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Abstract Regulation of arterial partial pressure of

O2 (PaO2) in Atlantic salmon (Salmo salar) was

investigated during resting conditions in normoxic

and hyperoxic water. Dorsal aorta cannulated adult

Atlantic salmon (1.2–1.6 kg, n = 8) were exposed to

2 week sequential periods of normoxia [16.7 ±

1.1 kPa (mean ± SD)] and hyperoxia (34.1 ± 4.9 kPa)

in individual tanks containing seawater (33.7 ± 0.2

ppt) at stable temperature conditions (8.7 ± 0.7�C)

and a light regime of L:D = 12:12. Tank design and

sampling procedures were optimized to provide suit-

able shelter and current for the fish, and to allow

repeated, undisturbed sampling of blood from free-

swimming fish. Fish were sampled regularly through

the experimental period. PwO2, PaO2, blood ion

composition (Na?, K?, Cl-), acid–base status

(pH, PCO2, HCO3
-), haematocrit and glucose were

measured. The most frequently observed PaO2 values

were in the range of 60–80% of PwO2, both during

normoxia and hyperoxia, and PaO2 values were

significantly lower during normoxia than during

hyperoxia. Blood pH, PCO2 and HCO3
- were signif-

icantly elevated during hyperoxia, while, Na?, Cl- and

Hct were significantly lower. K? and glucose showed

no significant differences. This study demonstrates a

lack PaO2 regulation in Atlantic salmon to low partial

pressures, in contrast to previous reports for many

aquatic gill breathing animals. Both during normoxia

and hyperoxia, PaO2 reflects PwO2, and alterations in

external PO2 consequently result in proportional

arterial PO2 changes. Physiological adaptation to

hyperoxia, as illustrated by changes in several blood

parameters, does not include down-regulation of PaO2

in Atlantic salmon. The lack of PaO2 regulation may

make Atlantic salmon vulnerable to the oxidative stress

caused by increased free radical formation in hyper-

oxic conditions.

Keywords Atlantic salmon � Hyperoxia �
Normoxia: PaO2 � DA cannulation

T. Kristensen � B. O. Rosseland

Department of Ecology and Natural Resource

Management, Norwegian University of Life Sciences,

P.O. Box 5003, 1432 Aas, Norway

T. Kristensen (&) � B. O. Rosseland

Norwegian Institute for Water Research (NIVA),

P.O. Box 1266 Pirsenteret, 7462 Trondheim, Norway

e-mail: torstein.kristensen@niva.no

A. Kiessling � B. Djordevic

Department of Animal and Aquaculture Sciences,

Norwegian University of Life Sciences, P.O. Box 5003,

1432 Aas, Norway

A. Kiessling

Aquaculture Protein Centre, P.O. Box 5003, 1432 Aas,

Norway

J. C. Massabau
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Introduction

Eukaryotes evolved during a period where atmo-

spheric PO2 was much lower than present levels, and

many animals utilize respiratory, morphological and

behavioural strategies to reduce PO2 tension towards

and inside cells to the approximate level of the

atmosphere of the time of origin of eukaryotic cells

(Massabuau 2003). Active down-regulation of arterial

oxygen partial pressure (PaO2) during resting condi-

tions through respiratory adaptations to a set-point of

about 1–3 kPa has been documented in a number of

aquatic phyla (see review by Massabuau 2003),

including fish (Silurus glanis: Forgue et al. 1989;

Cyprinis carpio: Takeda 1990; Soncini and Glass

2000). This has been termed the low PaO2 strategy

(Massabuau 2001). The PaO2 regulation seems inde-

pendent of ambient PO2 up to 40 kPa (Massabuau

2001). Similar strategies have been described in

terrestrial insects (Hetz and Bradley 2005), spiders

(Angersbach 1978) and air-breathing crabs (Farrelly

and Greenaway 1994). Salmonids generally inhabit

cool, well-oxygenated waters throughout their life-

cycle and display an actively swimming lifestyle with

a high capacity for oxygen uptake and high meta-

bolic rates. Previous reports on in rainbow trout

(Oncorhynchus mykiss) show PaO2 levels consistently

at about 80% of PwO2 both during normoxia (Powell

and Perry 1997; Aota and Randall 2004; Leef et al.

2007) and hyperoxia (Wood and Jackson 1980).

Rainbow trout has also been shown to maintain a

higher PO2 in red muscle compared to mammals

during active swimming, indicating specialized adap-

tations to ensure adequate oxygen supply (McKenzie

et al. 2004). However, Thomas et al. (1988) docu-

mented chronic presence of brown trout (Salmo

trutta) in low oxygen (7 kPa) waters, indicating

physiological adaptation to arterial PO2 \ 7 kPa.

While high PaO2 values are consistently reported

for salmonids, these results are obtained from rela-

tively short-term experiments not directly targeted at

investigating the possible presence of a low PaO2

strategy during resting, unstressed, conditions.

In the aquatic environment, hyperoxia may occur

periodically as a result of algal photosyntehsis, being

most pronounced in enclosed areas with little circu-

lation (e.g., Dejours 1981). In commercial land-based

salmonid aquaculture, pure oxygen is added to the

water to increase the production potential of limited

water supplies. Thus, chronic or periodic exposure to

hyperoxia may occur. Acute toxicity of hyperoxia in

Atlantic salmon has been documented. Lygren et al.

(2000) found acute mortality after 1 week exposure

to 59 kPa (280% saturation) at 5–8�C and 1–2%
salinity, while Brauner et al. (2000) documented

mortalities of Atlantic salmon smolts during 96 h

exposure to 82 kPa (390% saturation) at 10�C in

freshwater. The observed mortalities were highest in

combination with hypercapnia, and more pronounced

in the following seawater challenge tests than during

exposure. Impaired osmoregulatory capacity after

seawater transfer has been reported in coho salmon

(Onchorhyncus kisutch) smolts exposed to approxi-

mately 37 kPa for 6 h to 1 week (Brauner 1999). A

number of studies report small effects of hyperoxia

on growth, and while most studies report no effect

(Edsall and Smith 1990; Caldwell and Hinshaw 1994;

Lygren et al. 2000), Dabrowski et al. (2004) reported

a significant growth increase in juvenile rainbow trout

exposed to 38 kPa (180% saturation) at 18�C for

18 weeks, and Hosfeld et al. (2008) reported

increased growth in Atlantic salmon parr exposed to

25.8 kPa (123% saturation) for 42 days at 9.5–9.5�C

in freshwater. Bæverfjord et al. (in preparation) report

reduced growth in parr/smolts of Atlantic salmon

exposed to hyperoxia (27 kPa, 130%) compared to

mild hyperoxia (22 kPa, 105%) and normoxia

(17 kPa, 80%) at 7–10�C. Reduced ventilation rate

is commonly observed during hyperoxia, resulting in

increased blood PCO2 (e.g., Hosfeld et al. 2008). The

respiratory acidosis is compensated by elevation of

HCO3
- (Wood and Jackson 1980), and HCO3

-/Cl-

exchange in the gill (reviewed by Evans et al. 2005).

Morphological adaptation to hyperoxia in the respi-

ratory tissues includes increased diffusion distance

across respiratory surfaces in seabass (Dicentrarchus

labrax; Saroglia et al. 2000).

Effects of environmental oxygen levels on oxida-

tive damage and responses in fish is reviewed by

Lushchak and Bagnyukova (2006). Lygren et al.

(2000) observed reduced levels of a-tocopherol and

ascorbate concentrations in Atlantic salmon reared

under hyperoxic conditions (140–150% saturation for

12 weeks at 1–2% salinity), and oxidative damage

occurred measured as an increased levels of thiobar-

bituric-reactive substances (TBARS) in liver, while

Olsvik et al. (2005) found no oxidative damage or

increased mRNA expression of antioxidant enzymes
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in liver of parr/smolts exposed to 130% saturation at

7–9�C in freshwater for 18 weeks. In the same

experiment, Olsvik et al. (2005) also report changes

in status of the glutatione antioxidant system in blood

in response to hyperoxia, with decreased oxidized

glutathione (GSSG) concentrations, stable total glu-

tathione (tGSH) and a resulting lower oxidative index

(OSI = 100 9 2 GSSG/tGSH). Ritola et al. (2002)

report increased catalase (CAT) activity in liver and

gills, as well as increased selenium-dependant gluta-

thione peroxidase (Se-GPX) in liver in a 48 h time

course after short term hyperoxia exposure (47 mg/l

for 4 h, freshwater, 15�C). Increased GSH levels in

blood cells, and decreased GSSG levels in gills and

liver were found in the same experiment, indicating

increased detoxification of free radicals. Short-term

exposure (5 h) of rainbow trout to 16.9 and 21.1 mg/l

O2 at 10�C in freshwater showed a significant

increase in DNA double strand breaks (dssb) in gills,

comparable at the highest oxygen level to effects of

the potent carcinogen N-methyl-N0-nitro-N-nitroso-

guanidide (MNNG, 200 lM; Liepelt et al. 1995).

The respiratory strategy used by Atlantic salmon

both during normoxia and hyperoxia will probably

impact both the sensitivity to hyperoxia, the observed

effects on growth and the responses of biochemical

antioxidant systems. The aim of the experiment was

to determine whether Atlantic salmon employ regu-

latory strategies to reduce PaO2, and if so to what

extent, during unstressed conditions.

Materials and methods

Experimental approach

To obtain reliable data on resting PaO2 levels in fish,

minimization of stress due to experimental conditions

and sampling is essential. An approach using dorsal

aorta (DA)-cannulated fish in an experimental setup

allowing unrestrained movement of the fish, as well

as a sampling procedure allowing sampling without

the fish detecting the presence of the sampler, was

applied. Most reported studies using DA-cannulated

salmonids are relatively short-term studies focussing

on various aspects of physiological regulation (e.g.,

Wood and Jackson 1980; Gilmour and Perry 1994;

McKenzie et al. 2004) or uptake and metabolism of

various foodstuffs (e.g., Hamre et al. 2001; Sunde

et al. 2003). Recently, improvements in surgical

procedures (Kiessling et al. 2003; Olsen et al. 2005)

combined with novel experimental tank design

(Djordjevic et al. 2009) have been documented to

give stable haematological values and background

cortisol levels in Atlantic salmon during long-term

experiments.

Experimental facilities and fish

The experiment was carried out at the Norwegian

Institute for Water Research (NIVA) research station

at Solbergstrand (Akershus County, Norway). Atlan-

tic salmon (Aquagen strain, n = 30) were kept in a

round 4-m3 holding tank supplied with seawater from

60 m depth prior to the experiment. Temperature and

salinity for a 2-month period prior to experiment

9.2 ± 0.8�C and 33.7 ± 0.4 g l-1, respectively, and

Oxygen concentration was kept [80% saturation. A

12 h light/12 h dark regime was used both before and

during the experiments. Fish were fed 5 days a week

1% body mass ration of standard commercial diet,

9-mm pellets (Optiline V 2000–50 A 9.0-mm pellets,

Skretting, Norway). Three days prior to cannulation,

fish (n = 8), ranging in body weight from 1.2 to

1.6 kg, were moved from the holding tank to 8

individual experimental tanks. The fish were not

fed during the experimental period. Salinity (33.7 ±

0.2 g l-1) and temperature (8.7 ± 0.7�C) were kept

stable during the experimental period. Experimental

tanks (1 9 1 9 0.3 m with water, Fig. 1) were

equipped with an individual light source and a shelter

consisting of a 0.3 9 0.5 m shelf attached to the tank

wall 0.05 m above the water surface. Water flow rate

was adjusted to 2 l min-1; each tank was equipped

with an aquarium pump (375 l h-1, 50 Hz) to create

an adjustable directed current independent of incom-

ing water flow. The resulting water current was

approximately 10 cm s-1 along the perimeter of the

tank. Tanks were physically separated from each

other, and vibration isolated by consecutive layers of

Styrofoam and gravel beneath the tank feet to avoid

any transmission of vibrations from the external

environment. All other possible disturbances in the

experimental facilities were minimized. Both during

normoxic and hyperoxic exposure, water was passed

through a low pressure oxygenation unit consisting of

a cylindrical pvc tube (height: 1.62 m, diameter

0.26 m, Fig. 1).
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Cannulation procedure

All fish were cannulated during the same day. Dorsal

aorta cannulation was performed following the pro-

cedure of Soivio et al. (1975) as modified and

described by Kiessling et al. (1995; 2003) using

0.5 mg kg-1 Metomidate (metomidate hydrochlo-

ride; Syndell Ltd, Victoria, B.C. Canada) as pre

anaesthetic sedation (Kreiberg and Powell 1991) for

15 min in the experimental tanks followed by

60 mg l-1 Metacanium (MS 222, tricaine methane

sulphonate, Norwegian Medical Depot, Bergen, Nor-

way) anaesthetics in a separate bath (40 l). This bath

was equipped with an aquarium pump connected to a

silicone hose that was kept in the mouth of the fish in

order to ventilate the gills during cessation of

respiratory movements. Cessation of the coughing

reflex was used as a criterion for surgical anaesthesia.

The fish was then transferred to a V-shaped surgical

table protected with a soft wet cloth. During surgery,

the fish were also covered by wet cloth, and aerated

seawater with 40 mg l-1 MS 222 was constantly

pumped over the gills as recommended by Kiessling

et al. (2009). The surgical procedure was performed

within 2 min for each fish, and all fish regained

normal swimming behaviour within 10 min after the

procedure.

Sampling procedure and analysis

Fish were sampled at 1–2 day intervals during the

45 day experimental period. Sampling was performed

in two steps to minimize the disturbance for the fish.

The free floating cannulae (0.6–0.7 m) was obtained

using a hooked steel wire, and about 0.2 m was put

through the hole in the tank wall (4 mm) situated

0.04 m above the water surface just behind the

shelter. Blood samples were obtained at least 10 min

later by cutting the end of the cannulae, thus

emptying the cannulae of saline and allowing blood

to flow through by gravity. Sampling was aborted, or

samples discarded, at any indication of the fish

detecting being sampled during the procedure. The

first drop of blood was discarded, and samples for

PaO2 determination was obtained directly from

the cannula into a 50-ml micropipette (Assistent,

Glaswarenfabrik Karl Hecht, 97647 Sondheim,

Germany). Approximately, 0.1 ml of blood was then

obtained directly into a i-STAT EC8? cartridge

(i-STAT Corporation, Windsor Center Drive, NJ

08520, USA). PaO2 and PwO2 was analysed imme-

diately, using a microx TX3 oxygen metre with an

micro-optode sensor (PSt1) (PreSens, Precision Sens-

ing, GmbH, Josef-Engert-Str 11, D-93053, Regens-

burg, Germany). A portable i-STAT clinical analyser

Fig. 1 Experimental tank

setup. One of eight tank

units is shown
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was used to determine plasma Na?, K?, Cl-,

glucose, pCO2, HCO3
- and pH in whole-blood

(Jacobs et al. 1993; Pidetcha et al. 2000; Harrenstien

et al. 2005). pH, pCO2 and HCO3
- values were

corrected for the temperature difference between

ambient water temperature and the temperature-

adjusted (37�C) values displayed by the instrument

in accordance with the i-STAT procedure (Eliason

et al. 2007). Samples for haematocrit were obtained

from the cannula in 10-ll capillary tubes and

analysed in duplicate on a portable microhaematocrit

centrifuge (Compur Microspin, Bayer Diagnostics,

GmbH, 35463, Fernwald, Germany).

Statistics

Data were analysed by the main factorial model

(general linear model, Statistical Analysis System

(SAS) for PC (ver. 8.2), ANOVA for unbalanced

data). Included in the model as main factor was

treatment (normoxia or hyperoxia). Fish was included

as a discrete variable. All pairwise comparisons were

made by variance (F-test, Proc-GLM procedure)

using the least-squares means procedure when

significant effects were found in the main model.

The level of statistical significance was set to

P \ 0.05. All data were tested for normality by a

normal probability plot (proc univariate).

Results

Arterial oxygen levels

The results demonstrate a strong relationship between

PwO2 and PaO2 both during normoxia and hyperoxia

(Fig. 2a, b), where PaO2 = 12.1 ± 1.7 and PwO2 =

16.8 ± 1.1 during normoxia. During hyperoxia

(PwO2: 35.4 ± 3.0), a significantly higher PaO2

(24.5 ± 4.2) was observed (Fig. 2a, b). PwO2 -

PaO2 tension difference was significantly larger

during hyperoxia (Fig. 2c), and the most frequently

observed PwO2 - PaO2 differences were in the range

of 4–5.5 and 8–13 kPa during normoxia and hyper-

oxia, respectively. While the tension difference was

higher, the percentage difference between PwO2 and

PaO2 was not significantly different between nor-

moxia and hyperoxia periods (Fig. 2d), possibly

Fig. 2 Median, 25–75 percentile (box) and 5–95 percentile

(bars) values of normoxia and hyperoxia periods (N = 108 and

54, respectively). a Arterial O2 tension (PaO2), b water O2 tension

(PwO2), c water-arterial tension difference (PwO2 - PaO2) and

d water-arterial tension difference in %. Values denoted with

* (P \ 0. 05), ** (P \ 0.01) and *** (P \ 0.001) differ signifi-

cantly from normoxia
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demonstrating reduced oxygen diffusion across the

gills during hyperoxia. No PaO2 values in the range of

1–3 kPa were observed.

Haematological parameters

Na? and Cl- levels were significantly lower during

hyperoxia, while K? did not change significantly

(Fig. 3a–c). The changes in Na? and Cl-, were

relatively small, with mean values varying only by

2–3 mmol/l between periods of normoxia and hyper-

oxia. Glucose was not significantly different (nor-

moxia: 3.5 ± 0.9, hyperoxia: 3.2 ± 0.5 mmol/l), but

a higher variation, both with lower and higher

observations was observed during normoxia (Fig. 3d).

pH, PCO2 and HCO3
- were all significantly increased

during hyperoxia compared to normoxic levels

(Fig. 3e–g, respectively). The pH increase was small

(7.87 ± 0.04 to 7.89 ± 0.05 during normoxia and

hyperoxia, respectively), while PCO2 mean values

Fig. 3 Median, 25–75

percentile (box) and 5–95

percentile (bars) values of

blood parameters during

normoxia and hyperoxia

periods. a Sodium (Na?),

b potassium (K?),

c Chloride (Cl-), d glucose

(Glu), e pH, f carbon

dioxide tension (PCO2),

g Bicarbonate (HCO3
-) and

h hematocrit. For a through

g, n = 55–57 and 34–37 for

the normoxia and hyperoxia

periods, respectively, while

for h, n = 79 and 50,

respectively. Values

denoted with * (P \ 0. 05)

and ** (P \ 0.01) differ

significantly from normoxia
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increased by about 40% during hyperoxia (normoxia:

0.44 ± 0.07; hyperoxia: 0.72 ± 0.14 kPa), and HCO3
-

also showed a large increase (normoxia: 6.1 ± 1.2;

hyperoxia: 10.4 ± 2.4 mmol/l). Haematocrit (Fig. 3h)

was significantly lower during hyperoxia (normoxia:

18.0 ± 3.1; hyperoxia: 17.3 ± 3.3%), but as for pH and

ion levels, the changes were relatively small.

Discussion

The PO2 measurements did not demonstrate low PaO2

regulation in Atlantic salmon and do not support the

hypothesis of low PaO2 regulation in this species. The

results support previous, more short-term, experiments

on salmonids (Wood and Jackson 1980; Gilmour and

Perry 1994) and contrasts reported work on other fish

species (Silurus glanis: Forgue et al. 1989; Cyprinis

carpio: Takeda 1990). If not consistent low values, at

least large variations in PaO2, as reported for lemon

shark (Negaprion brevirostris, Bushnell et al. 1982),

should be expected if PaO2 regulation was present. The

complete lack of PaO2 values in the predicted low range

of 1-3 kPa despite a large number of samples (N = 108

and 64 during normoxia and hyperoxia, respectively)

indicate absence of low PaO2 regulation.

Experimental conditions can never be completely

excluded as a factor causing stress and abandonment

of naturally occurring regulation. However, the

experimental conditions and sampling was optimized

to avoid stressful conditions and sampling distur-

bance, and extensive evaluation of the suitability of

the experimental setup has been conducted (Djordj-

evic et al. 2009). Similar experimental setups have

demonstrated the presence of low PaO2 regulation in

other fish species (Forgue et al. 1989). The aquacul-

ture-strain background of the fish in this experiment

may have influenced the result, as 7–8 generations of

selective breeding with increased growth rate as the

main selection criteria may have resulted in changes

in respiratory patterns. This issue warrants future

investigation.

The reported data suggest that Atlantic salmon

continuously experience large internal PO2 gradients,

and thus a high diffusion gradient between blood and

cells. Lack of a low PaO2 regulatory strategy in

Atlantic salmon may render Atlantic salmon more

susceptible to the effects of hyperoxia. On the other

hand, Atlantic salmon antioxidant defences, adapted

to PaO2 [ 10 kPa during normoxia, may provide

sufficient antioxidant capacity also during hyperoxia.

Long-term hyperoxia experiments on Atlantic salmon

(Olsvik et al. 2005) and Atlantic cod (Gadus morhua)

(Olsvik et al. 2006) using comparable methodology

and hyperoxia levels indicate some differences in

responses between species, with changes in the levels

and red-ox state of the glutathione system (in blood)

as the prominent adaptation to hyperoxia in Atlantic

salmon. No significant changes in m-RNA expression

of these enzymes appeared in liver of Atlantic

salmon, while increased expression of antioxidant

enzymes [Glutathine peroxidase (GSH-Px) and

Superoxide dismutase (SOD)] were observed in liver

of Atlantic cod. High Atlantic salmon tissue-levels of

carotenoids (e.g., Bjerkeng and Berge 2000), in

particular astaxanthin, with antioxidant properties

may also provide protection against high PO2 tissue

levels. Mortalities of Atlantic cod occurred at lower

hyperoxia levels (Toften et al., in preparation) than

those reported as acutely toxic to Atlantic salmon

(Brauner et al. 2000; Lygren et al. 2000). Despite the

lack of directly comparative experiments, it may

seem as if Atlantic salmon is not among the most

sensitive species in terms of acute toxicity.

Alterations in haematological parameters were

observed during hyperoxia (Fig. 3), demonstrated

compensation for a metabolic acidosis caused by

reduced ventilation (e.g., Perry and Gilmour 2006).

The decrease in plasma Cl- coincides with signifi-

cantly increased HCO3
-, indicative of regulation of

blood buffering capacity during hyperoxia. (e.g.,

Wheatly et al. 1984) The HCO3
- value during

normoxia is somewhat higher than reported in the

literature (Perry and Gilmour 2006), but most of these

reported studies are based on short duration experi-

ments and/or acute sampling. Slightly elevated pH

and PCO2 along with the increased HCO3
- are

indicative of compensation to hyperoxic conditions

(Wood and Jackson 1980). The significantly lower

haematocrit may indicate regulatory responses in red

blood cell production, possibly through reduced

erythropoietin levels (Fandrey et al. 1994).

In conclusion, the reported experiment did not

demonstrate the presence of a low PaO2 strategy

in Atlantic salmon. The increased PwO2 - PaO2

gradient during hyperoxia, and alterations in ion

and acid–base parameters, indicates respiratory

adjustments consistent with the literature on
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salmonids. The presence of low PaO2 regulation

cannot be ruled out on the basis of a single

experiment. However, in the production schemes of

modern aquaculture, including intensive feeding,

high biomasses, extensive use of artificial lighting

and a number of potential stressors occurring as a part

of normal production procedures, the feasibility of

such a strategy may be limited. It may also be the

case that salmonid fish, with high activity rates and

inhabiting well oxygenated environments, apply

oxygen regulatory strategies more similar to that of

mammals and birds (Massabuau 2003).
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