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Changes of physiological rhythms of N-methyl-D-aspartate receptors
in the chum salmon Oncorhynchus keta: effect of seawater
acclimation during the parr-smolt transformation

Young Jae Choia, Na Na Kima, Young-Ung Choib and Cheol Young Choia*

aDivision of Marine BioScience, Korea Maritime and Ocean University, Busan, Republic of
Korea; bBiological Oceanography & Marine Biology Division, Korea Institute of Ocean Science
& Technology, Ansan, Republic of Korea

(Received 6 August 2015; accepted 14 August 2015)

We examined changes on N-methyl-D-aspartate receptors (NRs) in different growth
stages (early parr, parr, and early smolt) of chum salmon, Oncorhynchus keta, during
parr-smolt transformation from freshwater to seawater. Expression levels of NR genes
mRNA and concentration of cortisol, T3, T4, dopamine and Na+/K+-ATPase activity
significantly increased at salinity change condition. Moreover, in cultured brain cells,
NRs were significantly lower in all groups treated with MK-801 (an antagonist of
NRs) than in the early parr stage group in the FW treatment. We confirmed that the
reduction in mRNA expression levels of NRs increased from the early parr to the
early smolt stage. The information reported here should be taken into account in
future studies on the relationship between memory factors of natal streams and
homing mechanisms in Salmonidae.

Keywords: chum salmon; N-methyl-D-aspartate receptors; NR antagonist; parr-smolt
transformation; physiological rhythm; seawater acclimation

1. Introduction

Olfaction of fish is an important sensory system, essential for processing biologically
relevant information throughout the life history, and also it plays a role in the detection
of pheromones associated with breeding, kin recognition, conspecific attraction, and
predator avoidance (Johnson et al. 2006; Rafferty & Boughman 2006). Furthermore, the
olfactory sense often controls homing behavior for many species through detection of
home site-specific cues. For instance, black rockfish Sebastes inermis when moved only
tens of meters away from their home territory can rely on olfaction to return to their
home habitat, which demonstrates homing is important, even on a small scale
(Mitamura et al. 2005). In salmonids, such as the Atlantic salmon Salmo salar and the
Pacific salmon Oncorhynchus spp., olfaction is essential for successful completion of
the homing migration (Hasler & Scholz 1983; Johnstone et al. 2012).

Salmonids migrate to the ocean after undergoing complex morphological, physio-
logical, and behavioral changes, known as the parr-smolt transformation (PST),
smoltification, or smolting (McCormick & Saunders 1987). Hasler and Scholz (1983)
suggested that the PST is a critical learning period for imprinting. After smolting, juve-
niles migrate to the sea where they feed for one-to-four years, acquiring >99% of their
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adult weight. When they are ready to spawn, salmon may travel 2000–4000 km from
the ocean feeding grounds to their natal freshwater (FW) (river) streams to spawn
(Quinn 2005). Stabell (1992) and Carruth et al. (2002) suggested that streams must have
a unique chemical composition, which persists year after year, and that salmon are able
to discriminate between their natal stream and other streams.

Olfactory memory studies have recently focused on the possible role of N-methyl-D-
aspartate receptors (NRs) on the formation of memory (Kinoshita et al. 2004, 2005; Xia
et al. 2005). The NRs are ligand-gated ionotropic glutamate receptors that are important
mediators for neuronal events, such as synaptic plasticity, learning and memory, neu-
ronal development, and circuit formation (Yu et al. 2014). The study of NRs has
focused on long-term memory, which is mainly responsible for memory control in the
brain (Kinoshita et al. 2004, 2005). NRs regulate the immediate-early gene expression,
improving the long-term storage capacity of the brain, and cause an increase in expres-
sion of genes associated with olfactory imprinting during PST (Fukaya 1999; Kinoshita
et al. 2004, 2005).

NRs are heteromers comprising NR subunits, NR1 and NR2, coding one NR1 and
four NR2 (NR2A-D) (Yu et al. 2014). MK-801, an antagonist of NR, has been used to
understand the function of NRs in terms of memory performance and learning ability in
fish and mammals (Carey et al. 1998; Takahashi et al. 2010). Sison and Gerlai (2011)
reported that MK-801 reduced swimming speed and brain perception of zebrafish,
confirming the importance of NRs in fish.

Olfactory memories of salmon are engraved during PST. During this transformation,
hormones, such as thyroxine (T4), cortisol, insulin-like growth factor-1, growth
hormone, and dopamine, a neurotransmitter increase in the plasma. Kudo et al. (1994)
and Morin et al. (1995) reported that T4, triiodothyronine (T3), and dopamine, which
are involved in the storage of olfactory memories, continuously increased during PST.

Cortisol is often referred to as a seawater (SW) adapting hormone because it is
involved in the ability of fish to maintain water and electrolyte balance when they are
in SW environments (Mommsen et al. 1999). Moreover, increased cortisol levels
contribute to the regulation of PST. Veillette et al. (1995) reported that cortisol levels
regulate water absorption in the intestines of Atlantic salmon S. salar during PST.

During changes in salinity, fish adjust plasma osmolality by detecting changes in
Na+ and Cl− ions as water flows across specialized osmoregulatory organs, such as the
gills (Evans 1993). Fish generally maintain a constant body homeostasis, despite
changes in osmolality caused by environmental salinity change. For instance, one of the
most important enzymes associated with ion regulation in the gills of fish is Na+/K+-
ATPase (NKA) because it energizes the branchial excretion of Na+ and Cl− from marine
teleosts (McCormick 1995; Marshall & Bryson 1998; Evans et al. 1999). NKA is
important for maintaining homeostasis and for regulating many transport systems in a
variety of fish osmoregulatory organs, including the gills (McCormick 1995). In addi-
tion, McCormick and Saunders (1987) reported that NKA in the gill epithelium, which
are involved in osmoregulation, increased during PST.

The present study investigated the memory and imprinting ability of chum salmon
Oncorhynchus keta fry during PST, in response to salinity changes when discharged into
the sea. We divided the PST period into early parr, parr, and early smolt stages, and
recorded, therefore, the response of 2-, 3-, and 4-month-old chum salmon to sequential
salinity changes [FW, 25% SW, 50% SW, 75% SW, and SW]. We analyzed changes in
mRNA and protein expression of NRs (NR1, NR2B, and NR2C) during PST, and con-
firmed the effect of MK-801 on NRs and on the growth process during this period
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(PST). In addition, we have determined the effects of NRs on the imprinted physiologi-
cal response and olfactory memory by measuring concentration of plasma cortisol, T4,
T3, dopamine, and gills NKA activity.

2. Materials and methods

2.1. Experimental fish

Chum salmon O. keta were obtained from the Gyeongsangnam-do Fisheries Resources
Research Institute (Gyeongsangnam-do, Korea) in February 2014. Fish were reared in
eight 200-L circulation filter tanks for 2 months, prior to the beginning of the experi-
ments, at the Marine Molecular & Environmental Physiology Lab, Korea Maritime and
Ocean University, Korea.

Fish were selected according to Hutchison and Iwata (1997) and divided into the
different stages of PST: early parr (appearing of parr marks, 2.2 ± 0.3 cm, 0.6 ± 0.2 g),
parr (clean parr marks, 5.4 ± 0.4 cm, 1.5 ± 0.2 g), and early smolt (no parr marks, 11.4
± 0.5 cm, 3.5 g).

Additionally, a specific protocol was used to transfer chum salmon from FW (0 psu)
to SW (35 psu). Briefly, groundwater was poured into square 100-L tanks, and fish were
subsequently kept at 25% SW, 50% SW, and 75% SW for 24 h periods by adding SW
until all tanks had only SW. Temperature was maintained at 12 ± 0.5 °C, and photope-
riod was maintained at a 12:12 h light–dark cycle.

2.2. Sampling

Ten fish from each group (FW, 25% SW, 50% SW, 75% SW, and SW) were randomly
selected for blood and tissue sampling at 11:00. Immediately after collection, tissue
samples were frozen in liquid nitrogen and stored at −80 °C until total RNA extraction
was performed.

In addition, a blood sample was collected from the caudal vasculature using a 1 mL
syringe coated with heparin. After centrifugation (4 °C, 10,000×g, 5 min), the plasma
was stored at −80 °C until analysis. Specially, the amount of blood was very low for
the analysis from a single chum salmon fry. So blood was taken from 15 chum salmon
fry in each aquarium and mixed during analysis.

2.3. Brain cell culture

Each brain region cultured using enzymatic and mechanical procedures and rapidly
removed and placed in 3 mL ice-cold dispersion buffer (Dulbecco’s phosphate-buffered
saline, without calcium chloride and magnesium chloride, containing 100 U/mL peni-
cillin, 100 μg/mL streptomycin, and 2.5 μg/mL fungizone; GIBCOBRL, Rockville, MD).
The isolated brain tissues were then transferred to 6 mL of fresh dispersion buffer con-
taining 0.25% trypsin (Type II-S from porcine pancreas; Sigma, St. Louis, MO). The
mixture of dispersed hypothalamus cells and tissues was filtered, and the culture medium
(Gibco-BRL) was added. Cultured brain cells were sampled at 24 h intervals during the
transition of fish from FW to SW; each sample was centrifuged (20 °C, 10,000×g, 15 s),
and the supernatant was discarded and stored at −80 °C until further RNA extraction.

MK-801 (M107; Sigma, St. Louis, MO, USA), was dissolved in 0.8% physiological
saline and added to the culture medium [concentrations 2 and 20 μM MK-801]. Each
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sample was centrifuged (20 °C, 10,000×g, 15 s), and the supernatant was discarded and
stored at −80 °C until RNA extraction.

2.4. Tissue distribution of NR mRNAs

To examine the mRNA expression levels of NR subunits (NR1, NR2B, and NR2C) in
tissues, total RNA were extracted from the pituitary, diencephalon, optic tectum,
telencephalon, cerebellum, olfactory nerve, olfactory epithelium, and olfactory bulb.
Total RNA was extracted using Tri-Reagent (MRC, Cincinnati, OH, USA), and reverse
transcription was performed using M-MLV reverse transcriptase (Promega, OH, USA).
PCR amplification was performed with specific primer sets (Table 1) with a Ex Taq
(RR001A, TaKaRa, Tokyo, Japan). Amplification of β-actin mRNA was used to verify
the quality of the RT products, using a primer set specific for chum salmon β-actin
cDNA (Table 1). The amplified PCR products were electrophoresed on 1% agarose gels,
detected by staining with ethidium bromide, and visualized by illumination with UV
light.

2.5. Quantitative PCR (QPCR)

QPCR was conducted to determine the relative mRNA expression of NRs using the
total RNA extracted. Primers for QPCR were designed with reference to the known
sequences of chum salmon (GenBank accession nos.: NR1, JQ924060; NR2B,
KM509062; NR2C, KF595125) (Table 1). The PCR amplification was conducted using
a Bio-Rad CFX96™ Real-time PCR Detection System (Bio-Rad, USA) and iQ™ SYBR
Green Supermix (Bio-Rad, USA) according to the manufacturer’s instructions. The
QPCR was performed as follows: 95 °C for 5 min, followed by 50 cycles each of 95 °C
for 20 s and 55 °C for 20 s. As internal controls, experiments were duplicated with
β-actin, and all data were expressed relative to the corresponding β-actin calculated
threshold cycle (ΔCt) levels. The calibrated ΔCt value (ΔΔCt) for each sample and
internal controls (β-actin) was calculated using the 2−ΔΔCt method [ΔΔCt =
2^−(ΔCtsample − ΔCtinternal control)].

2.6. Western blot analysis

Total protein isolated from the brain was extracted using a T-PER® Tissue Protein
Extraction Reagent (Thermo fisher scientific, Inc., USA) according to the manufacturer’s
instructions, and quantified using the Bradford method (Bio-Rad). A total of 30 µg of

Table 1. Primers used for amplification of PCR.

Genes Primer DNA sequences

NR1 Forward 5′-CAG GCG AAC CAG ATA TAC G-3′
Reverse 5′-AGG ATG ACT CAC GAG GAT G-3′

MR2B Forward 5′-CAT CCT CAT GCT GTT CGG-3′
Reverse 5′-TGT AGA AGA CAC CTG CCA T-3′

MR2C Forward 5′-GGA AGC ACA GAG AGG AAC A-
3′

Reverse 5′-GCA CAG CAG CGT CAT AGA-3′
β-actin Forward 5′-ATC TGG CAT CAC ACC TTC TA-3′

Reverse 5′-CTT CTC CCT GTT GGC TTT G-3′
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total protein was loaded per lane onto Mini-PROTEAN® TGX™ Gels (Bio-Rad, USA).
Samples were electrophoresed at 180 V. The gels were immediately transferred to a
0.2 µm polyvinylidene difluoride membrane (Bio-Rad, USA) at 85 V for 3 min using
the Trans-Blot® Turbo™ Transfer System. Membranes were blocked with 5% milk in
Tris-buffered saline (TBS; pH 7.4) for 45 min and washed in TBS. Membranes were
incubated with polyclonal rabbit anti-NR1 (dilution, 1:4000; NR1D2, ARP38568; Aviva
System Biology, CA, USA) and anti-NR2 (dilution, 1:4000; NR2B, AB1557P;
Millipore, CA, USA) followed by incubation with anti-rabbit IgG secondary antibody
conjugated to horseradish peroxidase (dilution 1:4000; Bio-Rad, Hercules, CA, USA)
for 60 min. The internal control was β-tubulin (dilution 1:2000; ab6046, Abcam,
Cambridge, UK), followed by horseradish peroxidase-conjugated anti-rabbit IgG sec-
ondary antibody (1:4000; Bio-Rad, Hercules, CA, USA) for 60 min. Immunoreactive
bands were detected using WesternBright™ ECL (Advansta, Menlo Park, CA, USA)
with a 30 s exposure, using a Molecular Imager® ChemiDoc™ XRS+ System (Bio-Rad,
Hercules, CA, USA). Membrane images were scanned with a high-resolution scanner
and the band density was estimated using a computer program (Image Lab™ Software,
version 3.0, Bio-Rad). The ratio of internal control (β-tubulin)/NRs was calculated for
each concentration and plotted against the concentration of the internal control.

2.7. NKA activity

NKA activity was measured according to the methods described by Uchida et al. (1996)
with modifications. Gill (approximately 4–6 primary gill filaments from just above the
septum) were collected from the anesthetized fish, immersed in 100 μL of ice-cold SEI
buffer (150 mM sucrose, 10 mM EDTA, 50 mM imidazole, pH 7.3), and frozen at
−80 °C. The filaments were thawed, homogenized in SEI buffer containing 0.1% deoxy-
cholic acid and centrifuged at 5000 × g for 30 s to remove insoluble materials. The
supernatant was assayed for NKA activity and protein content. Homogenate samples
(10 μL) were added to a 200-μL assay mixture with and without 0.5 mmol/L ouabain in
96-well microplates at 25 °C and read at 340 nm for 10 min with intermittent mixing.
Protein content of the sample was determined by Protein Assay Standard II (Bio-Rad,
USA). The NKA activity was calculated as the difference in ATP hydrolysis between
the presence and absence of ouabain, and expressed as l mol of ADP per mg protein
per hour.

2.8. Plasma parameter analysis

The levels of cortisol, T3, T4, and dopamine in the plasma were analyzed using enzyme
immunoassay (ELISA) kits for fish (Cusabio Biotech ELISA kit catalog no.; cortisol,
E12121Fh; T3, E08488f; T4, E08489f; dopamine, EQ027496FI; Cusabio Biotech,
Hubei, China), according to the manufacturer’s instructions. The optical density of each
well was determined using a microplate reader set to 450 nm.

2.9. Statistical analysis

All data were analyzed using the SPSS statistical package (version 10.0; SPSS Inc.,
USA). One-way ANOVA followed by Tukey’s post hoc test was used to compare
differences in the data (p < 0.05). Values are expressed as mean ± standard error.
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3. Results

3.1. Tissue distribution of NR mRNAs

Figure 1 shows the tissue-specific mRNA expression patterns of chum salmon NR
subunits (NR1, NR2B, and NR2C) in FW. NR mRNA was detected in all brain and
olfactory tissues, especially in the diencephalon and telencephalon.

3.2. Expression of NRs mRNA (in vivo)

The mRNA expression levels of NRs in the telencephalon of chum salmon increased
from FW to SW [significantly increased in early smolts, approximately 1.16- (NR1;
Figure 2(b)), 1.03- (NR2B; Figure 2(c)), and 2.07-fold (NR2C; Figure 2(d)) higher]
(Figure 2). Moreover, NR mRNA expression in the early smolt stage was significantly
higher than in the early parr stage [approximately 1.54- (NR1; Figure 2(b)),
1.33- (NR2B; Figure 2(c)), and 1.51-fold (NR2C; Figure 2(d)) higher].

Western blot analysis revealed a protein containing the NR1 and NR2B, with a mass
similar to the expected mass for chum salmon NR1 (65 kDa) and NR2B (180 kDa).
The mRNA expression pattern of this protein resembled that of the NR1 and NR2 in
chum salmon.

3.3. Expression of NRs mRNA (in vitro)

The mRNA expression levels of NRs were observed in the cultured brain of chum
salmon during salinity changes and exposure to MK-801 [Figures 3 (early parr), 4
(parr), and 5 (early smolt stage group)]. In the cultured brain of early parr stage salmon,
NRs mRNA expression levels significantly increased with salinity; however, NR2B and
NR2C mRNA expression levels peaked at 50% SW, and then decreased (Figure 3). In
parr stage salmon, NR2C mRNAs peaked at 75% SW, and decreased at SW salinity
(Figure 4(c)). In early smolt stage salmon, NR1 and NR2C mRNAs significantly

Figure 1. Distribution of chum salmon NRs in tissues (pituitary, diencephalon, optic tectum,
telencephalon, cerebellum, olfactory nerve, olfactory epithelium, and olfactory bulb).
Note: RT-PCR analysis of NRs transcripts in different tissues collected in February 2014 shown in
a 1.0% agarose electrophoresis gel with ethidium bromide staining.
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increased up to 50% SW, and stabilized from then on (Figure 5(a) and (c)). In addition,
the expression of NR mRNAs in the MK-801 treatment group significantly decreased
after fish were transferred to SW when compared to the control group.

3.4. Levels of plasma cortisol and gill NKA activity

The levels of cortisol and gill NKA activity are shown in Figure 6. Cortisol (Figure 6(a);
early parr, 11.0 ± 2.3; parr, 16.3 ± 2.6; and early smolt, 36.8 ± 2.7 ng/mL) and gill NKA

Figure 2. Expression of NR proteins (a) and mRNAs ((b), NR1; (c), NR2B; (d), NR2C) in the
telencephalon of early parr, parr, and early smolt stages of chum salmon (2, 3, and 4 months after
hatching) transferred from freshwater (FW, 0 psu) to seawater (SW, 35 psu) using quantitative
real-time PCR.
Notes: Results are expressed as normalized fold expression (relative to control) with respect to
β-actin levels for the same sample, and values are means ± SE (n = 15). Letters indicate significant
differences between PST period groups within the same salinity concentration. Numbers indicate a
significant difference between salinity concentrations within the same PST period group
(p < 0.05).
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(Figure 6(c); early parr, 21.0 ± 1.1; parr, 25.2 ± 1.4; and early smolt, 29.8 ± 1.2
µmol/ADP mg protein/h) levels in the early smolt stage significantly increased from
FW to SW (cortisol, 81.4 ± 3.4 ng/mL; gill NKA, 63.2 ± 1.6 µmol/ADP mg protein/h).

3.5. Levels of T3, T4, and dopamine in the plasma

The levels of T3, T4, and dopamine in the plasma are shown in Figure 7. T3

(Figure 7(a); early parr, 182.7 ± 11.1; parr, 252.7 ± 15.5; and early smolt, 300.9
± 22.7 ng/mL), T4 (Figure 7(b); early parr, 2.3 ± 0.1; parr, 2.7 ± 0.2; and early smolt,
3.9 ± 0.4 ng/mL), and dopamine (Figure 7(c); early parr, 234.1 ± 22.5; parr, 364.5
± 33.5; and early smolt, 410.8 ± 30.7 ng/mL) levels in the early smolt stage significantly

Figure 3. mRNA expression levels of NRs in cultured brain cells of early parr chum salmon
(2 months after hatching) transferred from freshwater (FW, 0 psu) to seawater (SW, 35 psu) and
after MK-801 treatment using quantitative real-time PCR.
Notes: Values are means ± SE (n = 15). Letters indicate significant differences between MK-801
treatment groups within the same salinity concentration. Numbers indicate a significant difference
between salinity concentrations within the MK-801 treatment group (p < 0.05).
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increased from FW to SW (T3, 630.2 ± 53.5 ng/mL; T4, 7.7 ± 0.6 ng/mL and dopamine,
870.2 ± 55.8 ng/mL).

4. Discussion

In this study, we investigated the salinity-adaptive capacity, memory, and imprinting
ability of different salmon fry growth stages (early parr, parr, and early smolt stages) as
a response to salinity changes when discharged into the sea.

Overall, NR1, NR2B, and NR2C were expressed in the main brain tissues involved
in olfactory memory. NR1 and NR2C were very high in the diencephalon,
telencephalon, and olfactory bulb, while NR2B was especially high in the telencephalon.

Figure 4. mRNA expression levels of NRs in cultured brain cells of parr chum salmon
(3 months after hatching) transferred from freshwater (FW, 0 psu) to seawater (SW, 35 psu) and
after MK-801 treatment using quantitative real-time PCR.
Notes: Values are means ± SE (n = 15). Letters indicate significant differences between MK-801
treatment groups within the same salinity concentration. Numbers indicate a significant difference
between salinity concentrations within the MK-801 treatment group (p < 0.05).
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Bottai et al. (1997) and Harvey-Girard et al. (2007) also observed a high expression of
NR1 and NR2 in the telencephalon of the knifefish Apteronotus leptorhynchus.

The mRNA expression of NRs increased with salinity, showing that salmon fry
adapt to salinity conditions during PST. Yu et al. (2014) reported that an increase in
NRs gene expression affected the memory capacities of chum salmon to move down-
stream. This suggests that NRs may play an important role on the migration between
the sea and the natal stream.

To understand the role of MK-801, an antagonist of NRs, on growth of chum sal-
mon fry, MK-801 (2 and 20 μM) was added to the different treatments. The mRNA
expression of NRs was significantly reduced in all growth stages (early parr, parr, and
early smolt stages), and this decrease was higher in older stages. These results corrobo-
rated the findings of Langton et al. (2007), who reported that MK-801 caused a faster

Figure 5. mRNA expression levels of NRs in cultured brain cells of early smolt chum salmon
(4 months after hatching) transferred from freshwater (FW, 0 psu) to seawater (SW, 35 psu) and
after MK-801 treatment using quantitative real-time PCR.
Notes: Values are means ± SE (n = 15). Letters indicate significant differences between MK-801
treatment groups within the same salinity concentration. Numbers indicate a significant difference
between salinity concentrations within the MK-801 treatment group (p < 0.05).
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decrease in NRs on 24 days-old rats than on 17 days-old ones, and that NRs had a
greater influence on late growth stages than on the initial ones. Results of the present
study confirm that MK-801 is an antagonist of the NR in chum salmon, directly reduc-
ing the expression of NR genes. This means that the effect of MK-801 on the growth of
juvenile larger received MK-801 treatment at progresses. In this experimental result, it
was meant to undergo much more effect of NR (from parr stage to smolt stage) during
growth in the salmon fry. Furthermore, the expression of NRs increased only during
intermediate salinity levels, and this increase was only significant in parr and early
smolt stages, suggesting that olfactory memory and imprint are more important in these
stages.

The levels of plasma cortisol, T4, T3 and gills NKA activity increased gradually in
all stages of salmon fry from FW to SW and were significantly higher at the early smolt
stage. Cortisol is a corticosteroid hormone affecting the absorption of ions and water
from the gills, and controlling the increase in body, glucose concentration and osmotic
regulation (McCormick 2001; Martinez et al. 2005). Choi et al. (2013) have reported
that plasma osmolality levels in the sockeye salmon Oncorhynchus nerka fry signifi-
cantly increased during exposure to salinity changes (from FW to SW) and gained the
ability to adjust osmolality to saline environments during smoltification. According to
Dickhoff (1989), cortisol may act on olfactory receptors present in the brain and is
directly involved on the olfactory imprinting and the long-term memory storage. Hasler
and Scholz (1983) and Dickhoff et al. (1990) also reported that high levels of cortisol
and thyroid hormones clearly influence the olfactory imprinting of the natal stream

Figure 6. Levels in the plasma cortisol (a) and gill NKA activity (b) of early parr, parr, and
early smolt stages of chum salmon (2, 3, and 4 months after hatching) transferred from freshwater
(FW, 0 psu) to seawater (SW, 35 psu).
Notes: Letters indicate significant differences between PST period groups within the same salinity
concentration. Numbers indicate a significant difference between salinity concentrations within the
same PST period group (p < 0.05).

Biological Rhythm Research 87

D
ow

nl
oa

de
d 

by
 [

K
or

ea
 M

ar
iti

m
e 

an
d 

O
ce

an
 U

ni
ve

rs
ity

] 
at

 2
1:

35
 3

1 
M

ar
ch

 2
01

6 



during PST. In this study, plasma cortisol and thyroid hormone levels increased during
salinity changes, affecting osmoregulation and the olfactory memory, and were signifi-
cantly higher at the early smolt stage. We suggest that olfactory memory promotes the
adaptive capacity of chum salmon during PST smoltification, depending on the growth
stage.

While a number of ion transporters are involved in ion extrusion in SW, NKA is
essential for driving this process (McCormick 2001). Mancera and McCormick (2000)
and Singer et al. (2003) have reported an increase in NKA activity when mummichog
Fundulus heteroclitus and Atlantic salmon, S. salar, were transferred from FW to SW.
This result indicates that fish maintain osmolality, and hence homeostasis, by excreting
ions in the gill. In addition, NKA consists of α/β protein complex and the ion pump in
chloride cells (Hootman & Philpott 1979); consequently, NKA mRNA and protein

Figure 7. Plasma T3 (a), T4 (b), and dopamine (c) levels in early parr, parr, and early smolt
stages of chum salmon (2, 3, and 4 months after hatching) transferred from freshwater (FW,
0 psu) to seawater (SW, 35 psu).
Notes: Letters indicate significant differences between PST period groups within the same salinity
concentration. Numbers indicate a significant difference between salinity concentrations within the
same PST period group (p < 0.05).
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activity increase to maintain homeostasis in response to salinity changes (McCormick
1995; Uchida et al. 1996). We suggest that gills NKA activity increases in order to
maintain homeostasis during SW acclimation.

The levels of dopamine in the plasma increased during adaptation to SW. In particu-
lar, plasma dopamine levels were significantly higher in the early smolt stage of salmon
fry. Dopamine is a neurotransmitter involved, in the mammalian brain, in the learning
ability of olfactory and long-term storage memories (Hsia et al. 1999; Pignatelli et al.
2005). Knapp et al. (1990) reported that the presence of L-glutamate increased dopamine
levels. Weltzien et al. (2006) also observed that in European eel Anguilla anguilla,
levels of plasma dopamine increased during migration to SW for spawning, and that
dopamine influenced the migration characteristics of eel. In the present study, dopamine
also increased with salinity and with fry growth from early parr to early smolt. The
increase in dopamine and NR expression levels (especially in the early smolt stage)
affected the imprinted olfactory memory and improved the long-term storage capability
of the salmon fry brain.

We, therefore, confirmed that memory-related genes and hormones increased during
growth, from parr to early smolt stage. In addition, we have confirmed that the expres-
sion of NRs affects the olfactory memory and learning, as observed during the MK-801
treatment. Therefore, this study provides not only important information on the mecha-
nisms associated with NR expression and the formation of olfactory memories in
salmon, but may also help to determine the best discharge time for salmon (between
parr and early smolt), thereby improving the rate of return to natal streams.

Disclosure statement
No potential conflict of interest was reported by the authors.

Funding
This work was supported by Korea Institute of Ocean Science and Technology [grant number
PE99312]; National Research Foundation of Korea (NRF) grant funded by the Korea government
(MSIP) [grant number 2014R1A2A2A01002747].

References
Bottai D, Dunn RJ, Ellis W, Maler L. 1997. N-methyl-D-aspartate receptor 1 mRNA distribution

in the central nervous system of the weakly electric fish Apteronotus leptorhynchus. J Comp
Neurol. 389:65–80.

Carey R, Dai H, Gui J. 1998. Effects of dizocilpine (MK-801) on motor activity and memory.
Psychopharmacology. 137:241–246.

Carruth LL, Jones RE, Norris DO. 2002. Cortisol and Pacific salmon: A new look at the role of
stress hormones in olfaction and home-stream migration. Integr Comp Biol. 42:574–581.

Choi YJ, Shin HS, Kim NN, Cho SH, Yamamoto Y, Ueda H, Lee J, Choi CY. 2013. Expression
of aquaporin-3 and -8 mRNAs in the parr and smolt stages of sockeye salmon, Oncorhynchus
nerka: effects of cortisol treatment and seawater acclimation. Comp Biochem Physiol A.
165:228–236.

Dickhoff WW. 1989. Salmonids and annual fishes: death after sex. In: Schreibman MP, Scanes
CG, editors. Development, maturation, and senescence of neuroendocrine systems: a compara-
tive approach. New York, NY: Academic Press; p. 253–266.

Dickhoff WW, Brown CL, Sullivan CV, Bern HA. 1990. Fish and amphibian models for develop-
mental endocrinology. J Exp Zool. 256:90–97.

Biological Rhythm Research 89

D
ow

nl
oa

de
d 

by
 [

K
or

ea
 M

ar
iti

m
e 

an
d 

O
ce

an
 U

ni
ve

rs
ity

] 
at

 2
1:

35
 3

1 
M

ar
ch

 2
01

6 



Evans DH. 1993. Osmotic and ionic regulation. In: Evans DH, editor. The physiology of fishes.
Boca Raton, FL: CRC Press; p. 315–331.

Evans DH, Piermarini PM, Potts WTW. 1999. Ionic transport in the fish gill epithelium. J Exp
Zool. 283:641–652.

Fukaya M. 1999. Molecular histochemical and pharmaco-behavioral studies on the glutamate
receptor in the brain of salmonid fishes [master thesis]. Hakodate: Hokkaido University.

Harvey-Girard E, Dunn RJ, Maler L. 2007. Regulated expression of N-methyl-D-aspartate
receptors and associated proteins in teleost electrosensory system and telencephalon. J Comp
Neurol. 505:644–668.

Hasler AD, Scholz AT. 1983. Olfactory imprinting and homing in salmon: investigations into the
mechanism of the imprinting process. Berlin: Springer-Verlag.

Hootman SR, Philpott CW. 1979. Ultracytochemical localization of Na+, K+-activated ATPase in
chloride cells from the gills of a euryhaline teleost. Anat Rec. 193:99–129.

Hsia AY, Vincent JD, Lledo PM. 1999. Dopamine depresses synaptic inputs into the olfactory
bulb. J Neurophysiol. 82:1082–1085.

Hutchison MJ, Iwata M. 1997. VI. Decreased aggressive behavior in masu salmon (Oncorhynchus
masou) during the parr-smolt transformation. Mem Fac Fish Hokkaido Univ. 44:22–25.

Johnson NS, Luehring MA, Siefkes MJ, Li WM. 2006. Mating pheromone reception and induced
behavior in ovulating female sea lampreys. North Am J Fish Manage. 26:88–96.

Johnstone KA, Lubieniecki KP, Koop BF, Davidson WS. 2012. Identification of olfactory receptor
genes in Atlantic salmon Salmo salar. J Fish Biol. 81:559–575.

Kinoshita M, Fukaya M, Tojima T, Kojima S, Ando H, Watanabe M, Urano A, Ito E. 2005.
Retinotectal transmission in the optic tectum of rainbow trout. J Comp Neurol. 484:249–259.

Kinoshita M, Hosokawa T, Urano A, Ito E. 2004. Long-term potentiation in the optic tectum of
rainbow trout. Neurosci Lett. 370:146–150.

Knapp AG, Schmidt KF, Dowling JE. 1990. Dopamine modulates the kinetics of ion channels
gated by excitatory amino acids in retinal horizontal cells. Proc Natl Acad Sci USA. 87:
767–771.

Kudo H, Tsuneyoshi Y, Nagae M, Adachi S, Yamauchi K, Ueda U, Kawamura H. 1994. Detection
of thyroid hormone receptors in the olfactory system and brain of wild masu salmon,
Oncorhynchus masou (Brevoort), during smolting by in vitro autoradiography. Aquacult Fish
Manage. 25:171–182.

Langton JM, Kim JH, Nicholas J, Richardson R. 2007. The effect of the NMDA receptor antagonist
MK-801 on the acquisition and extinction of learned fear in the developing rat. Learn Mem.
14:665–668.

Mancera JM, McCormick SD. 2000. Rapid activation of gill Na+, K+-ATPase in the euryhaline
teleost Fundulus heteroclitus. J Exp Zool. 287:263–274.

Marshall WS, Bryson SE. 1998. Transport mechanisms of seawater teleost chloride cells: an
inclusive model of a multifunctional cell. Comp Biochem Physiol A. 119:97–106.

Martinez A-S, Cutler CP, Wilson G, Phillips C, Hazon N, Cramb G. 2005. Regulation of expres-
sion of two aquaporin homologues in the intestine of the European eel: effects of seawater
acclimation and cortisol treatment. Am J Physiol. 288:1733–1743.

McCormick SD. 1995. Hormonal control of gill Na+/K+-ATPase and chloride cell function. In:
Wood CM, Shuttleworth TJ, editors. Cellular and molecular approaches to fish ionic regula-
tion, Vol. 14. San Diego, CA: Academic Press; p. 285–315.

McCormick SD. 2001. Endocrine control of osmoregulation in teleost fish. Am Zool. 41:781–794.
McCormick SD, Saunders RL. 1987. Preparatory physiological adaptations for marine life of

salmonids: osmoregulation, growth, and metabolism. Am Fish Soc Symp. 1:211–229.
Mitamura H, Arai N, Sakamoto W, Mitsunaga Y, Tanaka H, Mukai Y, Nakamura K, Sasaki M,

Yoneda Y. 2005. Role of olfaction and vision in homing behaviour of black rockfish Sebastes
inermis. J Exp Mar Biol Ecol. 322:123–134.

Mommsen TP, Vijayan MM, Moon TW. 1999. Cortisol in teleosts: dynamics, mechanisms of
action, and metabolic regulation. Rev Fish Biol Fish. 9:211–268.

Morin PP, Hara TJ, Ealse JG. 1995. T4 depresses olfactory responses to L-alanine and plasma T3

and T3 production in smoltifying Atlantic salmon. Am J Physiol. 269:1434–1440.
Pignatelli A, Kobayashi K, Okano H, Belluzzi O. 2005. Functional properties of dopaminergic

neurones in the mouse olfactory bulb. J Physiol. 564:501–514.

90 Y.J. Choi et al.

D
ow

nl
oa

de
d 

by
 [

K
or

ea
 M

ar
iti

m
e 

an
d 

O
ce

an
 U

ni
ve

rs
ity

] 
at

 2
1:

35
 3

1 
M

ar
ch

 2
01

6 



Quinn TP. 2005. The behavior and ecology of Pacific salmon and trout. Seattle: University of
Washington Press.

Rafferty NE, Boughman JW. 2006. Olfactory mate recognition in a sympatric species pair of
three-spined sticklebacks. Behav Ecol. 17:965–970.

Singer TD, Finstad B, McCormick SD, Wiseman SB, Schulte PM, McKinley RS. 2003. Interac-
tive effects of cortisol treatment and ambient seawater challenge on gill Na+, K+-ATPase and
CFTR expression in two strains of Atlantic salmon smolts. Aquaculture. 222:15–28.

Sison M, Gerlai R. 2011. Behavioral performance altering effects of MK-801 in zebrafish (Danio
rerio). Behav Brain Res. 220:331–337.

Stabell OB. 1992. Olfactory control of homing behaviour in salmonids. In: Hara TJ, editor. Fish
chemoreception. London: Chapman & Hall; p. 249–270.

Takahashi E, Niimi K, Itakura C. 2010. Impairment of spatial short-term memory following acute
administration of the NMDA receptor antagonist in heterozygous rolling Nagoya mice carry-
ing the CaV2.1α1 mutation. Behav Brain Res. 213:121–125.

Uchida K, Kaneko T, Yamauchi K, Hirano T. 1996. Morphometrical analysis of chloride cell
activity in the gill filament and lamellae and changes in gill Na+, K+-ATPase activity during
seawater adaptation in chum salmon fry. J Exp Zool. 276:193–200.

Veillette PA, Sundell K, Specker JL. 1995. Cortisol mediates the increase in intestinal fluid
absorption in Atlantic salmon during parr-smolt transformation. Gen Comp Endocrinol.
97:250–258.

Weltzien F-A, Pasqualini C, Sébert ME, Vidal B, Le Belle N, Kah O, Vernier P, Dufour S. 2006.
Androgen-dependent stimulation of brain dopaminergic systems in the female European eel
(Anguilla anguilla). Endocrinology. 147:2964–2973.

Xia S, Miyashita T, Fu TF, Lin WY, Wu CL, Pyzocha L, Lin IR, Saitoe M, Tully T, Chiang AS.
2005. NMDA receptors mediate olfactory learning and memory in drosophila. Curr Biol.
15:603–615.

Yu J-N, Ham SH, Lee SI, Jin H-J, Ueda H, Jin D-H. 2014. Cloning and characterization of the
N-methyl-D-aspartate receptor subunit NR1 gene from chum salmon, Oncorhynchus keta
(Walbaum, 1792). SpringerPlus. 3:9–16.

Biological Rhythm Research 91

D
ow

nl
oa

de
d 

by
 [

K
or

ea
 M

ar
iti

m
e 

an
d 

O
ce

an
 U

ni
ve

rs
ity

] 
at

 2
1:

35
 3

1 
M

ar
ch

 2
01

6 


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Experimental fish
	2.2. Sampling
	2.3. Brain cell culture
	2.4. Tissue distribution of NR mRNAs
	2.5. Quantitative PCR (QPCR)
	2.6. Western blot analysis
	2.7. NKA activity
	2.8. Plasma parameter analysis
	2.9. Statistical analysis

	3. Results
	3.1. Tissue distribution of NR mRNAs
	3.2. Expression of NRs mRNA (in vivo)
	3.3. Expression of NRs mRNA (in vitro)
	3.4. Levels of plasma cortisol and gill NKA activity
	3.5. Levels of T3, T4, and dopamine in the plasma

	4. Discussion
	 Disclosure statement
	 Funding
	References



