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a b s t r a c t
The milkﬁsh (Chanos chanos) is an aquaculture species that can be cultivated in ponds with different salinities.
Low temperatures seriously affect the homeostasis of the milkﬁsh because it is an ectothermic species. In the
present study, seawater (SW)- and freshwater (FW)-acclimated milkﬁsh were raised at the normal temperature
(28 °C) and the non-lethal low temperature (18 °C), respectively, for one week to illustrate salinity effects on cold
tolerance as well as cold effects on branchial ionoregulatory mechanisms of the milkﬁsh. The SW-acclimated
milkﬁsh exhibited better cold tolerance than the FW individuals. The low temperature (18 °C) led to differences
in the ionoregulatory responses in gills between the SW and FW milkﬁsh, and these responses were elucidated.
The Na+ concentration decreased in the SW milkﬁsh when exposed to 18 °C, while the Cl− concentration increased in the FW ﬁsh at 18 °C. In addition, the cold effects on gill Na+; K+-ATPase (NKA) activities were greater
in the FW/18 °C group than in the SW/18 °C group. In contrast to the constant NKA expression, the relative protein amounts of gill heat shock protein 70 (HSP70) increased in both the SW and FW milkﬁsh under cold stress.
Compared with hyper-salinity, hypo-salinity was more stressful for euryhaline milkﬁsh at low temperature. In
summary, this study demonstrates that under cold stress gill NKA activity plays critical roles in maintenance of
homeostasis of the milkﬁsh.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
During the winter, wild teleosts usually hibernate in a deep area or
migrate to a warm area (Donaldson et al., 2008). Due to the cold snap
that arrives during winter, aquaculture has a mortality problem partly
because aquaculture ﬁshes are raised in restricted spaces (Hurst,
2007). In global ectothermic ﬁshes, the capacity to tolerate diverse temperatures is correlated with the physiology of the organism and the
other inhabitants of the environment (Schulte, 2011). Previous studies
reported that the critical thermal minimum (CTM) method could be
used to evaluate the cold tolerance of ﬁsh by measuring the loss of equilibrium (Beitinger and Lutterschmidt, 2011; Ford and Beitinger, 2005).
At the optimal temperature, the ﬁsh exhibited ﬁtness (survivorship
and fecundity) and maximal physiological function. Compared to the
optimal temperature, the lower temperature was a cold stressor for
the ﬁsh (Gracey et al., 2004; Ibarz et al., 2010; Myrick, 2011; Todgham
et al., 2007). Donaldson et al. (2008) have illustrated three stages of
physiological responses in ﬁsh that are exposed to cold environments.
During the secondary stage of responses, the metabolic, hematological,
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osmoregulatory, and immunological mechanisms of the teleosts were
affected by the cold stress.
Teleosts maintain plasma ion homeostasis through the mechanisms
of osmoregulatory organ including the gill. Ionocytes absorb and excrete
ions in the gill epithelia of freshwater (FW) and seawater (SW) ﬁshes,
respectively. Recent articles have provided evidences supporting the
FW and SW models of ion transport in gill ionocytes of ﬁshes
(Edwards and Marshall, 2013; Evans et al., 2005; Hirose et al., 2003;
Hwang and Lee, 2007; Hwang et al., 2011; Kaneko et al., 2008;
Marshall et al., 2002). The basolateral membrane of ionocytes contains
Na+, K+-ATPase (NKA) to supply driving forces for secondary ion transporters. Exposure to cold environments leads to remodeling of the gill
ﬁlament morphologies of goldﬁsh and crucian carp (Bradshaw et al.,
2012; Mitrovic and Perry, 2009; Sollid et al., 2005). In tilapia exposed
to low temperatures, the gill NKA activity was lower than that in the
control (normal temperature) group (Sardella et al., 2008). A previous
microarray study indicated that the expression of numerous genes
for ion transporters was altered in the gills of cold-treated zebraﬁsh
compared with that in the group at normal temperature (Chou et al.,
2008). Therefore, teleosts may morphologically and functionally modulate their gills as well as ionocytes in response to cold stress. The mechanisms for the cold-dependent modulation of the gill NKA activities of
euryhaline teleosts, however, are not known.
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Heat shock proteins (HSPs) are the stress indicators of cells that
respond to environmental stresses in various creatures (Basu et al.,
2002; Choi and An, 2008; Deane and Woo, 2011; DuBeau et al., 1998;
Iwama et al., 1998; Palmisano et al., 2000; Roberts et al., 2010). The expression of HSP70 genes was enhanced in the brain of carp (Carassius
caraccius) that were exposed to cold stress (Stensløkken et al., 2010).
In mammalian cells, the abnormal structures of various proteins were
induced by environmental stressors, e.g., temperature or salinity
(Gidalevitz et al., 2011). The chaperone HSP70 interacts with abnormal
proteins to refold denatured structures or direct them to the ubiquitin
degradation pathway (Deane and Woo, 2011; Mayer, 2013; Valkova
and Kültz, 2006). Hence, when teleosts are exposed to cold stress, the
expression of gill HSP70 might be an indicator that could be used to
evaluate the cellular responses of ﬁsh gills.
The milkﬁsh (Chanos chanos) is a marine teleost that resides in
the tropic regions from the Paciﬁc Ocean to the Indian Ocean. In
Southeast Asia, the milkﬁsh is a commercially important warmwater aquaculture species. Wild juvenile milkﬁsh inhabit estuaries
or river mouths with ﬂuctuating salinities. The milkﬁsh, which is a
euryhaline species, can survive in environments with hypo- or
hyper-salinity ranging from FW to 200% SW (70‰) (Bagrinao,
1994). Compared to SW individuals, FW milkﬁsh have exhibited
higher NKA activities in their gills to supply driving force for ion
transport. The gene and protein expression proﬁles of the branchial
NKA α-subunit have been correlated with NKA enzyme activities
(Lin et al., 2003, 2006). Moreover, Tang et al. (2011) reported that
SW milkﬁsh but not FW ﬁsh expressed CFTR for secreting ions
across the apical membrane of gill ionocytes. These results revealed
the ionoregulatory functions with different NKA expression in gills
of the milkﬁsh for various environmental salinities.
In southern Taiwan, large numbers of aquaculture milkﬁsh die
during the cold snap of winter, resulting in economic losses for ﬁsherman (Liao, 1991). The milkﬁsh is thus a good experimental animal for
elucidating the potential factors of aquatic environments to improve
the problem of chilling injury in aquaculture. In Taiwan, the average
temperatures during summer and winter are approximately 28 °C and
18 °C, respectively. The 10 °C decrease in winter induces unknown
mechanisms of responses to cold stress in SW- and FW-acclimated
milkﬁsh. By critical thermal minimum (CTM) method, the present
study determined differences in the cold tolerance between SW and
FW milkﬁsh raised at normal temperature (28 °C) and non-lethal low
temperature (18 °C). In SW and FW milkﬁsh, effects of cold exposure
on plasma ion components and gill NKA activities were measured.
Furthermore, the protein abundances of NKA α-subunit and HSP70
were also detected to evaluate the protein expression responses to the
cold stress in SW and FW milkﬁsh gills.
2. Materials and methods
2.1. Fish and experimental condition
The juvenile milkﬁsh (C. chanos) obtained from a local ﬁsh farm
were 10.2 ± 0.23 cm in length and 13.69 ± 1.2 g in weight. Seawater
(35‰; SW) was prepared from local fresh tap water (FW) with proper
amounts of RealOcean™ Synthetic Sea Salt (Camarillo, CA, USA) to
raise the ﬁsh. The milkﬁsh were acclimated to FW or SW for at least
three weeks. The water was continuously circulated through fabricﬂoss ﬁlters and partially refreshed every two weeks. The water temperature was maintained at 28 ± 1 °C. The photoperiod cycle was 12 hours
light:12 hours dark every day. The ﬁsh were fed a daily diet of commercial pellets. The protocol used for the experimental milkﬁsh was
reviewed and approved by the Institutional Animal Care and Use
Committee of the National Chung Hsing University (IACUC approval
no. 98-110 to THL). For cold-exposure experiments, the FW- and SWacclimated milkﬁsh were transferred to FW tanks (FW groups) and
SW tanks (SW groups), respectively, with cooling systems (PF-225M,

PRINCE, Tainan, Taiwan). Then, the experimental tanks were cooled
down at a constant rate (2 °C/h) from 28 °C to 18 °C. The coldexposure groups of the SW or FW milkﬁsh were kept in the tanks
at 18 °C for 7 days. The control groups of the SW and FW milkﬁsh
were transferred from SW and FW, respectively, and raised at
28 °C for 1 week. At the end of the experiments, the ﬁsh from the
cold-exposure or the control groups did not receive food for 1 day
and were anesthetized with MS-222 (100–200 mg/l) before
sampling.
2.2. Determination of cold tolerance
The cold tolerance of the milkﬁsh was determined using the critical
thermal minimum (CTMin) method modiﬁed from Ford and Beitinger
(2005). The four groups of milkﬁsh, including the FW control group
(FW/28 °C), the FW cold-exposure group (FW/18 °C), the SW control
group (SW/28 °C), and the SW cold-exposure group (SW/18 °C), were
transferred to the tanks with cooling systems (PRINCE) set to the
pretest acclimation temperature (28 °C or 18 °C). The four groups of
milkﬁsh were subjected to a constant rate of decrease (0.5 °C/min)
until individual loss of equilibrium (LOE) was reached. Temperatures
were measured (±0.1 °C) with a calibrated thermometer (WH-7016E,
WELL, Taipei, Taiwan) that was centrally positioned in the tanks.
When LOE occurred for each individual in a group, the water temperature was recorded as the CTMin endpoint. Then, the LOE milkﬁsh
were quickly returned to their acclimation tank for recovery and
observed for the next 24 h to conﬁrm their survival. The values of
CTMin were determined in 30 individuals for each of the four groups.
Each individual was used once in the CTMin experiments.
2.3. Analyses of plasma ion concentrations
Before blood collection from the milkﬁsh, the 1 ml syringes and 27 G
needles were rinsed with 0.06% heparin solution. Fish blood was collected from the caudal vein with the heparinized syringes and needles.
After centrifugation at 1000 g and 4 °C for 15 min, the plasma was stored
at −80 °C before analysis. The plasma Na+, K+, Mg2+, and Ca2+ concentrations were measured with a Hitachi Z-8000 polarized Zeeman
atomic absorption spectrophotometer (Tokyo, Japan). The [Cl−] was
determined by a protocol modiﬁed from the ferricyanide method
(Franson, 1985) using a VERSAmax microplate reader (Molecular
Devices, Sunnyvale, CA, USA) at 460 nm.
2.4. Gill homogenate
The ﬁrst pairs of gills from the milkﬁsh were excised and blotted dry.
The gill scrapings were suspended in a mixture of homogenization
medium (100 mM imidazole–HCl, 5 mM Na2EDTA, 200 mM sucrose,
and 0.1% sodium deoxycholate, pH 7.6) containing proteinase inhibitor
(#11836145001, Roche, Indianapolis, IN, USA) (v/v: 25/1). Homogenization was performed in microcentrifuge tubes with a Polytron
PT1200E (Lucerne, Switzerland) at the maximal speed for 25 rotations
on ice. The homogenates were then centrifuged at 5500 g and 4 °C for
20 min. The protein concentrations were determined using BCA protein
assay reagents (Pierce, Rockford, IL, USA) with bovine serum albumin
(Pierce) as a standard.
2.5. NKA activity assay
The method was used to measure the inorganic phosphate concentrations to determine the NKA activity using a microplate reader
(VERSAmax, Molecular Devices) at 405 nm. Each sample was measured
in triplicate. Aliquots of the suspension of gill homogenates, which were
prepared as described above, were used to determine the protein
concentration and the NKA enzyme activities. Van Der Heijden et al.
(1997) and Sardella et al. (2008) demonstrated that the speciﬁc NKA
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activity of ﬁsh gills measured at environmental temperature was
correlated with the level of in vivo activity. Hence, the reactions
for all samples of the groups were performed at 28 °C in this
study. In addition, the reactions for the cold-exposure groups
were performed at 18 °C. The measurements showed the effects
of the acclimation temperature on the NKA activities of the milkﬁsh
gills.

2.6. Antibodies
The primary antibodies used in this study include the following:
(1) a mouse monoclonal antibody (α5; Developmental Studies Hybridoma Bank) raised against the α-subunit of the avian Na+, K+-ATPase
(NKA); (2) a mouse monoclonal antibody (H5147; Sigma-Aldrich, St.
Louis, MO, USA) raised against the bovine brain heat shock protein
(HSP) 70; and (3) a rabbit polyclonal antibody (Sc-1616, Santa Cruz,
CA, USA) raised against the C-terminus of human actin. The secondary
antibody for immunoblots was horseradish peroxidase-conjugated
goat anti-mouse IgG (Pierce).

2.7. Western blotting
Immunoblotting procedures were carried out according to Lee et al.
(2000) with little modiﬁcation. Aliquots containing 20 μg of the gill homogenates were heated at 60 °C for 20 min and fractionated by electrophoresis on SDS-containing 7.5% polyacrylamide gels. The pre-stained
protein molecular weight marker was purchased from Fermentas
(SM0671; Hanover, MD, USA). Separated proteins were transferred
from the unstained gels to a PVDF membrane (Millipore, Bedford, MA,
USA) using a tank transfer system (Bio-Rad, Mini Protean 3, Hercules,
CA, USA). The blots were preincubated for 2 h in PBST (phosphate buffer
saline with Tween 20) buffer (137 mM NaCl, 3 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4, 0.2% (vol/vol) Tween 20, pH 7.4) containing
5% (wt/vol) nonfat dried milk to minimize non-speciﬁc binding. They
were then incubated at 4 °C with the primary antibody diluted in
PBST overnight, followed by a 1-hour reaction with horseradish
peroxidase-conjugated secondary antibody (1:10,000 dilution). The
blots were developed using a SuperSignal West Pico Detection Kit
(#34082, Pierce) and observed in a Universal hood with a cooling-CCD
(charge-coupled device) camera (ChemiDoc XRS+, Bio-Rad) and the
associated software (Quantity One version 4.6.8, Bio-Rad). In the western blotting, actin was used as the loading control to evaluate the quality
and quantity of each protein lysate of milkﬁsh gills. A gill homogenate
collected from three milkﬁsh was used as internal controls among different immunoblots (data not shown). Immunoreactive bands of NKA
α-subunit or HSP70 were analyzed using Image Lab software version
3.0 (Bio-Rad). The intensity of the immunoreactive band of the internal
control was converted and adjusted to a numerical value of 100 in each
immunoblot. The values for the average relative intensities of each
environmental group were derived from the immunoblots of nine
individuals.
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3. Results
3.1. Salinity effects on cold tolerance
In the seawater (SW) groups, the critical thermal minimum (CTMin)
temperature of the cold-exposure (18 °C) individuals was signiﬁcantly
lower than that of the 28 °C group (Fig. 1; control vs. cold-exposure:
12.5 ± 0.1 vs. 10.0 ± 0.1 °C). The same proﬁle was found in the freshwater (FW) groups (Fig. 1; control vs. cold-exposure: 15.5 ± 0.1 vs. 12.4 ±
0.1 °C). In addition, signiﬁcantly lower CTMin temperatures were found
in the SW groups than in the FW groups at both 28 and 18 °C.
3.2. Cold effects on plasma ion concentrations
There was no signiﬁcant difference in Na+ concentration between
the FW control and cold-exposure groups (Fig. 2A). However, the Na+
concentrations decreased in the SW milkﬁsh when exposed to 18 °C
compared with those exposed to 28 °C (Fig. 2B; control vs. coldexposure: 141.1 ± 3.6 vs. 128.3 ± 3.4 mM). In contrast, the Cl− concentrations increased in the FW ﬁsh at 18 °C compared with those of the
28 °C group (Fig. 2A; control vs. cold-exposure: 108.6 ± 6.4 vs.
175.6 ± 5.9 mM). No signiﬁcant difference was found in the Cl−
concentration between the SW control and cold-exposure groups
(Fig. 2B). In addition, no effect of low temperature was found in the
concentrations of plasma K+, Mg2+, and Ca2+.
3.3. Cold effects on gill NKA activity
Fig. 3 showed differences in the effects of cold exposure on the gill
NKA activities between the SW and FW milkﬁsh (two way ANOVA analysis, in salinity: F1, 24 = 16.38, P = 0.0005; in temperature: F2, 24 =
118.19, P b 0.001; in salinity and temperature interaction: F2, 24 =
52.15, P b 0.0001). In SW, the gill NKA activities of the 18 °C samples
with 18 °C incubation were signiﬁcantly lower (approximately 2-fold)
than those in the 28 °C samples with 28 °C incubation. The NKA activities of the SW/18 °C individuals were signiﬁcantly elevated by approximately 2-fold when the samples were incubated at 28 °C. There was no
signiﬁcant difference between the SW/28 °C and SW/18 °C groups with
28 °C incubation. In contrast, the gill NKA activities of the FW/18 °C

2.8. Statistical analysis
To determine the effects of cold exposure on the milkﬁsh that were
acclimated to SW or FW, quantitative values from the 28 °C and 18 °C
groups were compared using Student's t-test, and P b 0.05 was set as
the signiﬁcance level. Meanwhile, the same temperature groups in SW
and FW were compared using Student's t-test. Moreover, the gill NKA
activities in either SW or FW were compared among three treatments
using a two-way analysis of variance (ANOVA) followed by Tukey's
post hoc method. The values are expressed as the mean ± S.E.M. (the
standard error of the mean) unless stated otherwise.

Fig. 1. Critical thermal minimum (CTMin) of the milkﬁsh acclimated to fresh water (FW)
and seawater (SW) at 28 °C and 18 °C, as determined by the loss of equilibrium (LOE). The
salinity effects on the CTMin were tested by using SW and FW groups. The 28 °C and 18 °C
groups were compared to evaluate the effects of cold acclimation on the CTMin. The
asterisks indicate signiﬁcant differences between two groups from a comparison using
Student's t-test (n = 30 for all groups, P b 0.05). Values are the mean ± S.E.M.
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Fig. 3. Comparisons of the cold effects on the branchial Na+, K+-ATPase (NKA) activity
between seawater and freshwater milkﬁsh. Sparse bars showed the NKA activity of
28 °C-exposed ﬁsh, which was determined at 28 °C. Black bars showed the NKA activity
of 18 °C-exposed ﬁsh, which was determined at 28 °C. White bars showed the NKA activity
of 18 °C-exposed ﬁsh, which was determined at 18 °C. Different letters indicate signiﬁcant
differences among the three treatments of the SW or FW group, respectively, using a twoway ANOVA followed by Tukey's post hoc method (n = 8 for all groups, P b 0.05). The
asterisks indicate signiﬁcant differences between the seawater and freshwater milkﬁsh
of identical incubation-temperature group (P b 0.05). Values are the mean ± S.E.M.

exposed individuals revealed an approximately 1.75-fold higher abundance of HSP70 than that of the control groups in both SW and FW.
No salinity effect, however, was found on the gill HSP70 abundance of
the 28 °C and 18 °C groups (Fig. 5B).
4. Discussion
+

−

+

2+

2+

Fig. 2. Plasma Na , Cl , K , Mg , and Ca
concentrations were determined in
(A) seawater (SW)/28 °C, SW/18 °C, (B) freshwater (FW)/28 °C, and FW/18 °C milkﬁsh.
The asterisks indicate signiﬁcant differences between two groups using Student's t-test
(n = 6 for all groups, P b 0.05). Values are the mean ± S.E.M.

groups incubated at 18 °C and 28 °C were approximately 10-fold and
3-fold lower, respectively, compared with that in the FW/28 °C group.
The NKA activities of the FW/18 °C individuals were signiﬁcantly
elevated by approximately 3-fold when the samples were incubated
at 28 °C. In the 28 °C samples incubated at 28 °C, the FW groups exhibited higher NKA activity (approximately 3-fold) compared with that
in the SW group. In contrast, higher NKA activities were found in the
SW/18 °C samples incubated at 18 °C than in the FW/18 °C groups at
18 °C. Meanwhile, no signiﬁcant difference was found between SW
and FW for the 18 °C samples incubated at 28 °C.
3.4. Cold effects on the protein expression of the NKA α-subunit and HSP70
The effects of cold exposure on the NKA α-subunit and the HSP70
protein abundance were determined by immunoblots. The NKA αsubunit protein was detected as a single immunoreactive band at
approximately 100 kDa (Fig. 4A). Higher amounts (approximately
2-fold) of the NKA α-subunit were found in the milkﬁsh of the FW
groups than in the SW groups. However, there was no signiﬁcant difference between the control and cold-exposure group in either SW or FW
(Fig. 4B). Meanwhile, immunoblots of the HSP70 protein from the
milkﬁsh gills of the four groups revealed a single immunoreactive
band with a molecular mass at 72 kDa (Fig. 5A). The gills of the cold-

The present study veriﬁed the salinity effects on cold tolerance of
the euryhaline milkﬁsh C. chanos. Environmental salinities have been
reported to inﬂuence the cold tolerance of the grouper (Epinephelus
fuscoguttatus) (Cheng et al., 2013). The cold tolerance of the largemouth
bass (Micropterus salmoides) was enhanced in water supplemented
with NaCl (Myrick, 2011). Cowles and Bogert (1944) ﬁrst developed
the critical thermal methodology (CTM) to quantify the temperature
tolerance of desert reptiles. When the CTM was performed, the
animals that were acclimated to a particular temperature were subjected to a constant rate of temperature increase or decrease until loss of
equilibrium (LOE) was reached. The LOE was designated as CTMax
(temperature increase) or CTMin (temperature decrease) (Beitinger
and Lutterschmidt, 2011; Ford and Beitinger, 2005). This method has
been critically evaluated and is a reliable tool for studying the temperature tolerance of ﬁshes (Beitinger and Lutterschmidt, 2011; Ford and
Beitinger, 2005). The polygon of temperature tolerance derived from
the CTM can be validated. Previous studies reported that the ﬁsh that
were acclimated to cold temperature could gain better tolerance and
resist cooler stress than could the warm-temperature acclimated
individuals of the same species (Beitinger and Lutterschmidt, 2011). In
Taiwan, the average temperatures in summer and winter are approximately 28 °C and 18 °C, respectively. This study investigated different
effects of the 10 °C decrease in cold tolerances between SW- and FWacclimated milkﬁsh. Using CTMin, the present study explored the cold
tolerances of SW and FW milkﬁsh that were acclimated to 28 °C (the
control group) and 18 °C (the cold-exposed group). The results revealed
that the milkﬁsh that were previously acclimated to a cold environment
could develop cold-resistance mechanisms. The SW milkﬁsh were
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Fig. 4. Expression of the Na+, K+-ATPase (NKA) α-subunit protein in the gills of the seawater and freshwater milkﬁsh exposed to 28 °C and 18 °C. (A) The immunoblots of the
milkﬁsh gills probed with a monoclonal antibody indicated a single immunoreactive
band at 110 kDa in all groups. Actin was used as the loading control. (B) The relative abundances of the NKA α-subunit were quantiﬁed using the immunoreactive bands. The asterisks indicate signiﬁcant differences using Student's t-test (n = 9 for all groups, P b 0.05).

found to have better capability of cold tolerance than that of the FW
ﬁsh. Therefore, ﬁshermen may increase the salinity of water in their
aquaculture ponds to protect milkﬁsh from cold stress in the winter.
Cold stress was reported to change the osmoregulatory responses of
the teleosts (Donaldson et al., 2008; Ibarz et al., 2010). Donaldson et al.
(2008) have illustrated three stages of physiological responses in ﬁsh
that are exposed to cold environments. The cold stress initiated a neuroendocrine response at the central nervous system. The secondary stage
included various cellular responses in the metabolic, hematological,
osmoregulatory, and immunological systems of the teleosts. The disease
resistance and behavioral modiﬁcation were considered as the tertiary
responses. Fiess et al. (2007) stated that the plasma osmolality of SWacclimated tilapia decreased with lower temperature. The plasma
osmolality is associated mainly with the concentrations of Na+ and
Cl− in teleosts and other vertebrates (Chew et al., 2009; Hyndman
and Evans, 2009; Jensen et al., 1998; Kang et al., 2010; Kato et al.,
2005; Lin et al., 2003). Exposing ﬁsh to low temperatures resulted in
decreased membrane ﬂuidity and changed fatty acid components. The
diffusion rate of water and ionic molecules decreased at low temperature (Buhariwalla et al., 2012; Robertson and Hazel, 1999). The SW

Fig. 5. (A) A representative immunoblot of milkﬁsh gills probed with the heat shock
protein (HSP70) antibody showed a single immunoreactive band at 70 kDa in all four
groups. Actin was used as the loading control. (B) The relative abundances of HSP70
were quantiﬁed using the immunoreactive bands. The asterisks indicate signiﬁcant differences using Student's t-test (n = 9 for all groups, P b 0.05). Values are the means ± S.E.M.

milkﬁsh exhibited hypoosmoregulation, and their plasma contained
low Na+ and stable Cl− concentrations at 18 °C. Meanwhile, stable
Na+ and higher Cl− concentrations were found in plasma of FW/18 °C
milkﬁsh compared with those in the FW/28 °C individuals. Our results
indicated that cold stress led to differences between the SW and FW
milkﬁsh in the plasma component changes. The plasma of goldﬁsh
also exhibited a higher Cl− concentration when exposed to cooler environments (Mitrovic and Perry, 2009). In FW teleosts with hyperosmoregulation, the increased Cl− concentration could be an important
factor for developing cold resistance mechanisms. Taken together, the
results indicated that in response to cold stress, Na+ and Cl− might
exhibit different functions between SW- or FW-acclimated euryhaline
teleosts.
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Cold stress was reported to change the osmoregulatory responses
of the teleosts (Donaldson et al., 2008). The diffusion rate of water
and ionic molecules decreased at low temperature (Robertson and
Hazel, 1999). Some teleosts have been reported to remodel their gill
morphology to modulate their functions and cope with environmental
challenges (Barnes et al., 2014; Bradshaw et al., 2012; Mitrovic and
Perry, 2009; Ong et al., 2007; Sollid et al., 2005). According to
the ionoregulatory model of SW ionocytes, the Cl− and Na+ were
transported by apical CFTR and paracellular junctions, respectively
(Edwards and Marshall, 2013; Evans et al., 2005; Hirose et al., 2003;
Hwang and Lee, 2007; Hwang et al., 2011; Kaneko et al., 2008;
Marshall et al., 2002). The present study suggested that the paracellular
junctions between the ionocytes and accessory cells in the gills would
be changed to decrease plasma Na+ levels when the SW milkﬁsh
were exposed to low temperature. Buhariwalla et al. (2012) reported
that the CFTR distribution diffused in the apical regions of opercular
ionocytes of the eurythermic killiﬁsh upon cold acclimation (SW/5 °C).
Barnes et al. (2014) further revealed that when acclimated to SW/5 °C
the gill ionocytes were not exposed to the external medium and diffusely distributed CFTR in the gill ﬁlaments with interlamellar cell mass of
the killiﬁsh. According to Mitrovic and Perry (2009), no signiﬁcant
change in either branchial Cl− efﬂux or the whole body inﬂux was
found between the 25 °C- and 7 °C-exposed goldﬁsh. The results
suggested that both tight junctions and Cl− channels of gill epithelial
cells would be involved in the regulation of Cl− transport. At low
temperature, the milkﬁsh, being a tropical species, would compensate
for different osmoregulatory effects to maintain the plasma homeostasis. Milkﬁsh have been shown to express a higher level of gill NKA
activities for ion absorption in FW compared to those for ion secretion
in SW (Lin et al., 2003, 2006; Tang et al., 2011). In the present study,
that type of salinity effect on gill NKA activity was also found in the
SW/28 °C and FW/28 °C groups. For the osmoregulatory mechanism of
teleosts, the gill NKA activity consumed more of the ATP produced by
energy metabolism (Tseng and Hwang, 2008). Previous microarray
studies reported that zebraﬁsh utilized different metabolic pathways
to supply energy in cold environments (Chou et al., 2008; Long et al.,
2012). Therefore, the cold stress in the FW/28 °C milkﬁsh exhibiting
worse cold tolerance might interfere with metabolic pathways and
thus lead to insufﬁcient energy for gill NKA activity. Our data also revealed that low environmental temperature had inhibitory effects on
the gill NKA activities of both SW and FW milkﬁsh. Previous studies
have determined the NKA activity in the gills of carp and tilapia at different temperatures and found that the teleosts exhibited lower levels of
gill NKA activity at low temperature (Fiess et al., 2007; Metz et al.,
2003; Sardella et al., 2008). More signiﬁcant changes in gill NKA activities occurred in FW milkﬁsh than in the SW groups upon cold stress. The
present study measured the gill NKA activity of 18 °C-exposed milkﬁsh
by incubating samples at 28 °C to evaluate the functional capacities of
the NKA protein. In contrast to the SW/18 °C group, the FW/18 °C NKA
activity could not be enhanced and recovered by incubation at 28 °C.
The results indicated that SW would abate the cold effects on gill NKA
activities of milkﬁsh at low temperature.
The monoclonal antibody α5 has been used to detect the protein
expression of the NKA α-subunit in gills of the milkﬁsh. Immunoblotting analyses showed that the relative protein abundance of the gill
NKA α-subunit was higher in the FW milkﬁsh than in the SW ﬁsh (Lin
et al., 2003, 2006). The results in this study further revealed that in
both SW and FW milkﬁsh, the NKA α-subunit abundances were
retained at a constant level in the 18 °C-exposure groups. In contrast,
the gill lysates from the 18 °C and 28 °C groups contained a different
HSP70 protein abundance. In vertebrates including teleosts, HSP70 has
been a typical indicator of temperature stress (Basu et al., 2002; Choi
and An, 2008; Deane and Woo, 2011; DuBeau et al., 1998; Iwama
et al., 1998; Palmisano et al., 2000; Roberts et al., 2010). Increased levels
of the HSP70 gene and protein were reported in ﬁsh cells exposed to
cold stress (Stensløkken et al., 2010). The protein abundance of HSP

70 at 18 °C increased in the gills of both SW- and FW-acclimated
milkﬁsh. Low temperatures induce HSP70 expression to protect the
cell and maintain native functions in milkﬁsh gills because HSP70 is a
chaperone with the capacity to refold proteins and bind to abnormal
proteins (Deane and Woo, 2011; Valkova and Kültz, 2006). Riordan
et al. (2005) reported that HSP70 bound to NKA in LLC-PK1 cells. In
response to renal injury, the interaction between HSP70 and NKA increased. Furthermore, Ruete et al. (2008) reported that the interaction
between NKA and HSP70 increased in rats that recovered from a lowprotein diet. When milkﬁsh were exposed to a non-lethal low temperature, the gills under cold stress could increase the expression of HSPs
to protect NKA and supply the driving force for secondary ion transporters. According to the results of NKA activity, we suggested that
a large fraction of the NKA protein is misfolded or abnormal in the
gills of cold-exposed FW milkﬁsh. Therefore, variable gill NKA activity
might partly explain the worse capability of cold tolerance of the
FW/18 °C milkﬁsh compared with that of the SW/18 °C individuals.
5. Conclusion
Altogether, this study demonstrated that the ionoregulatory systems
of this euryhaline milkﬁsh were down-regulated under cold stress.
Upon a cold challenge, differences in responses of gills between milkﬁsh
and other eurythermic teleosts could lead to their differences in
cold tolerance. In addition, modulation in gill NKA activities revealed
different strategies between SW and FW milkﬁsh in response to cold
stress. Moreover, the extent of environmental salinity was a crucial
factor for improving cold tolerance of the euryhaline milkﬁsh.
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