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The status of circulating growth hormone and prolactin during the parr-smolt transfor- 
mation and during seawater adaptation of coho salmon (Oncorhynchus kisutch) was inves- 
tigated in relation to changes in plasma levels of thyroxine, triiodothyronine, and cortisol, 
and in hypoosmoregulatory ability. Sampling (biweekly or monthly) occurred between early 
February and October. When peak hypoosmoregulatory ability was achieved (mid-April), 
one group of fish was acclimated to seawater over a period of 18 hr and was sampled 1, 3, 
and 7 days after the introduction of fish to seawater and biweekly thereafter. Plasma pro- 
lactin levels rose steadily from the first sampling date to a peak of 15 ng/ml in early April, 
declined rapidly, and remained low until June when a second increase occurred. Prolactin 
declined to 2 ng/ml within 1 day of the beginning of seawater adaptation. Growth hormone 
increased twofold from February to late March, and achieved plateau levels of 20 ng/ml in 
the period from mid-April to July and then gradually declined to 10 ng/ml in September and 
October. Plasma levels of growth hormone in seawater-acclimated fish were similar to those 
of freshwater coho, but with larger fluctuations; no increase was apparent during the first 
week of seawater acclimation. Plasma cortisol and plasma triiodothyronine increased at the 
same time as plasma growth hormone; increases in plasma thyroxine occurred later. In 
general, both growth hormone and cortisol levels were elevated when hypoosmoregulatory 
ability was high. Conversely, prolactin levels generally showed a negative relationship with 
hypoosmoregulatory ability. �9 1989 Academic Press, Inc. 

A number of endocrine changes have 
now been identified during the parr-smolt 
transformation (smoltification) of anadro- 
mous salmonids. The two most clearly and 
consistently defined are increased plasma 
levels of thyroid hormones (Dickhoff et al., 
1978, 1982; Grau et al., 1982; Nagahama et  
al. ,  1982; Lindahl et  al., 1983; Youngson 
and Simpson, 1984; Boeuf and Prunet, 
1985; Lin et  al., 1985, 1988; Virtanen and 
Soivio, 1985; Yamauchi e t  al.,  1985; Mc- 

1 Current address: Department of Zoophysiology, 
University of Grteborg, Box 250 59, S-400 31 Grte- 
borg, Sweden. 

Cormick et al., 1987b; Prunet et  al. ,  1989) 
and cortisol (Specker and Schreck, 1982; 
Barton et al., 1985; Virtanen and Soivio, 
1985; Langhorne and Simpson, 1986; 
Young, 1986) which coincide approxi- 
mately with a period of enhanced seawater 
adaptability. Although the precise roles of 
thyroid hormones and cortisol are as yet 
incompletely defined, increases in the 
former may function to synchronize the 
various developmental events occurring 
during smoltification (Grau et  al., 1982), in 
addition to their potential involvement in 
migratory behavior (see Yamauchi et al. ,  
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1985) and other processes (see Dickhoff 
and Sullivan, 1987). Increasing evidence 
suggests that cortisol may enhance gill 
Na §247 activity in coho salmon, 
O n c o r h y n c h u s  k i s u t c h  (Richman and 
Zaugg,1987; Bjfrnsson et  al. ,  1987), and 
contribute to improved hypoosmoregula- 
tory ability. 

Recent studies have demonstrated that 
the ability of exogenous mammalian and 
salmonid growth hormones to increase sea- 
water adaptability in salmonids is indepen- 
dent of the growth-promoting effects of 
these hormones (Bolton et  al., 1987) and 
increased plasma levels of growth hormone 
have been reported in coho salmon late in 
smoltification (Sweeting et  al. ,  1985). The 
role of prolactin in salmonid osmoregula- 
tory physiology is less clear; however, the 
plasma levels of prolactin after transfer of 
fish to different salinities (Prunet and 
Boeuf, 1985; Prunet et  al., 1985; Hirano et 
al., 1987) are consistent with the "freshwa- 
ter-adapting" role ascribed to this hormone 
in euryhaline teleosts (see Loretz and Bern, 
1982; Hirano et al., 1987). Richman et  al. 
(1987b) have reported that plasma prolactin 
levels peak during smoltification of coho 
salmon. 

In view of the potential importance of 
these hormones in bringing about physio- 
logical changes that are preparatory for sea- 
water entry, the present study was under- 
taken to document changes in plasma pro- 
lactin and growth hormone during smol- 
tification and seawater adaptation of coho 
salmon in relation to the circulating levels 
of thyroid hormones and cortisol and hy- 
poosmoregulatory ability. A companion pa- 
per (BjOrnsson et  al. ,  1989) provides details 
on osmoregulatory changes during smoltifi- 
cation with emphasis on divalent cation 
regulation and the possible role of calcito- 
nin. Similarly, a third paper in this series 
(Prunet e t  al . ,  1989) reports endocrine 
changes in the Atlantic salmon, S a l m o  
salar,  during smoltification and compares 

these changes with those occurring in a Pa- 
cific salmon, O. kisutch.  

MATERIALS AND METHODS 

Animals. Yearling coho salmon were obtained from 
Iron Gate Hatchery, California Department of Fish 
and Game in December 1986. They were maintained at 
Bodega Marine Laboratory at the same density at 
12-14 ~ in three identical 2000-liter concrete raceways 
supplied with filtered pond water and were fed twice 
daily with Oregon Moist Pellets at a ration of 2% body 
wt/day. 

Sampling. Samples were taken every 2 weeks from 
February to mid-July and monthly thereafter. Blood 
samples for cortisol and thyroid hormone analysis 
were obtained from 10 fish captured with one sweep of 
a net and immediately subjected to buffered tricaine 
methanesulfonate (MS-222, 200 mg/liter; Sigma, St. 
Louis, MO) anesthesia (cf. Barton et al., 1985; Young, 
1986). After measuring body weight and length, blood 
was collected from the severed caudal vessels into 
heparinized microhematocrit tubes, and plasma ob- 
tained after centrifugation was immediately frozen on 
dry ice and stored at - 80 ~ until analysis. Plasma sam- 
ples for prolactin and growth hormone measurements 
were obtained from groups of 10 fish which were 
stunned by cranial concussion before blood collection. 
This sampling schedule was maintained until April 15 
when the freshwater supply to one raceway was 
turned off and the seawater supply was turned on, 
resulting in a complete changeover to 31%o seawater 
within 18 hr. Both freshwater and seawater fish were 
sampled at 1, 3, 7, and 14 days after the beginning of 
the change to seawater and biweekly thereafter until 
mid-July when sampling of the seawater-adapted coho 
was discontinued. 

Hormone radioimmunoassays. Prolactin was mea- 
sured in a homologous assay using the method of 
Hirano et al. (1985) and Prunet et al. (1985), and 
growth hormone was measured using the homologous 
assay of Bolton et al. (1986). Cortisol was measured 
using the assay described by Redding et al. (1984), as 
modified by Young (1986). Plasma thyroxine and tri- 
iodothyronine levels were determined using the meth- 
ods of Dickhoff et al. (1978, 1982) with minor modifi- 
cations (Specker and Kobuke, 1987). 

Statistical analyses. One-way analysis of variance 
and a posteriori S tudent -Newman-Keuls  multiple 
range tests were used to assess the significance of sea- 
sonal changes in plasma hormone levels. One-way 
analysis of variance and a priori Mann-Whitney U 
tests were used to assess differences between fish in 
fresh water and in seawater. All tests were performed 
on an IBM personal computer using CRISP version 
3.05A (Crunch, San Francisco, CA). 
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RESULTS 

Body Weight, Length, and 
Condition Factor 

Mean body weight increased in a linear 
fashion from 20 g in February to 55 g in Au- 
gust; a more rapid increase occurred in the 
last two months of sampling and the mean 
weight at the final sampling was 90 g. Body 
length increased from 12.5 to 20 cm over 
the course of sampling. Condition factor 
(weight x 100/length 3) was lowest during 
the period of April-July. Overall, there 
were no consistent differences in body 
weight, length, or condition factor between 
freshwater and seawater coho. 

Plasma Cortisol (Fig. 1) 

In February and March, plasma cortisol 
levels remained stable at about 5 ng/ml. 
During early April, levels rose significantly 
(P < 0.05 compared to values in February 
and March) to 17 ng/ml and remained fairly 
stable (17-27 ng/ml) throughout April and 
May. At the beginning of June, levels again 
rose significantly (P < 0.01) to 45 ng/ml but 
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FIG. 1. Changes in plasma cortisol levels (mean and 
SEM) during the parr-smolt transformation of coho 
salmon maintained in fresh water (open circles) and 
during seawater adaptation (closed circles). Insert: 
Details of changes in plasma cortisol levels 1, 3, 7, and 
14 days after seawater exposure. Asterisks denote sig- 
nificant differences (* P < 0.01 ; ** P < 0.05) in levels 
between freshwater and seawater fish. n = 8-10 for 
each point. Absence of standard error bars indicates 
that the SEM was smaller than the symbol. 

declined through June and July. In mid- 
August, levels again rose significantly (P < 
0.01) to 30 ng/ml and again progressively 
declined during the last 2 months of sam- 
piing. Plasma cortisol levels were elevated 
significantly (P < 0.01) to 60-70 ng/ml 1 and 
3 days after the beginning seawater expo- 
sure (April 15) but declined to freshwater 
values after 7 days. Cortisol levels in sea- 
water coho were generally similar to those 
of freshwater  fish thereafter; however ,  
when levels rose in both groups to a peak in 
early June, significantly (P < 0.05) higher 
levels were maintained for 1 month in sea- 
water coho in comparison to the decline ob- 
served in freshwater fish. 

Plasma Thyroxine (Fig. 2) 

Between February and early April, plas- 
ma thyroxine levels varied between 4 and 6 
ng/ml; levels increased to about 7.5 ng/ml 
on April I5 and by the next day, peak levels 
of 11 ng/ml (P < 0.01 compared to values 
from F e b r u a r y  to ear ly  April)  we re  
achieved. Following a brief but significant 
(P < 0.01) decline to 7.5 ng/ml on April 18, 
levels again rose (P < 0.01) to 11 ng/ml on 

Th,ro , . . . .  ,2] , 

T :] 9 / f  sw ~"w~ 

0 J.~...O 0 1 

\0_% i ~ 

X 
o 

1986 
0 ~ ~ 

02/12 03/12 0'4/09 00107 06/04 07/02 07/,30 08/27 09124 '0/22 

FIG. 2. Changes in plasma thyroxine levels (mean 
and SEM) during the parr-smolt  transformation of 
coho salmon maintained in fresh water (open circles) 
and during seawater adaptation (closed circles). In- 
sert: Details of changes in plasma thyroxine levels 1, 3, 
7, and 14 days after seawater exposure, n = 8-10 for 
each point. Absence of standard error bars indicates 
that the SEM was smaller than the symbol. 
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April 23. Thereafter, levels declined to be- 
tween 5 and 7 ng/ml. In fish introduced to 
seawater on April 15, an essentially similar 
pattern of plasma thyroxine was found 
which did not vary significantly from that of 
the freshwater group. 

Plasma Triiodothyronine (Fig. 3) 

The pattern of plasma triiodothyronine 
levels was similar to that of thyroxine, al- 
though the initial increase occurred earlier. 
A fairly rapid increase occurred from basal 
levels of 2 ng/ml in February and March to 
peak levels (P < 0.05) of around 4 ng/ml in 
mid-April; levels quickly declined thereaf- 
ter to a minimum of 1.5 ng/ml in mid-June 
and again gradually increased over the next 
2 months to 3--4 ng/ml in September and 
October. Plasma levels of triiodothyronine 
in seawater-adapted fish were generally 
higher, although not significantly so, com- 
pared to freshwater coho during the first 
month in seawater. 

Plasma Prolactin (Fig. 4) 

Plasma prolactin levels rose steadily, in- 
creasing three-fold from an initial value of 5 
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FIG. 3. Changes in plasma triiodothyronine levels 
(mean and SEM) during the parr-smolt transformation 
of coho salmon maintained in fresh water (open cir- 
cles) and during seawater adaptation (closed circles). 
Insert: Details of changes in plasma triiodothyronine 
levels 1, 3, 7, and 14 days after seawater exposure, n 
= 8--10 for each point. 
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FIG. 4. Changes in plasma prolactin levels (mean 
and SEM) during the parr-smolt transformation of 
coho salmon maintained in fresh water (open circles) 
and during seawater adaptation (closed circles). In- 
sert: Details of changes in plasma prolactin levels 1, 3, 
7, and 14 days after seawater exposure. Asterisks de- 
note significant differences (P < 0.01) between levels 
in freshwater and seawater fish. n = 8-10 for each 
point. Absence of standard error bars indicates that 
the SEM was smaller than the symbol. 

ng/ml to a peak of 15 ng/ml on April 9 (P < 
0.01 compared to initial levels). In coho 
kept exclusively in fresh water, prolactin 
levels then declined rapidly to 7-8 ng/ml but 
increased in June. Following a significant 
(P < 0.05) decline to about 4 ng/ml in mid- 
August, levels again rose significantly (P < 
0.05) to around 8-12 ng/ml in September 
and October. Prolactin levels declined rap- 
idly and significantly (P < 0.01) to approx- 
imately 2 ng/ml within 1 day of seawater 
exposure and remained at that low level for 
the duration of sampling. 

Plasma growth hormone (Fig. 5) 

Plasma growth hormone levels rose sig- 
nificantly (P < 0.05) from initial values of 
6-10 ng/ml in February and March to 17 
ng/ml on April 9 but dropped significantly 
(P < 0.01) to 12 ng/ml 1 day before seawater 
transfer on April 15. Levels in freshwater 
fish increased thereafter and were main- 
tained in the range of 17-21 ng/ml until mid- 
July. Growth hormone concentrations then 
declined gradually to 10--13 ng/ml in Sep- 
tember and October.  No differences in 
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FIG. 5. Changes in plasma growth hormone levels (mean and SEN) during the parr-smolt trans- 
formation of coho salmon maintained in fresh water (open circles) and during seawater adaptation 
(closed circles). Insert: Details of changes in plasma growth hormone levels 1, 3, 7, and 14 days after 
seawater exposure. Asterisks denote significant differences (P < 0.05) between freshwater and sea- 
water fish. n = 8-10 for each point. Absence of standard error bars indicates that the SEM was smaller 
than the symbol. 

growth hormone levels between freshwater 
and seawater coho were seen during the 
first week of seawater exposure. Marked 
fluctuations occurred in seawater coho af- 
ter that period and levels were significantly 
lower (P < 0.05) in early May and early 
June. However, maximal growth hormone 
levels in seawater coho occurred at the 
same time as in freshwater coho, in mid- 
May. 

D I S C U S S I O N  

The approach adopted for this study was 
intended to (1) document the relationship 
between changes in plasma prolactin and 
growth hormone with developmental  
changes in plasma thyroid hormones and 
cortisol; (2) study the temporal relationship 
among these hormones during adaptation to 
seawater; and (3) by extending sampling of 
freshwater fish past the time generally ana- 
lyzed in most studies on coho salmon (Jan- 
uary-July), gain information on possible 
hormonal changes occurring in the post- 
smoltification period as animals "de- 
smoltify" and lose their ability to osmoreg- 
ulate efficiently in seawater. 

The well-defined increases in plasma thy- 
roid hormones and cortisol during smoltifi- 
cation are in good agreement with other 
work on this stock of coho salmon (Young, 
1986) and with studies on other stocks of 
the same species (Dickhoff et al., 1978, 
1982; Specker and Schreck, 1982; Barton et 
al., 1985). Plasma thyroxine and plasma tri- 
iodothyronine rose relatively rapidly in 
April and declined during the remainder of 
the sampling period. However, it is notable 
that triiodothyronine increased earlier in 
plasma than in thyroxine. The pattern of 
plasma cortisol during the parr-smolt trans- 
formation consisted of two components: an 
initial rise during April to a 4- to 6-week 
plateau coinciding with enhanced hypoos- 
moregulatory ability (Bjrrnsson et al. ,  
1989), followed by a sharp rise to peak lev- 
els in early June, coinciding with decreased 
hypoosmoregulatory ability (Bj6rnsson et 
al., 1989). Levels thereafter generally de- 
clined, with the exception of a large in- 
crease in August. A similar association be- 
tween the two components of the develop- 
mental change in plasma cortisol with 
changes in hypoosmoregulatory ability has 
been noted previously (Young, 1986). A1- 
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though the smoltification-associated eleva- 
tion in plasma cortisol coincided with in- 
c reased  gill N a §  act ivi ty 
(Bj6rnsson et al., 1989), as previously re- 
ported (Young, 1986), and the decrease in 
gill Na+,K§ activity in July oc- 
curred at a time of rapidly decreasing cor- 
tisol levels, it is clear from the present 
study that rises in gill Na + ,K § ac- 
tivity are not always coupled to rises in 
plasma cortisol, since increases in the ac- 
tivity of the enzyme, along with a limited 
improvement in hypoosmoregulatory abil- 
ity, occurred in October and November 
(Bj6rnsson et al., 1989) when plasma corti- 
sol levels were low. The significance of 
increased plasma cortisol levels during 
smoltification with regard to gill Na § ,K § 
ATPase activity remains to be fully deter- 
mined. Langhorne and Simpson (1986) 
have argued that the high circulating corti- 
sol levels found during smoltification of At- 
lantic salmon represent a secondary re- 
sponse caused by the development of hy- 
poosmoregulatory ability while the animals 
are still resident in fresh water and may 
function to maintain osmoregulatory ho- 
meostasis in fresh water. Their argument is 
based on several kinds of data, including 
the lack of effect of exogenous cortisol on 
gill Na§ activity (Langdon et 
al., 1984). However, several differences are 
apparent between Atlantic salmon and 
coho salmon, including the often greater 
relative development  of  gill N a + , K  § 
ATPase activity in S. salar in fresh water, 
which reaches values close to those seen in 
seawater-adapted animals (Langhorne and 
Simpson, 1986; Prunet et al.,  1989); the 
stimulatory effects of exogenous cortisol on 
coho salmon gill Na § ,K+-ATPase activity 
in v i v o  (R ichman  and Zaugg ,  1987; 
BjOrnsson et al., 1987) and in vitro (McCor- 
mick et al., 1987a); and, in contrast to coho 
salmon (Redding et al., 1984; Young, 1985; 
present study), the absence of elevations in 
plasma cortisol in Atlantic salmon after 
transfer to seawater (Nichols and Weisbart, 

1985; Langhorne and Simpson, 1986). To- 
gether, these studies suggest that hypoos- 
moregulatory control mechanisms may 
have evolved differently in coho salmon 
and Atlantic salmon. 

The relatively short-term elevations in 
plasma cortisol in coho after introduction 
into seawater are in agreement with previ- 
ous work (Redding et  al.,  1984; Young, 
1985). One notable finding from the present 
study is that changes in plasma cortisol in 
seawater fish after acclimation to seawater 
generally parallel those found in freshwater 
fish. Of particular interest was the finding 
of a second increase in plasma cortisol lev- 
els, of longer duration, in seawater fish at 
the same time that peak levels of plasma 
cortisol were achieved in freshwater fish in 
early June, a period when hypoosmoregu- 
latory ability was decreasing. Young (1986) 
speculated that the second component of 
the pattern of plasma cortisol seen in fresh- 
water fish may be related to the loss of hy- 
poosmoregulatory ability and reversion of 
the smolt to a more parr-like condition. The 
occurrence of elevated cortisol levels at 
this time in seawater-adapted animals sug- 
gests that an endogenous seasonal rhythm 
of plasma cortisol levels exists in coho 
salmon, which is maintained irrespective of 
environment. A question which remains to 
be answered is whether nonsmoltifying un- 
deryearling coho or fish transferred to sea- 
water early in smoltification also display an 
extended period of elevated plasma cortisol 
levels which are associated with elevated 
plasma thyroxine and enhanced hypoosmo- 
regulatory ability in animals undergoing the 
parr-smolt transformation in fresh water. 
However, Langhorne and Simpson (1986) 
found that elevated serum cortisol levels 
are a specific feature of the parr-smolt  
transformation in Atlantic salmon, since 
only smolts displayed cortisol elevations 
when smolts and nonsmolts of the same age 
were sampled. Conceivably, the mainte- 
nance of a rhythm in plasma cortisol levels 
in seawater-adapted coho may be related to 
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the depletion of lipids and carbohydrates 
associated with the parr-smolt transforma- 
tion (Woo et al., 1978): Sheridan (1986) has 
demonstrated that cortisol promotes lipid 
mobilization in coho salmon. 

Plasma thyroxine and triiodothyronine 
levels in coho introduced to seawater in 
April generally paralleled those of freshwa- 
ter coho. There was no negative effect of 
the hyperosmotic environment on thyroid 
hormone levels. Several authors have re- 
ported depressed thyroid activity after 
transfer of coho salmon to seawater early in 
smoltification (Dickhoff et al., 1982; Fol- 
mar et  al. ,  1982; Specker and Schreck, 
1984; Specker and Richman, 1984; Specker 
et al., 1984), but more recent work indi- 
cates that transfer of fully smoltified coho 
to seawater results in enhanced thyroid ac- 
tivity, when the fish are compared with 
their freshwater counterparts (Specker and 
Kobuke, 1987). The present results are 
therefore a further indication that the fish 
were introduced into seawater at a biologi- 
cally appropriate time. 

Increased plasma levels of prolactin dur- 
ing smoltification of coho salmon have been 
repor ted  previous ly  (Richman et  a l . ,  
1987a). The results of the present study, in 
combination with data from previous years 
(G. Young, R. S. Nishioka, and P. Prunet, 
unpublished data) indicate that elevations 
in circulating prolactin are a general and 
consistent feature of smoltification of coho 
salmon. Richman et al. (1987b) found a sin- 
gle peak in plasma prolactin which oc- 
curred at a time of elevated plasma thyrox- 
ine levels and increased gill N a + , K  § 
-ATPase activity; levels rapidly dropped 
during the extended period of high gill 
Na+,K+-ATPase activity. However, pro- 
lactin rose earlier in the present study, be- 
fore the period of elevated thyroxine levels, 
suggesting that the relationship noted pre- 
viously between thyroxine and prolactin 
may not be causal. This is in agreement 
with experimental data showing a lack of 
effect of elevated thyroxine levels on pro- 

lactin levels in coho salmon early in smol- 
tification or in coho postsmolts (G. Young 
and P. Prunet, unpublished data). It is pos- 
sible that earlier changes in prolactin were 
not identified in the study of Richman et al. 
(1987a) because sampling was not started 
until mid-March. In the present study, pro- 
lactin levels remained relatively low and 
stable during the period of elevated cortisol 
levels in April to early July. Furthermore, 
the tendency for prolactin levels to rise af- 
ter that period occurred when plasma cor- 
tisol levels approached initial basal levels, 
and the abrupt drop in prolactin from 14 
ng/ml in mid-July to 3 ng/ml in mid-August 
coincided with a relatively large increase in 
circulating cortisol, from 7 to 30 ng/ml. 
Clearly, the relationship between prolactin 
and cortisol in salmonids needs experimen- 
tal analysis. 

Prolactin levels rapidly declined to base- 
line within 1 day of the introduction of coho 
to seawater and remained low throughout 
the remainder of the sampling period. This 
finding is consistent with the notion that in 
coho salmon, as in other teleosts, prolactin 
is involved in maintaining homeostasis in 
fresh water (see Loretz and Bern, 1982; 
Hirano et al . ,  1987; Hasaegawa et  al . ,  
1987). However, prolactin appears not to 
be mandatory for freshwater survival of 
salmonids, since only minor changes occur 
in plasma Na + in fresh water after hy- 
pophysectomy of several salmonid species 
(Donaldson and McBride, 1967; Komourd- 
jian and Idler, 1977; Bjfrnsson and Hans- 
son, 1983; Komourdjian, 1984; Nishioka et 
al., 1987; Richman et al., 1987a). 

The significance of elevations in plasma 
prolactin levels during smoltification of 
coho salmon has not yet been resolved. On 
the basis of data from euryhaline species, 
elevated prolactin may function to prevent 
excessive ion loss in fresh water as seawa- 
ter-adaptive mechanisms develop. How- 
ever, it is difficult to reconcile this possibil- 
ity with the rapid decrease in plasma pro- 
lactin levels that occurred in April, when 
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hypoosmoregulatory ability was maximal. 
No ion loss from freshwater coho was ap- 
parent during this period (BjOrnsson et  al., 
1989), although there have been reports of 
this occurring in other studies (see Richman 
et  al.,  1987b). Sheridan (1986) has demon- 
strated that ovine prolactin stimulates lipid 
mobilization in the early stages of smoltifi- 
cation of coho salmon, which suggests that 
the elevations in plasma prolactin may also 
serve to stimulate some of the changes in 
lipid and carbohydrate metabolism charac- 
teristic of the parr-smolt transformation. 
Prunet et al. (1989) found that plasma pro- 
lactin decreased during smoltification of 
Atlantic salmon with no evidence of the 
type of increase observed in coho salmon, 
again suggesting that differences have 
evolved between these two species in the 
endocrine regulation of smoltification. 
However, in both the coho (present study) 
and the Atlantic salmon (Prunet et  al . ,  
1989), elevations in gill Na+,K+-ATPase 
activity generally occurred when plasma 
prolactin levels were low and vice versa. 
Whether this relationship is causal remains 
to be explored. 

In the present study, growth hormone 
levels began rising relatively early in devel- 
opment, concomitant with increasing hy- 
poosmoregulatory ability, and remained 
high for a 3-month period. Seawater trans- 
fer did not induce elevations in growth hor- 
mone levels; rather, changes in growth hor- 
mone levels in seawater fish paralleled 
those in freshwater coho during the first 
week after transfer. The pattern seen there- 
after in seawater fish had some similarity to 
that in freshwater fish, with the notable ex- 
ception of the relatively large fluctuations 
in levels in seawater-adapted fish. A similar 
pattern of increases in plasma levels of 
growth hormone has recently been reported 
for Atlantic salmon (Prunet et al., 1989). 
These studies further substantiate the ex- 
perimental evidence showing that mamma- 
lian and teleostean growth hormones im- 
prove the hypoosmoregulatory ability in 

several species of salmonids (Komourdjian 
et al., 1976; Clarke et  al.,  1977; Miwa and 
Inui, 1985; Bolton et al., 1987) and enhance 
gill Na+,K+-ATPase activity in coho 
salmon (Richman and Zaugg, 1987; 
BjOrnsson et al., 1987), and suggest that in- 
creased circulating growth hormone may be 
a consistent feature of the parr-smolt trans- 
formation in both coho salmon and Atlantic 
salmon. Increased plasma growth hormone 
levels have been reported in chum salmon, 
O. keta,  6 and 12 hr after their introduction 
into seawater (Hirano et al., 1987; Hase- 
gawa et  al., 1987). Sweeting et al. (1985) re- 
ported increasing plasma growth hormone 
levels relatively late in the parr-smolt 
transformation and increased growth hor- 
mone levels 12 and 24 hr after exposure of 
coho to seawater. Direct comparisons with 
the data obtained in the present study are 
not possible since other hormonal changes 
or changes in hypoosmoregulatory ability 
were not assessed: their seawater transfer 
experiment was apparently conducted rela- 
tively early in smoltification on coho of 
about 15-20 g body wt. There are several 
possible explanations for the lack of change 
in plasma growth hormone levels in coho 
salmon after transfer to seawater in the 
present study: adaptive changes in growth 
hormone may occur before 24 hr after 
transfer; coho which have already achieved 
peak hypoosmoregulatory ability may not 
require further elevations in plasma growth 
hormone to adapt rapidly and successfully 
to the hyperosmotic environment; the rela- 
tively slow replacement of fresh water with 
seawater during the first 24 hr of adaptation 
may have reduced osmotic stress which 
might otherwise stimulate growth hormone 
secretion; or metabolic clearance rate 
and/or receptor numbers may increase rap- 
idly and substantially after exposure of 
coho to seawater. The increases in plasma 
growth hormone levels coincided with 
those in plasma cortisol. There is substan- 
tial evidence for a close functional relation- 
ship among growth hormone, thyroid hor- 
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mones, and corticosteroids in mammals. 
However, the evidence in teleosts is largely 
indirect; cortisol stimulates growth hor- 
mone secretion by the pituitary of tilapia 
(Oreochromis mossambicus) in vitro (Nish- 
ioka et al., 1985), and both growth hormone 
and thyroid hormones have stimulatory ef- 
fects on the interrenal of coho salmon 
(Young, 1988; Young and Lin, 1988). 
Growth hormone has been demonstrated to 
have both hyperglycemic (Sweeting et al., 
1985) and lipolytic (Sheridan, 1986) effects 
in coho salmon and may play a role in the 
metabolic changes occurring during smolti- 
fication. 

In summary, the first of the hormones we 
measured to display distinct changes as the 
animals enter the period of smoltification is 
prolactin. A possibly critical period in de- 
velopment occurred in early April when 
prolactin levels dropped rapidly, coincident 
with increases in growth hormone, thyroid 
ho rmones ,  and cor t isol  and in gill 
Na+,K+-ATPase activity (Bjfrnsson et 
al., 1989). Growing evidence indicates that 
growth hormone serves a seawater-  
adaptive role in salmonids. The role played 
by prolactin in the smoltification of coho 
salmon remains ill defined, although the 
generally inverse relationship observed be- 
tween plasma prolactin levels and gill 
Na + ,K +-ATPase activity deserves experi- 
mental investigation. Recent data from the 
masu salmon (O. masou) are largely similar 
to those reported herein for the coho 
salmon: a growth hormone peak occurs at 
about the same time as the thyroxine peak, 
and a prolactin peak precedes both (M. 
Ikuta, K. Aida, and T. Hirano, personal 
communication). 
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