA were indeed found in the grass puffer
(Fig. 3), Atlantic salmon, Salmo salar (D'Cotta et al., 2000),
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Mozambique tilapia (Lee et al., 2000, 2003), milkﬁsh (Lin
et al., 2003), pufferﬁsh (Lin et al., 2004), and two medaka species
(Kang et al., 2008). In the grass puffer, gill NKA protein abundance
and activity was higher in FW individuals than in SW ﬁsh (Fig. 3).
Many euryhaline brackish water (BW) and SW species that have
been studied also displayed higher gill NKA activity during FW
acclimation, including the European sea bass (Lasserre, '71),
pupﬁsh, Cyprinodon salinus (Stuenkel and Hillyard, '80), mullet,
Chelon labrosus (Lasserre, '71) and Mugil cephalis (Ciccotti
et al., '95), long‐jawed mudsucker, Gillichthys mirabilis (Doneen, '81), ﬂounder, Platichthys ﬂesus (Stagg and Shuttleworth, '82), black seabream, Mylio macrocephalus (Kelly
et al., '99), milkﬁsh (Lin et al., 2003), and rabbitﬁsh, Siganus
rivulatus (Saoud et al., 2007). Furthermore, in the same genus
species, the tiger puffer (Takifugu rubripes) is a well known model
species since its genome was completely sequenced. The tiger
puffers spawn in the entrance of bays and their fry of grow in
shallow and river mouths of bays for 1 year, and then go to the
ocean (Fujita, '62). In the laboratory study, Kato et al. (2005)
suggested that T. rubripes could not survive in FW. When the tiger
puffers were acclimated to a low‐salinity environment (i.e., 1%
SW), up‐regulated gill NKA activity was not found in this
stenohaline teleost (Lee et al., 2005). The results may explain the
limited salinity tolerance of T. rubripes. These ﬁndings also
illustrated the vital role of gill NKA responses for osmoregulation
in euryhaline teleosts upon hypotonic acclimation (Hwang and
Lee, 2007; Kaneko et al., 2008). In addition, salinity‐dependent
expression of two branchial NKA a‐subunit isoforms, a1a and
a1b, was reported in several species (Richards et al., 2003;
Bystriansky et al., 2006, 2007; McCormick et al., 2009; Tipsmark
et al., 2011). The future study should identify and analyze the
expression of NKA a1a and a1b in grass puffer to clarify the
involvement of switch of two isoforms in modulation of gill NKA
activity.
According to current working model for the NaCl secretion in
gill mitochondrion‐rich (MR) cells, the apically expressed cystic
ﬁbrosis transmembrane conductance regulator (CFTR) performs
an important role in Cl secretion in SW teleosts (Hwang and
Lee, 2007; Evans, 2010; Hwang et al., 2011). The euryhalinity of the
grass puffer was examined using investigations of Cl related
transporters in gills (Shen et al., 2007). CFTR was detected in the
apical membrane of gill NKIR cells (MR cells) of the SW puffer
using immunoﬂuorescence staining, whereas the immunoreactive
signal from CFTR completely disappeared in the FW puffer (Shen
et al., 2007), which is a similar result to that from several well‐
studied euryhaline teleosts (reviewed in Hirose et al., 2003; Evans
et al., 2005; Evans, 2010; Hwang et al., 2011). This evidence
indicated that the grass puffer has the ability to switch the
direction of ion transport when acclimated to FW (Shen et al.,
2007).
Three groups of euryhaline teleosts were identiﬁed based on the
differences between distributions of NKA‐immunoreactive (NKIR)
J. Exp. Zool.
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cells (i.e., mitochondrion‐rich (MR) cells) in the gills: (1) NKIR cells
occurred only in the ﬁlament epithelia of both FW‐ and SW‐
acclimated ﬁsh gills; (2) NKIR cells were exhibited abundantly in
the lamellar epithelia, in addition to the ﬁlaments, of FW‐
acclimated individuals; and (3) NKIR cells were observed in both
the gill ﬁlaments and lamellae of FW and SW individuals
(reviewed in Hwang and Lee, 2007). The grass puffer was
categorized into the ﬁrst group because NKIR cells were exhibited
only in the ﬁlaments of the FW and SW groups (Fig. 4A and B). The
effect of environmental salinity on the density of branchial NKIR
cells seems to vary among different euryhaline teleosts.
Interestingly, similarly to O. mossambicus (Lee et al., 2003) and
T. nigroviridis (Tang and Lee, 2011), no signiﬁcant change in the
numbers of NKIR cells was found between FW and SW grass
puffers (Fig. 4C). Meanwhile, the expression of gill NKA protein
was elevated in FW‐acclimated grass puffers (Fig. 3B). These
ﬁndings suggested that changes in protein amounts of gill NKA of
grass puffer corresponding to different environmental salinities
occurred through modulating the protein amounts of NKA per cell
rather than altering the density of NKIR cells, as reported in tilapia
and killiﬁsh (Uchida et al., 2000; Katoh et al., 2001).
Changes in NKIR cell densities in response to a salinity
challenge are related to variations in the rates of cell proliferation
and turnover (Uchida and Kaneko, '96; Katoh and Kaneko, 2003).
Although the number of gill NKIR cells of grass puffer was not
affected by ambient salinity, the protein expression of proliferating cell nuclear antigen (PCNA), a marker of cell proliferation,
evidently increased in the gill nuclear fraction of FW puffers
(Fig. 5). Because PCNA is involved in DNA synthesis, cell
proliferation, and the DNA repair system (Cox, '97; Maga and
Hübscher, 2003), the induction of gill PCNA is assumed to
contribute to (1) cell proliferation for maintaining NKIR cell
numbers or (2) DNA repair in puffer exposed to FW, an osmotically
stressful condition.
In conclusion, the present study investigated multiple aspects of
the physiological strategies of the grass puffers in response to FW
acclimation. Different regulatory mechanisms were crucial for the
FW acclimation of the grass puffer, including induction of stress
responses at the organismal (plasma glucose levels) and cellular
levels (HSP expression) for conduction of energy‐demanded
regulation and cytoprotection, (2) elevation of gill NKA expression
for adjustment of osmoregulatory status, and (3) induction of gill
PCNA expression might contribute to DNA repair and gill cell
proliferation. Parallel increases in NKA activity and stress protein
expression were found in the grass puffer. According to our
ﬁndings, we suggested the grass puffer is a euryhaline species with
SW preference. Thus, the gill NKA activity may elevate in response
to hypotonicity because the FW environment is a challenge for the
grass puffer. The positive correlation between gill NKA activity
and the expression of heat shock proteins in other marine teleosts
when subjected to a salinity challenge will be intriguing to
investigate in future studies.
J. Exp. Zool.
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