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Abstract

During peak smoltification, the interactive effects of cortisol and ambient seawater challenge were

compared in two strains of Atlantic salmon (Salmo salar) smolts: a domesticated strain, AquaGen and

a native River Imsa strain. Tissue and blood samples were taken from untreated fish on 20 May. Fish

were then transferred to experimental tanks, allowed to recover for 24 h and cortisol (50 mg kg body

mass� 1), dissolved in vegetable oil, or vegetable oil alone (sham) was implanted. Samples were taken

5 days post implantation. Fish were then exposed to 24 h ambient seawater challenge (FW–SW) or

freshwater to freshwater replacement (FW–FW) and sampled as before. Sham implantation had no

significant impact on any of the measured parameters. Cortisol implantation significantly elevated

plasma cortisol in FW–FW Imsa smolts, while no effect was observed in FW–SW Imsa smolts.

Cortisol implantation had no effect on the plasma cortisol levels of AquaGen smolts regardless of

FW–SW challenge. Increased plasma cortisol corresponded with significantly higher plasma glucose

levels in FW–FW Imsa smolts. Plasma Na+ and Cl� levels were not affected by cortisol implantation

but were significantly increased in FW–SW smolts of both strains. Gill Na+,K+-ATPase activity
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increased in response to cortisol implantation in only FW–FW smolts but not FW–SW smolts. Gill

Na+,K+-ATPase a-subunit mRNA levels were not affected by strain, cortisol injection or transfer

protocol, while both CFTR I and CFTR II mRNA levels were significantly higher in AquaGen versus

Imsa smolts regardless of treatment. CFTR I mRNAwas elevated following cortisol implantation in

FW–FW smolts from both strains suggesting CFTR I expression is under the control of cortisol.

These findings also suggest that plasma cortisol levels are regulated differently between strains and

that cortisol implantation and ambient FW–SW challenge interact, interfering with the individual

effects of each of these factors.

D 2003 Published by Elsevier Science B.V.
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1. Introduction

The role of cortisol in seawater adaptation in teleost fish, in particular during

smoltification of Atlantic salmon (Salmo salar), is well documented (Madsen, 1990; Bern

and Madsen, 1992). Plasma cortisol levels rise in the spring prior to smoltification (Specker

and Schreck, 1982; Barton et al., 1987) and in response to seawater exposure in Atlantic

salmon smolts (Nichols and Weisbart, 1985). Although cortisol levels naturally increase

during smoltification, little is known about the interactive effects of smoltification and

chronic stress or cortisol implantation during this period. Aquaculture practices may induce

chronic stress in juvenile salmonids, which could impact the ability of smolts to success-

fully adapt to seawater.

Increases in Na+,K+-ATPase activity during smolt development and following seawater

exposure are characteristic of the smoltification process (for review see McCormick, 1995).

The level of Na+,K+-ATPase a-subunit mRNA in the gill also shows similar increases

during development and following seawater exposure (Madsen et al., 1995; D’Cotta et al.,

2000). Less is known about the role of other important osmoregulatory genes in salmonid

smoltification. It has recently been shown that the expression of an apically located chloride

channel (CFTR) in the killifish (Fundulus heteroclitus) gill increases following seawater

exposure, suggesting a role in teleost seawater adaptation (Singer et al., 1998). The cloning

of two CFTR isoforms in Atlantic salmon has provided an opportunity to investigate their

expression patterns (Chen et al., 2001).

The response of salmon to cortisol implantation during non-smolting stages has been

shown to vary considerably both between studies and among species and developmental

stages. For example, cortisol implantation increased seawater tolerance and gill Na+,K+-

ATPase activity in juvenile Atlantic salmon during non-smolting periods in one study

(Bisbal and Specker, 1991) while it failed to produce an effect on gill Na+,K+-ATPase

activity in a second study of juvenile Atlantic salmon (Langdon et al., 1984) and induced an

inhibition in coho salmon (Oncorhynchus kisutch) (Redding et al., 1984). McCormick et al.

(1991) found that the in vitro responsiveness of gill Na+,K+-ATPase activity to cortisol was

greatest just prior to completion of smolting. Increases in the level of Na+,K+-ATPase a-

subunit mRNA have also been observed following cortisol implantation, suggesting

cortisol regulation of this gene (Richman and Zaugg, 1987; Madsen et al., 1995; Seidelin
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et al., 1999). The timing of these changes at both the protein and gene levels varies among

studies. Similarly, a transient increase in plasma cortisol levels precedes the rise in CFTR

mRNA levels in F. heteroclitus, suggesting cortisol involvement in CFTR expression

(Marshall et al., 1999).

The objective of this study was to compare the interactive effects of cortisol implantation

and ambient seawater challenge in two distinct strains of Atlantic salmon smolts during the

peak period of natural smoltification. Ambient seawater challenge takes into account the

temperature differences that are associated with direct transfer of cultured smolts from

freshwater holding tanks to seawater culture cages. The use of an ambient seawater

challenge betters approximates the conditions experienced in an aquaculture setting, in

contrast to responses to the controlled temperatures associated with traditional seawater

challenge. The 24-h time course was chosen to examine acute effects, which allowed for

comparison of plasma cortisol levels associated with the cortisol implant to endogenous

cortisol levels in response to ambient seawater transfer.

Atlantic salmon smolts used for this study were derived from two distinct Norwegian

populations: (1) AquaGen, a strain which supplies most Norwegian commercial salmon

farming operations and (2) Imsa, a strain native to the Imsa River. These strains show

differences in behaviour and growth with the AquaGen strain having been shown to be

competitively and reproductively inferior to the Imsa strain under natural conditions

(Einum and Fleming, 1997; Fleming et al., 2000). Understanding the interactive response

of different strains of smolts at the physiological and molecular level to both cortisol

stimulation and ambient seawater exposure may lead to selection of appropriate strains and

to improvements in aquaculture practices which are likely to reduce mortalities associated

with seawater transfer.

2. Methods

2.1. Fish

Atlantic salmon smolts were derived from two distinct populations. The AquaGen strain

originated in Norway’s national breeding program at Sunndalsora (AquaGen) and were the

offspring (Fall 1998) of parents taken as eyed eggs in 1996 to the Norwegian Institute for

Nature Research (NINA) station at Ims, southwest Norway (Fleming and Einum, 1997).

These fish constituted the eighth-generation of the first brood line (Gjedrem et al., 1991)

that has undergone intentional selection such that it is now derived principally, if not solely

from the river Namsen, central Norway (Gjedrem et al., 1991; Fleming and Einum, 1997).

Selection was based upon survival and body weight under commercial aquaculture

conditions (Gjedrem et al., 1991). Simultaneously, offspring were derived from spawning

first-generation adult sea-ranched salmon collected from the River Imsa in the fall of 1998.

The offspring of these salmon were considered native River Imsa stock. The eggs were

hatched during January/February 1999 and subsequent juvenile fish from both populations

were reared under similar hatchery conditions until smolting at age 1+. During this period,

the fish were fed an ordinary commercial dry diet via automatic feeder, according to

temperature and fish size. At the time of the experiments, the length and weight of the
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strains were as follows (meanF S.E.M.): AquaGen 21.8F 0.3 cm, 100.0F 4.3 g, n = 56;

Imsa 20.7F 0.2 cm, 89.6F 3.5 g, n = 56.

2.2. Experimental design

All experiments were performed at the NINA Station at Ims during May 2000,

coinciding with the annual natural smolt migration period in the River Imsa. Freshwater

taken from the River Imsa had ambient temperatures that ranged between 14.5 and 16.0 jC
during the course of the study. Seawater drawn from the neighbouring fjord was 7.9 jC at

the time of ambient seawater challenge studies. At peak time of smoltification, six groups of

eight fish (age 1+) from each strain were transferred from two 4000-l freshwater holding

tanks to individual 100-l tanks (20 May). In addition, eight AquaGen and eight Imsa smolts

were sampled directly from each of the holding tanks as undisturbed controls. The stocking

densities within these holding tanks (approx. 15 kg m� 3) were similar to those used to hold

smolts prior to being transferred to seawater cages. After each group of eight fish was held

for 24 h in the smaller 100-l freshwater tanks, fish were lightly anaesthetized using MS222

(30 mg ml� 1) buffered with NaHCO3 (60 mg ml� 1) given intraperitoneal implantations (1

ml kg body mass� 1) of either sunflower vegetable oil alone (sham) or vegetable oil

containing cortisol (50 mg kg body mass� 1) and returned to their original tanks. This

protocol has been shown to produce a slow release of cortisol into the circulation in teleosts

(Vijayan et al., 1994). The fish were fed as described above and feeding was stopped 24 h

prior to sampling to ensure the fish were in a post-absorptive state. Five days following the

implantations, one group of cortisol- and sham-implanted AquaGen and Imsa fish were

subjected to a 24 h ambient seawater challenge (FW–SW) which included a drop in water

temperature of 7.1 jC (i.e., 15.0 jC freshwater to 7.9 jC seawater). Seawater replacement

was accomplished by rapidly reducing freshwater volume from 100 to 10 l and then

immediately replacing it with flow-through seawater. The salinity rose to full-strength

seawater (32 ppt) within 60 min. To determine the impact of the water replacement

protocol, all exposures were repeated identically using freshwater instead of seawater

(FW–FW) using a separate group of sham- and cortisol-implanted AquaGen and Imsa fish.

While such exposures do not account for the changes in temperature associated with

ambient seawater challenge they do account for the acute handling stress. At the same time

that the FW–SW and FW–FW protocols occurred (5-days post implantation), samples of

eight fish for each strain and treatment group were taken to provide a further control group.

2.3. Sampling of fish

Fish were netted in pairs and exposed to a 20 l anaesthetic bath containing 100 mg l� 1

MS-222 (Sigma) buffered with 200 mg l� 1 NaHCO3. Blood was obtained by caudal

puncture using an NH4-heparinized syringe and the sample was placed on ice. Immediately

after drawing blood, the first pair of gill arches were removed and stored in RNAlaterk
(Ambion) overnight at 4 jC prior to long-term storage at � 20 jC until future RNA

extraction. The second pair of gill arches were removed and placed into ice cold SEI buffer

(250 mM sucrose, 10 mM EDTA, 50 mM imidazole, pH 7.3), frozen immediately in liquid

nitrogen and stored at � 80 jC for future analysis of Na+,K+-ATPase activity. After a total
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of eight fish per treatment were sampled, blood was centrifuged for 5 min at 5000� g, and

plasma was separated and frozen at � 20 jC for future analysis.

2.4. Sample analysis

Plasma cortisol was quantified using commercial radioimmunoassay kit (ICN Biomed-

icals) from duplicate 20 Al samples. If needed, plasma was diluted as necessary to insure

that levels fell within the range of the standard curve. In samples from certain cortisol

implanted fish, where plasma cortisol levels were higher than expected, levels were

confirmed using an ether extraction protocol (Schulz, 1985). Plasma glucose, Na+ and

Cl� levels were determined using a Nova Biomedical Stat Profile Plus 9 blood gas analyzer.

Gill Na+,K+-ATPase activity was measured according to McCormick (1993).

2.5. Semi-quantitative reverse transcriptase (RT)-PCR

To assess the gill Na+,K+-ATPase a-subunit, CFTR I and CFTR II mRNA levels in

Atlantic salmon, we utilized a semi-quantitative RT-PCR approach (Harting and Wiesner,

1997), because northern blot analysis would be unlikely to distinguish between the two

very similar Atlantic salmon CFTR isoforms. Gene-specific oligonucleotide primers were

designed to amplify Atlantic salmon Na+,K+-ATPase a-subunit as well as CFTR I and

CFTR II. Details of the primer design have been described in a companion study (Singer et

al., 2002).

Total RNA was extracted from small amounts of gill tissue (100 mg or less) using an

RNeasyR Mini kit (Qiagen). Samples were quantitated by spectrophotometry and qual-

itatively assessed by gel electrophoresis using 1% agarose formaldehyde gel. For each

treatment group total RNAwas extracted from each of the eight gill samples collected. First

strand cDNA synthesis was performed using 1 Ag of total RNA and oligo dT primer (0.5 mg

ml� 1) (Promega) at a final volume of 12.5 Al. This mixture was heated at 70 jC for 5 min

prior to adding first strand buffer (final concentration 50 mM Tris–HCl, 50 mMKCl, 4 mM

MgCl2, 10 mM DTT), 20 U M-MuLV Reverse transcriptase (MBI Fermentas), 15 U

RNasin ribonuclease inhibitor (Promega), 0.8 mM dNTPs in a final volume of 20 Al. The
reaction was incubated at 37.5 jC for 1 h and stopped by heating at 70 jC for 10 min.

A sample of the resultant cDNA template (1 Al) was used for the PCR reaction (final

concentrations: 10 mM Tris–HCl, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 pmol

of each gene-specific oligonucleotide, 0.8 pmol of the h-actin control oligonucleotides

(Ambion) and 2.5 U of Taq polymerase (MBI Fermentas) in a 25 Al total reaction volume).

PCR reactions were carried out using two sets of primers within the same reaction (h-actin
control oligonucleotide plus Atlantic salmon gene-specific Na+,K+-ATPase a-subunit

CFTR I, or CFTR II oligonucleotide primers, respectively). Thermal cycling was performed

according to the following protocol: 1 min denaturation at 94 jC, followed by 1 min

annealing at 60 jC, followed by a 1 min extension step at 72 jC for 27 cycles. Before

initiating experiments, the linear range of the PCR for each individual primer set alone and

including h-actin primers was determined. These cycling parameters (27 cycles, 60 jC
annealing) were chosen to insure that all sets of primers resulted in reactions that were

within the exponential amplification phase of the PCR for all templates.
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PCR products were separated according to size by gel electrophoresis in 1.5% agarose

gels (1�TAE containing 25 Ag ethidium bromide 100 ml-1 gel). The PCR products were

visualized by UV illumination and quantified by densitometry using a FluorChem gel

documentation system (Alpha Innotech). For each treatment sample, the Integrated Density

Value (IDV) obtained for the target gene-specific amplicon was divided by the signal

obtained for the h-actin amplicon producing a relative mRNA abundance value. The h-
actin amplicon IDV did not change significantly with treatment.

2.6. Data analysis

Plasma cortisol, glucose, Na+ and Cl� levels, gill Na+,K+-ATPase activity and gill

Na+,K+-ATPase a-subunit, CFTR I and CFTR II mRNA levels were analyzed using three-

way analysis of variance (ANOVA) with (1) strain (AquaGen or Imsa), (2) implantation

protocol (cortisol or sham) and (3) water exposure protocol (FW–FW) or (FW–SW) as

factors. A separate two-way ANOVA was used to compare resting and 5-day post

implantation values with (1) strain and (2) implantation protocol as factors. Where

necessary, dependant variable data were log-transformed to meet assumptions of homoge-

neity of variance within treatment group. Detailed analysis of the treatment means using

Tukey’s procedure was carried out only if the ANOVA revealed significant differences

among main effects or interactions (P < 0.05). Statistical analysis was completed using SAS

general linear model computer software. Data are presented as meanF standard error

calculated within each treatment group unless indicated otherwise. Fish length and weight

were not significant covariants.

3. Results

3.1. Plasma cortisol and glucose

Resting plasma cortisol levels were low in both untreated AquaGen and Imsa smolts

sampled directly from holding tanks (meanF S.E.: 19.2F 4.9, 15.5F 3.2 ng ml� 1,

respectively), and sham injection did not significantly increase cortisol levels (Table 1).

In the fish sampled at 5 days post implantation (prior to water replacement), cortisol-

implanted Imsa smolts had significantly elevated plasma cortisol levels versus the sham-

implanted smolts (P < 0.05) (Table 1). In contrast, there was no significant difference in

plasma cortisol level in the cortisol- and sham-implanted AquaGen smolts at this time

(P>0.05)(Table 1).

At 6 days post-implantation, following water replacement, Imsa smolts had significantly

higher plasma cortisol levels compared with AquaGen smolts (irrespective of cortisol

implantation or FW–SW challenge) (P < 0.05). Plasma cortisol levels were not affected by

either cortisol implantation (P= 0.78) or FW–SW challenge (P= 0.91), but there were

significant interaction effects between all factors, i.e., strain� cortisol implantation

(P= 0.01), strain� FW–SW challenge (P= 0.01) and cortisol implantation� FW–SW

challenge (P= 0.03). Post-hoc tests revealed significantly higher plasma cortisol levels in

cortisol- versus sham-implanted FW–FW Imsa smolts (P < 0.05) but not in the FW–SW
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smolts (Fig. 1). In contrast, AquaGen smolts showed no increase in plasma cortisol levels 6

days following cortisol implantation, while FW–SW sham-implanted smolts had near

significantly elevated plasma cortisol levels versus the FW–FW smolts (P= 0.10).

Resting plasma glucose levels were low in untreated smolts of both strains sampled

directly from holding tanks (meanF S.E.: 6.7F 0.6, 6.9F 0.4 mmol l� 1, respectively), and

did not change significantly with sham implantation. Five days following cortisol

implantation, only Imsa smolts had significantly elevated plasma glucose levels versus

sham-implanted smolts (Table 1). At 6 days post implantation, following water replace-

ment, neither strain, implantation nor water replacement were significant factors affecting

plasma glucose, but there was a significant interaction effect between cortisol implantation

and FW–SW challenge (P= 0.01) (Fig. 1). Cortisol-implanted Imsa smolts had signifi-

cantly higher plasma glucose compared with sham-implanted smolts in the FW–FW

replacement group (P < 0.001).

3.2. Plasma ions

There were no significant differences between strains in resting or 5-day post implanta-

tion plasma Na+ and Cl� levels (Table 1). In contrast, both plasma Na+ and Cl� levels were

significantly elevated in FW–SW challenged smolts compared with FW–FW replacement

smolts at 6 days post implantation (P < 0.001) (Fig. 1). There was no effect of strain or

cortisol implantation on plasma Na+ and Cl� levels (P>0.05).

3.3. Gill Na+,K+-ATPase activity

There were significant differences in gill Na+,K+-ATPase activity between AquaGen and

Imsa smolts at 5 days post implantation (P < 0.05). Cortisol implantation had no significant

Table 1

Plasma cortisol, glucose, Na+, Cl�, gill Na+,K+-ATPase specific activity, Na+,K+-ATPase a-subunit, CFTR I and

CFTR II relative to h-actin mRNA levels in Atlantic salmon (S. salar) smolts given vegetable oil alone (sham) or

vegetable oil containing cortisol at 50 mg kg� 1 body mass (cortisol) and sampled 5 days later

AquaGen Imsa

Sham Cortisol Sham Cortisol

Plasma cortisol (ng ml� 1) 265.6F 66.3 542.8F 293.9 67.0F 28.8 2144.9F 448.4*

Plasma glucose (mmol l� 1) 6.5F 0.2 6.8F 0.3 6.2F 0.2 7.7F 0.4*

Plasma Na+ (mM) 139.0F 1.3 138.8F 2.8 133.8F 1.3 138.2F 2.4

Plasma Cl� (mM) 131.6F 1.3 128.8F 2.7 123.7F 1.1 127.4F 2.1

Gill Na+,K+-ATPase activity

(mmol Pi mg prot� 1 h� 1)

11.2F 0.7 10.6F 0.3 13.8F 0.8 12.4F 1.1

Na+,K+-ATPase a-subunit: h-actin
(gill relative mRNA abundance)

0.128F 0.024 0.153F 0.038 0.068F 0.005 0.135F 0.026

CFTR I: h-actin
(gill relative mRNA abundance)

0.341F 0.066 0.343F 0.061 0.294F 0.047 0.278F 0.019

CFTR II: h-actin
(gill relative mRNA abundance)

0.124F 0.022 0.140F 0.023 0.129F 0.039 0.133F 0.008

Values represent meansF S.E. (n= 8); asterisk indicates significant difference between cortisol- and sham-

implanted smolt within a single strain ( P< 0.05, Tukey’s studentized range test, preceded by two-way ANOVA).
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effect on Na+,K+-ATPase (Table 1). There was, however, a significant effect of strain

(P= 0.0073).

At 6 days post implantation, gill Na+,K+-ATPase activity was significantly affected by

strain (P= 0.001) and cortisol implantation (P= 0.004), while FW–SW challenge had no

effect, as determined by three-way ANOVA. There was a significant interaction effect

between cortisol implantation and FW–SW challenge (P= 0.007). Cortisol-implanted Imsa

and AquaGen smolts had significantly elevated gill Na+,K+-ATPase activity compared with

the sham-implanted smolts after undergoing FW–FW replacement protocol (Imsa:

P= 0.01; AquaGen: P= 0.002) (Fig. 2) but not when exposed to a FW–SW challenge

(Fig. 2).

 

Fig. 1. Plasma cortisol, glucose, Na+ and Cl� levels (meanF S.E.) of Atlantic salmon smolts exposed to ambient

seawater challenge. Smolts (n= 8) were implanted with vegetable oil alone (sham) or vegetable oil containing

cortisol at 50 mg kg� 1 body mass (cortisol) and sampled 6 days later following 24 h freshwater replacement (FW–

FW) or 6 days later following acute 24 h seawater exposure (FW–SW). The following symbols denote significant

differences between specific groups: (*) sham and cortisol implanted smolts from a specific strain/water

replacement group; (#) Imsa and AquaGen smolts from a specific implantation/water replacement group; and (f)

FW–FWand FW–SW treated smolts for a specific strain/implantation group ( P< 0.05, Tukey’s studentized range

test, preceded by three-way ANOVA).
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3.4. Gill mRNA abundance

In contrast to gill Na+,K+-ATPase activity, Na+,K+-ATPase a-subunit mRNA abundance

was not affected by any of the factors examined at 6 days post implantation (P>0.05). Gill

CFTR I was affected by strain (P= 0.01), cortisol implantation (P= 0.01) and FW–SW

challenge (P= 0.01), and there was a significant interaction effect between strain and FW–

SW challenge (P= 0.007). FW–FW replacement AquaGen smolts exhibited significantly

higher CFTR I mRNA levels than any other group (P= 0.01). Both AquaGen and Imsa

smolts had significantly elevated CFTR I mRNA levels following cortisol implantation.

CFTR II mRNA abundance was affected by strain (P= 0.03), but neither cortisol

implantation nor FW–SW challenge had any effect individually. There was a significant

interaction effect between strain and FW–SW challenge (P= 0.01) and, as was the case for

CFTR I, FW–FWAquaGen smolts exhibited significantly higher CFTR II mRNA levels

than any other group (P= 0.01).

 

Fig. 2. Gill Na+,K+-ATPase specific activity, Na+,K+-ATPase a-subunit, CFTR I and CFTR II relative to h-actin
mRNA levels of Atlantic salmon smolts (meanF S.E.) exposed to ambient seawater challenge. See Fig. 1 text for

details.
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4. Discussion

4.1. Plasma cortisol and glucose

Plasma cortisol levels responded differently in AquaGen and Imsa smolts to both

cortisol implantation and ambient seawater transfer. Imsa smolts responded to cortisol

implantation with dramatically increased plasma cortisol levels in contrast to the AquaGen

smolts, which showed no significant increases in plasma cortisol in response to admin-

istration of the same dose of exogenous cortisol in comparison with sham-implanted smolts.

Cortisol levels in some injected Imsa smolts reached levels at 5 days post-injection that are

beyond the normal physiological range for Atlantic Salmon (Table 1), which seldom exceed

250 ng ml� 1 (Nichols and Weisbart, 1985; Carey and McCormick, 1998). The elevated

glucose levels observed in cortisol-implanted Imsa smolts at 6 days post implantation

correspond with the elevated plasma cortisol levels observed in these smolts. Such

increases in plasma glucose may be due to increased cortisol-induced gluconeogenesis

(Mommsen et al., 1999). Interestingly, 24 h FW–SW challenge ablated the increase in

plasma cortisol in the cortisol-implanted Imsa smolts, while AquaGen smolts showed a near

significant increase (P= 0.09) in plasma cortisol as a result of FW–SW challenge,

independent of cortisol implantation. Many studies have demonstrated that both smoltifi-

cation and seawater exposure can elevate plasma cortisol levels in salmon (Specker and

Schreck, 1982; Nichols and Weisbart, 1985; Barton et al., 1987). The changes in plasma

cortisol levels have impacts on the numbers of corticosteroid receptors in the gill, which in

turn is correlated to the development of seawater tolerance (Shrimpton and Randall, 1994).

Cortisol implantation has also been shown to enhance seawater adaptation in pre-smolt

stage Atlantic salmon (Bisbal and Specker, 1991; McCormick et al., 1991). Few studies,

however, have examined the effects of cortisol implantation during smoltification. The

findings here suggest that ambient seawater exposure has the ability to reduce the effects of

exogenous cortisol on plasma cortisol levels in certain strains. These differences between

strains may involve changes to total corticosteroid receptor numbers leading to variation in

cortisol turnover rate. Further investigation will be required to test this hypothesis.

4.2. Plasma ions

The levels of plasma Na+ and Cl� were unaffected by cortisol implantation in both

strains, but increased significantly following ambient FW–SW challenge. No significant

differences between strains were observed for plasma Na+ and Cl� following FW–SW

challenge. However, in a companion study, significant differences were detected between

the same strains examined here 96 h after ambient seawater exposure, indicating that

AquaGen smolts have a reduced ability to adapt to seawater between 24 h and 2 weeks

(Singer et al., 2002).

4.3. Gill Na+,K+-ATPase activity

Neither strain showed an increase in gill Na+,K+-ATPase activity following 24 h FW–

SW challenge. Salmon gill Na+,K+-ATPase activity has been shown to increase from
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between 2 to11 days following seawater exposure and is species and developmental stage

dependent (McCormick et al., 1989; Madsen et al., 1995; D’Cotta et al., 2000; Seidelin et

al., 2000; Singer et al., 2002). In a companion study, we have shown that AquaGen and

Imsa smolts exposed to a long-term ambient FW–SW challenge began to show significant

increases in gill Na+,K+-ATPase activity at 96 h following seawater exposure (Singer et al.,

2002). Gill Na+,K+-ATPase activities have also been shown to vary seasonally during the

parr–smolt transformation with maximum activities coinciding with peak smoltification

(McCormick et al., 1987; Nielsen et al., 1999; D’Cotta et al., 2000). Since we examined

smolts at the peak of smoltification, gill Na+,K+-ATPase activity may have already been

elevated and could not be stimulated to higher levels within 24 h of seawater challenge

alone, although we have shown that longer periods of exposure result in increases in

activity (Singer et al., 2002). Alternatively, the lower seawater temperatures associated with

ambient seawater challenge may have reduced the increase in Na+,K+-ATPase activity.

Handeland et al. (2000) reported significantly lower gill Na+,K+-ATPase activities 24 h

after smolts were transferred from cold freshwater to cold seawater (both at 4.6 or 9.1 jC)
compared with transfer from warm freshwater to warm seawater (both at 14.4 or 18.9 jC).

While seawater challenge alone did not increase gill Na+,K+-ATPase activity, cortisol

implantation resulted in significantly elevated gill Na+,K+-ATPase activity in FW–FW

replacement smolts from both strains. A similar response has been observed in both pre-

smolt Atlantic salmon (McCormick et al., 1991; Bisbal and Specker, 1991) and brown trout

(Madsen et al., 1995). In a separate study conducted during smoltification, Na+,K+-ATPase

activity did not increase in smolts implanted with cortisol alone but did show increased

activity when recombinant bovine insulin-like growth factor-I (rbIGF-1) was also admin-

istered (Seidelin et al., 1999). The responsiveness of gill Na+,K+-ATPase activity to cortisol

has been shown to diminish during peak smoltification when seasonal Na+,K+-ATPase

activity levels peak (McCormick et al., 1991). Despite being at peak of smoltification and

having significant differences in plasma cortisol levels, the two strains examined here had

the capacity to elevate gill Na+,K+-ATPase activity when implanted with cortisol. In

contrast, the effect of cortisol implantation on gill Na+,K+-ATPase activity was absent in

FW–SW smolts. While cortisol treatment prior to smoltification has been shown to

increase the ability of smolts to survive seawater exposure (Bisbal and Specker, 1991),

such effects were not evident in this study.

4.4. Gill mRNA abundance

Cortisol implantation had no effect on gill Na+,K+-ATPase a-subunit mRNA levels

suggesting that expression is not induced by cortisol during peak smoltification. Gill

Na+,K+-ATPase a-subunit mRNA levels have been shown to increase following a 6 day

course of cortisol injections in Atlantic salmon and could be elevated further when rbIGF-I

was co-injected (Seidelin et al., 1999). Similarly, we did not observe increases in gill

Na+,K+-ATPase a-subunit mRNA levels following ambient FW–SW challenge in either

strain. Increases in gill Na+,K+-ATPase a-subunit mRNA levels have been observed in

Atlantic salmon smolts at 24 h post-seawater exposure (D’Cotta et al., 2000), and in

juvenile pre-smolt Brown trout between 12 and 24 h post-seawater exposure (Madsen et al.,

1995; Seidelin et al., 2000). All of these studies employed single temperature seawater
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challenge, which could account for some of the differences between these and the present

data.

In contrast to gill Na+,K+-ATPase a-subunit CFTR I mRNA levels were significantly

affected by the three factors examined: strain, cortisol implantation and FW–SW challenge.

Overall, the levels of gill CFTR I mRNA were significantly higher in AquaGen smolts

compared with Imsa smolts. Comparison of treatment means revealed that both AquaGen

and Imsa smolts elevated mRNA levels in response to cortisol implantation. Interestingly,

the level of CFTR I mRNA following cortisol implantation was higher in the AquaGen

smolts compared with Imsa smolts despite significantly lower plasma cortisol levels. These

results suggest that CFTR I mRNA levels are under the control of cortisol and that this

regulation varies between strains.

Gill CFTR II mRNA levels were significantly elevated in AquaGen versus Imsa smolts

and there was an overall effect of FW–SW challenge. However, unlike CFTR I, there was

no significant effect of cortisol implantation. Possession of two isoforms of CFTR is unique

to Atlantic salmon (Chen et al., 2001), and these isoforms have been shown to have very

different expression patterns following long-term seawater exposure (Singer et al., 2002).

CFTR I mRNA levels increased steadily over 2-week time course while CFTR II mRNA

levels transiently peaked at 24 h following seawater exposure. This study demonstrates that

there are also differences in response to cortisol implantation between the two CFTR

isoforms. The functional consequences of these differences between the two CFTR

isoforms remain to be investigated.

4.5. Conclusions

Despite similar rearing conditions, the two strains of smolts examined here differ in their

response to cortisol implantation as well as to ambient seawater challenge. Application of

ambient seawater challenge has helped to identify differences in physiology between strains

that are relevant to actual aquaculture practices. In a companion study, AquaGen smolts had

inferior ability to adapt to seawater following a long-term ambient seawater challenge

(Singer et al., 2002). The differences between strains in response to cortisol implantation

may be a factor influencing the differences in physiology between the strains.

Clearly there are strain-specific differences in the response to cortisol implantation and

ambient seawater challenge. These two factors appear to interact in complex ways that

differ between strains. As a result, the effects (at a biochemical and molecular level) of

either factor alone cannot be used to adequately predict their combined effects. This

complex interaction may be particularly evident in fish that are at or near their peak of

natural smoltification. Additional studies into the interaction of these factors in fish at a

variety of developmental stages are clearly required.
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