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Prolactin Kinetics during Freshwater Adaptation of 
Mature Chum Salmon, Oncorhynchus keta 

Tsuyoshi Ogasawara1, Tatsuya Sakamoto2,3 

and Tetsuya Hirano2,* 
1 Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa 259-12, and 

2 Ocean Research institute, University of Tokyo, Nakano, Tokyo 164, Japan 

ABSTRACT—When mature chum salmon (Oncorhynchus keta) caught in Otsuchi Bay (salinity 34 ppt), 
northern Honshu Island, Japan, were transferred directly to fresh water, they attained normal plasma ion 
levels within 24 hr. Plasma prolactin remained low in the fish kept in seawater. On transfer to fresh water, a 
significant increase in plasma prolactin concentration was seen only in females, but not in males. Metabolic 
clearance rate (MCR) and secretion rate of prolactin were calculated from its plasma levels after intra-arterial 
injection of chum salmon prolactin into chronically-cannulated fish. In both males and females, a significant 
increase in MCR was seen after transfer to fresh water, indicating that prolactin is involved in freshwater 
adaptation in both sexes. In females, the secretion rate increased significantly after 6 days in fresh water. No 
such change in the secretion rate was seen in males. It seems likely that prolactin secretion is affected by 
reproduction-related changes occurring in mature females in fresh water. 

INTRODUCTION 

Among seven species of Pacific salmon, chum 
(Oncorhynchus keta) and pink salmon (O. gorbuscha) are 
unique in spawning close to the sea and migrating to the sea 
soon after yolk absorption (see Groot and Margolis, 1991). In 
northern Honshu Island, Japan, chum salmon complete 
gonadal maturation while in the bay, and spawn sometimes 
less than 1 km from the river mouth. When mature chum 
salmon caught in the bay were transferred to fresh water, an 
increase in plasma prolactin concentration was seen only in 
females, although both males and females adapted well to 
fresh water (Hirano et al., 1985, 1990). Prolactin may play 
important roles in osmoregulation in both sexes and/or in final 
maturation in females. On the other hand, mature fish of both 
sexes caught in the bay failed to survive in seawater for more 
than a week, with increased plasma osmolality due mainly to 
the increase in Na and Mg concentrations. Plasma prolactin 
remained low in seawater fish, suggesting that increased 
secretion of prolactin, a freshwater-adapting hormone, is not 
the cause of maladaptation to seawater (Hirano et al., 1990). 
In general, the plasma level of a hormone is a result of 
equilibrium between the rate of secretion and the rate of 
clearance from the circulation. The present study was 
undertaken to clarify the roles of prolactin in mature chum 
salmon by measuring metabolic clearance rate of prolactin 

during acclimation to fresh water, with special reference to 
the difference between males and females. 
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Fukuura, Kanazawa-ku, Yokohama 236, Japan 
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MATERIALS AND METHODS 
Mature chum salmon (Oncorhynchus keta) of both sexes, males 

weighing 2-3 kg and females 3-4 kg, were caught by a set-net in 
Otsuchi Bay, a small semi-enclosed bay on the Pacific coast of 
northern Honshu Island, Japan. Since their spawning ground in the 
Otsuchi River is less than 1 km from the river mouth, the fish in the 
bay have almost completed gonadal maturation in late November and 
early December, ovulation in most females and partial spermiation in 
males (see Hirano et al., 1978, 1990). Fish were transported for 30 
min in an oxygenated tank containing seawater to the Otsuchi Marine 
Research Center of the Ocean Research Institute, University of Tokyo. 

The first experiment examined the differences in plasma prolactin 
and other plasma parameters between males and females after 
transfer from seawater to fresh water. Three hours after arrival at 
Otsuchi Marine Research Center, they were anesthetized with 0.05% 
tricaine methane sulfonate (Sigma, St. Louis, USA), and about 4 ml 
blood were taken from the caudal vessels with a hypodermic syringe. 
The fish were marked individually by clipping various parts of the fin 
and were then transferred to running freshwater (8°C) or seawater 
(34 ppt, 11 °C) tanks. Males and females were kept in separate tanks. 
Blood samples were also taken 1, 4, 8 and 24 hr and 3, 5 and 7 days 
after transfer to fresh water. In accordance with our previous 
observations (Hirano et al., 1990), most of the fish kept in seawater 
failed to survive for more than 3 days. Thus, their plasma samples 
were taken only 1, 4, 8 and 24 hr after transfer. 

The blood plasma was immediately separated by centrifugation 
at 10,000 rpm for 60 min at 5°C, and kept frozen at -80°C until analyses. 
Plasma levels of prolactin were measured by radioimmunoassay 
(Hirano et al., 1985). Plasma concentrations of Na, Ca and Mg were 
measured by an atomic absorption spectrophotometer (Hitachi 203). 

In the second experiment, changes in metabolic clearance rate 
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(MCR) of prolactin were examined during freshwater acclimation. The 
mature salmon caught in the bay were kept in seawater for 24 hr, and 
then cannulated via the dorsal aorta as described by Ishimatsu et al. 
(1988). The cannulated fish were kept in seawater for further 24 hr, 
and transferred to fresh water. Prolactin MCR was measured 24 hr 
after the transfer, and also in the fish kept in seawater. Some fish 
were transferred to fresh water without cannulation. They were 
cannulated 4 days after the transfer, and MCR was measured after 6 
days. 

The MCR was measured largely following the procedures 
employed for the measurement of MCR of growth hormone and 
prolactin in rainbow trout and coho salmon (Sakamoto et al., 1990, 
1991). At first, a 0.2-ml blood sample was removed to monitor basal 
concentration of prolactin. Then, 0.2-0.3 ml prolactin solution (chum 
salmon prolactin, provided by Prof. H. Kawauchi of Kitasato University), 
containing appropriate doses (7.5 µg/kg), was rapidly injected through 
the cannula. The cannula was immediately flushed with 0.6 ml saline. 
Blood samples (0.2 ml) were taken at 15 min (initial), and 0.5, 1, 2, 3, 
and 5 hr after the injection. Calculation of MCR was carried out as 
described by Sakamoto et al. (1990). The secretion rate of prolactin 
was calculated by multiplying the MCR by the endogenous 
concentration of prolactin. 

Statistical significance was examined by Duncan's new multiple 
range test (Duncan, 1955) and Student's t-test, where appropriate. 

Fig. 1. Time-course of changes in plasma Na concentrations after 
transfer of mature chum salmon from seawater (SW) to fresh 
water (FW). Some fish were kept in SW. Results are expressed 
as means ± SEM (n=6). All the values in the FW-transferred fish 
(except 1 hr after the transfer) were significantly (P<0.01) different 
from the initial levels in SW (time 0). 

RESULTS 

The initial levels of plasma Na of the mature chum salmon 
caught in Otsuchi Bay were extremely high, about 210 mM in 
both sexes, indicating probable stress and maladaptation to 
seawater. When the fish were transferred to fresh water, 
plasma Na levels decreased gradually to about 160 mM during 
the first 24 hr; these levels were maintained thereafter. There 
was no difference between males and females (Fig. 1). Slight 
but significant reduction in plasma Ca and Mg levels was also 
seen during the first 24 hr (data not shown). 

As shown in Fig. 2, plasma prolactin levels remained low 
in the fish kept in seawater. When females were transferred 
to fresh water, plasma prolactin started increasing after 4 hr, 
reached a peak level (7 ng/ml) after 24 hr, and then gradually 
decreased to about 3 ng/ml after 5 days. In contrast, no 
significant change was seen in males either in fresh water or 
in seawater. 

There was no apparent difference between males and 
females in the disappearance rate of intra-arterially injected 

Fig. 2. Time-course of changes in plasma prolactin (PRL) 
concentrations after transfer of mature chum salmon (same as in 
Fig. 1) from seawater (SW) to fresh water (FW). Some fish were 
kept in SW. Results are expressed as means ± SEM (n=6). 
*Significantly different from the initial levels in SW (time 0) at 1 % 
level. 
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Fig. 3. Plasma clearance curves of salmon prolactin after intra-arterial injection of 7.5 jug/kg into mature salmon in seawater (SW), and after 1 
and 6 days in fresh water (FW). Results are expressed as means ± SEM. 

prolactin from the plasma. The initial levels were about 50 ng/ 
ml in both cases. The disappearance rates were already 
greater 1 day after transfer to fresh water than the rates in 
seawater, and increased further after 6 days in fresh water 
(Fig. 3). 

Figure 4 shows changes in plasma prolactin 
concentrations, metabolic clearance rate (MCR) and secretion 
rate during adaptation to fresh water. Basal prolactin levels in 
these fish, measured in the plasma immediately before the 
intra-arterial injection of prolactin, were low (less than 0.1 ng/ 
ml) in the fish in seawater. In females, there was a tendency 
toward an increase after 1 day, and a significant increase after 
6 days in fresh water. There was no significant change in 
males; only two fish showed detectable levels of prolactin (0.3 
and 0.6 ng/ml) after 6 days. 

On the other hand, the MCR increased significantly in 
males after 1 day in fresh water. The increase in the female 
was not significant, although there was no significant difference 
between the sexes. The MCR increased significantly after 6 
days in both males and females. As a result of the increased 
turnover rate (MCR) and plasma concentration, the secretion 
rate of prolactin increased significantly after 6 days in fresh 
water in females, whereas no such increase was seen in 
males. 

Plasma profiles of Na of these fish were essentially the 
same as in the first experiments (Fig. 1), decreasing 
significantly after 1 day, with levels maintained until 6 days 

Fig. 4. Time-course of changes in plasma prolactin concentrations, 
metabolic clearance and secretion rates of prolactin after transfer 
of mature chum salmon (same as in Fig. 3) from seawater (time 
0) to fresh water (FW). Results are expressed as means ± SEM. 
*,* Significantly (P<0.01) different from the seawater levels (time 
0) and from the corresponding levels in the male fish, respectively. 
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after the transfer in both sexes (data not shown). 

DISCUSSION 

Returning chum salmon in northern Honshu Island, Japan, 
complete gonadal maturation while in the bay or before 
entering the river. In previous studies examining the hormones 
involved in freshwater adaptation of mature chum salmon, we 
had difficulty in maintaining the control fish alive in seawater 
(Hirano et al., 1985, 1990). Mortality in seawater seems to 
result primarily from increased plasma osmolality. In close 
correlation with the increased plasma osmolality and electrolyte 
concentrations, plasma levels of Cortisol and growth hormone 
increased in the fish kept in seawater. Both Cortisol and growth 
hormone are putative seawater-adapting hormones, 
particularly in salmoninds (see Sakamoto et al., 1993; 
McCormick, 1995); these hormones may be secreted in 
response to increased plasma osmolality. Plasma prolactin, 
on the other hand, remained low in the seawater fish, indicating 
that the increased secretion of prolactin, a freshwater-adapting 
hormone in fishes (see Hirano, 1986; Hirano et al., 1987; Brown 
and Brown, 1987), is not the cause of maladaptation to 
seawater. When the mature fish caught in the bay were 
transferred to fresh water, an increase in plasma prolactin 
concentrations was seen only in females (Hirano et al., 1985, 
1990). A similar difference between sexes was observed in 
the present study; on transfer to fresh water, significant 
increase in plasma prolactin was observed only in females, 
although both males and females adjusted their plasma 
osmolality and electrolytes equally efficiently in fresh water. 
As plasma concentrations of the hormone are the results of 
an equilibrium between the secretion rate and metabolic 
clearance rate (MCR), a complete assessment of prolactin 
dynamics requires kinetic studies as in the present study. 

As is clearly shown in the present study, a significant 
increase in prolactin MCR was seen after transfer of mature 
chum salmon to fresh water in both males and females, 
indicating that prolactin is involved in freshwater adaptation in 
both sexes. According to Sakamoto et al. (1991), transfer of 
the adult coho salmon from seawater to fresh water was 
followed after 2 days by a rise in plasma prolactin, which tended 
to stay at high levels for 2-3 weeks; prolactin MCR also 
increased significantly after 2-3 weeks in fresh water. In coho 
salmon, however, a sexual difference in prolactin dynamics 
was unclear, since the experiments were carried out on the 
fish about 2 months before the spawning period. Brewer and 
McKeown (1980) also reported a shorter half-life (increased 
MCR) of injected 125l-labeled ovine prolactin in coho salmon 
transferred to fresh water than in the fish in seawater. 

The MCR reflects the distribution, utilization, and 
degradation of the hormone. To our knowledge, no 
homologous radioreceptor assay for salmon prolactin has been 
established. According to Fryer (1979), binding of tilapia 
prolactin to tilapia kidney membranes was greater in 
freshwater-acclimated than in seawater-acclimated fish. In 
tilapia, two distinct prolactin forms have been characterized 

(tPRL188 and tPRL177) (Specker et al., 1985; Yamaguchi et al., 
1988). Using recombinant tilapia prolactins, high specific 
binding of prolactin has recently been shown in the gills and 
kidney of tilapia, involving only one class of receptors, which 
binds tiPRL188 with higher affinity than tiPRL177 (Auperin et al., 
1994). Binding studies have also shown various modifications 
of prolactin receptor levels during seawater adaptation 
(Auperin et al., 1995). More recently, a tilapia prolactin receptor 
gene has been cloned, and Northern blot analysis shows the 
existence of a single transcript in osmoregulatory organs such 
as the gills, kidney and intestine, as well as in the testis. 
Transfer of tilapia to brackish water resulted in a low but 
significant decrease of the prolactin receptor transcript level 
in the gills (Sandra et al., 1995). The increased clearance of 
prolactin from blood after transfer of chum and coho salmon 
to fresh water may reflect increased prolactin binding to the 
receptors in osmoregulatory organs. 

In the present study, as a result of the increased turnover 
rate and plasma concentration, the secretion rate of prolactin 
increased significantly after 6 days in fresh water only in 
females but not in males, suggesting that prolactin secretion 
may be affected by reproduction-related changes in mature 
females in fresh water. In accordance with present 
observations, Suzuki et al. (1987) reported that prolactin 
secretion from organ-cultured pituitaries of mature chum 
salmon caught in the river was greater in females than in males. 
Estradiol is known to induce activation of prolactin cells in the 
goby (Nagahama et al., 1975), and stimulate prolactin release 
from tilapia pituitary in vitro (Barry and Grau, 1986). Gonads 
are one of the important targets for prolactin action (see Hirano, 
1986). Edery et al. (1984) demonstrated specific binding of 
ovine prolactin predominantly in the gonads and liver of the 
tilapia. Tilapia prolactin has been shown to stimulate estradiol 
production in early vitellogenic oocytes of the guppy (Tan et 
al., 1988). On the other hand, plasma testosterone levels in 
male killifish were increased following injections of salmon 
prolactin, and the testes of rainbow trout produced more 
testosterone when exposed to salmon prolactin (Singh et al., 
1988). More recently, Rubin and Specker (1992) reported 
stimulatory effects of homologous prolactins on in vitro 
production of testosterone by tilapia testes. These observations 
exemplify prolactin actions on both female and male gonads 
in teleosts. 

In contrast to most teleost species, salmonid fishes posses 
naked ovaries, and oviducts are lacking. The ovulated eggs 
lie free in the body cavity filled with coelomic fluid, and can be 
forced through the genital pore with slight pressure. Thus, the 
greater secretion rate of prolactin in mature female chum 
salmon may also be attributable to the modified hydromineral 
balance owing to secretion of a large amount of coelomic fluid 
in association with ovulation, the volume of coelomic fluid being 
greater than the volume of the seminal fluid in the male (Hirano 
et al., 1978; Morisawa et al., 1979). According to Avella et al. 
(1991), chronic stress resulted in an elevation of plasma 
prolactin in coho salmon. In our previous study, plasma Cortisol 
levels were significantly higher in the female chum salmon in 
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the river than those in the male river fish, indicating that the 
mature female may be under severe stress (Hirano et al., 
1985). Stress may also affect MCR as well as secretion rate 
of prolactin. 
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