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Abstract Acute, short term cooling of North Sea eelpout
Zoarces viviparus is associated with a reduction of tissue
redox state and activation of hypoxia inducible factor (HIF1) in the liver. The present study explores the response of
HIF-1 to seasonal cold in Zoarces viviparus, and to latitudinal cold by comparing the eurythermal North Sea fish
to stenothermal Antarctic eelpout (Pachycara brachycephalum). Hypoxic signalling (HIF-1 DNA binding
activity) was studied in liver of summer and winter North
Sea eelpout as well as of Antarctic eelpout at habitat
temperature of 0C and after long-term warming to 5C.
Biochemical parameters like tissue iron content, glutathione redox ratio, and oxidative stress indicators were analyzed to see whether the cellular redox state or reactive
oxygen species formation and HIF activation in the fish
correlate. HIF-1 DNA binding activity was significantly
higher at cold temperature, both in the interspecific comparison, polar vs. temperate species, and when comparing
winter and summer North Sea eelpout. Compared at the
low acclimation temperatures (0C for the polar and 6C

for the temperate eelpout) the polar fish showed lower
levels of lipid peroxidation although the liver microsomal
fraction turned out to be more susceptible to lipid radical
formation. The level of radical scavenger, glutathione, was
twofold higher in polar than in North Sea eelpout and also
oxidised to over 50%. Under both conditions of cold
exposure, latitudinal cold in the Antarctic and seasonal
cold in the North Sea eelpout, the glutathione redox ratio
was more oxidised when compared to the warmer condition. However, oxidative damage parameters (protein carbonyls and thiobarbituric acid reactive substances
(TBARS) were elevated only during seasonal cold exposure in Z. viviparus. Obviously, Antarctic eelpout are
keeping oxidative defence mechanisms high enough to
avoid accumulation of oxidative damage products at low
habitat temperature. The paper discusses how HIF could be
instrumental in cold adaptation in fish.
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The hypoxia inducible transcription factor 1 (HIF-1) activates an array of more than 70 target genes that support
hypoxic survival and anaerobic energy production under
physiological conditions, which cause severe downfall of
the intracellular oxygen tension (Acker et al. 2006). HIF
dependent hypoxic regulation has so far been identified in
mammals, fish, invertebrates, and yeast, and a multitude of
review papers summarize the complex state of present
knowledge on its physiological role and regulation in different model and non-model systems (Huang and Bunn
2003; Acker and Acker 2004; Gorr et al. 2006; Fandrey
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et al. 2006; Acker et al. 2006). The molecular mechanisms
involved in HIF regulation have been most thoroughly
investigated in mammalian tissues and cell models. HIF is
a heterodimer consisting of two basic-helix-loop-helix PAS
proteins (HIF-a and HIF-ß). Of both subunits, only HIF-1a
protein levels are regulated in an oxygen dependent manner
by prolyl-hydroxylase enzymes (PHDs), whereas HIF-1ß is
constitutively expressed and functional as nuclear translocator protein (ARNT). The prolyl hydroxylases target HIF1a for proteasomal degradation and, hence enable its removal from the cell, by hydroxylating two characteristic
proline residues within a functional region of the protein,
dubbed oxygen-dependent degradation domain (ODD, Ivan
et al. 2001; Fandrey et al. 2006). The hydroxylating
activity of the PHDs depends on the oxygen concentration
in the cell and involves iron (II), ascorbate (for iron
reduction) and 8-oxoglutarate as cofactors. Proteasomal
degradation of HIF-1a abrogates the hypoxic response in a
tissue under physiological normoxia conditions (see
Wenger 2000; Huang and Bunn 2003) and the PHDs are
therefore ascribed cellular oxygen sensor functions (Fandrey et al. 2006). While most studies have suggested that
HIF levels are regulated via oxygen-dependent breakdown,
recent studies on hypoxia-tolerant animals from different
vertebrate groups suggest that also HIF mRNA levels may
be regulated (Shams et al. 2004; Rissanen et al. 2006; Law
et al. 2006).
Functional HIF-systems and their inducibility under
hypoxia in cells and in vivo have recently been confirmed
in fish (Soitamo et al. 2001; Nikinmaa and Rees 2005). A
role for HIF-responses is also discussed in thermal adaptation. In insect larvae HIF-1a transcripts as well as protein
levels increase in response to seasonal cold exposure and
freezing (Morin et al. 2005), and recent studies by Rissanen
et al. (2006) and Heise et al. (2006a, b) suggested that HIF
may play a role in cold tolerance in eurythermal freshwater
and marine fish. Rissanen et al. (2006) exposed extremely
hypoxia tolerant crucian carp to controlled cooling over
several weeks and found increased HIF protein expression
and/or DNA-binding activity (in band shift assays) in liver,
heart, gill and kidney, which was associated with a marked
increase in HSP70 and 90 levels. We have investigated the
HIF response to cold shock in North Sea eelpout (Heise
et al. 2006a) and found HIF-1 DNA binding in liver tissue
(the only organ we investigated) significantly enhanced
following 2 h cold exposure to 1 and 5C, compared to
control fish kept at 12C. In contrast, 2 h of heat shock
above 20C failed to have an effect on eelpout HIF (Heise
et al. 2006b). Based on these previous findings, we
hypothesized that HIF-1 signalling could especially be involved in the physiological regulation supporting seasonal
and regional cold tolerance in fish. Moreover, reports like
the increase in muscle capillary density in striped bass
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following cold acclimation from 25 to 5C (Johnston 1982;
Egginton and Sidell 1989) point at a possible HIF-dependent up-regulation of vascular endothelial growth factor
(VEGF) and other HIF target genes.
In the present study we have investigated the hypoxic
response in eurythermal North Sea eelpout, Zoarces viviparus, and their stenothermal Antarctic counterpart, the
eelpout Pachycara brachycephalum from King-George
Island, South Shetland Islands, to clarify whether or not
HIF plays a role in seasonal cold acclimatization in the
North Sea eelpout or in adaptation to permanent cold in
Antarctic waters. We measured HIF-1a protein levels and
DNA-binding capacity of HIF-1 in unstressed North Sea
eelpout collected during winter (6C) and summer (12C).
In the stenothermal Antarctic Pachycara brachycephalum
the same parameters were measured close to habitat temperature 0C (0–0.6C, Brodte et al. 2006b), and upon
several weeks of acclimation to 5C, at the warm border of
the thermal tolerance range of this Antarctic fish. Severe
heat stress in this species commences at 7C (Mark et al.
2002a).
As several steps of the oxygen sensitive signalling cascade (stabilisation of HIF-1a, DNA binding activity of
HIF-1) are redox controlled (Haddad et al. 2000; Nikinmaa
et al. 2004) and modulated by reactive oxygen species
(ROS) formation (Acker et al. 2006), we suspected that
oxidative stress, but also the content of unbound free iron
in the tissues could affect the HIF response (Czubryt et al.
1996; Nikinmaa 2002). Therefore a variety of cellular
oxidative stress parameters (oxidative damage and antioxidant defence), the cellular redox state (GSSG:GSH) and
also the levels of bound and labile iron were tested in liver
tissues of both fish at warm and cold temperatures.

Material and methods
Animal collection and experimental conditions
Antarctic eelpout (Pachycara brachycephalum) were
caught with bottom traps near King George Island (Maxwell Bay) at 400 m depth during Antarctic expedition with
RV Polarstern (ANT XIX/5) in April 2002. Both fishes
belong to the family of zoarcids and have a similar
behaviour, mainly inactive, carnivorous sit-and-wait predators (Van Dijk et al. 1999). At the Alfred-Wegener
Institute, a total of 30 animals was kept at 0C in natural
sea water from the North Sea with constant aeration and a
day–night cycle of 12 h until the beginning of the acclimation experiment in December 2002. A batch of 15 polar
eelpout was acclimated for 11 weeks at 5C. Fish were fed
live mud shrimp once a week. Fishes in the control group
were 43.4 ± 12.4 g weight and 23.4 ± 3.7 cm length and
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those in the warm acclimated group 48.4 ± 10.6 g weight
and 24.5 ± 2.2 cm length. After 11 weeks fish were narcotised with 0.5 mg MS222 l–1 seawater, weighed and
killed by a cut through the spine. Tissue samples of the
liver were quickly taken and aliquots of 100 mg frozen in
liquid nitrogen. Samples were stored at –80C. After
sampling, sex and length of the eelpout were determined.
Fourteen temperate eelpout, Zoarces viviparus, were
caught near the island of Helgoland in the German North
Sea in December 2002 (winter animals). Lowest habitat
water temperatures in winter 2002/2003 were about 3C
(sea surface temperature taken from MURSYS, Bundesamt
für Seeschiffahrt und Hydrografie). Fish were fed pellets of
white fish (Merlangius merlangus) once a week and kept in
an aquarium with a flow-through system of natural filtered
sea water, which had the same temperature as the outside
water in the natural habitat. Tissues were sampled in
February 2003 at a water temperature of 6C. Zoarces viviparus summer animals were caught in May and June
2002 and maintained at constant 12C for 1 month. Winter
animals had a body mass of 49.9 ± 15.4 g and a length of
23.7 ± 1.6 cm and summer animals weighed 54.4 ± 31.1 g
at a length of 22.8 ± 3.5 cm. All parameters were determined in liver tissue.
DNA-binding activity of the hypoxia inducible factor
(HIF-1)
The DNA binding activity of HIF-1 was determined after
Vuori et al. (2004), Soitamo et al. (2001), Kvietikova et al.
(1995) as an indicator for hypoxic signalling. Nuclear
extraction protocols, developed for rainbow trout (Soitamo
et al. 2001) were not applicable to small tissue samples.
Thus, electromobility shift assay (EMSA) and Western
blotting were carried out with whole cell extracts (Vuori
et al. 2004). Fifty milligram of liver tissues were homogenised in 200 ll buffer C (25% glycerol, 0.42 M NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 20 mM Hepes, 0.5 mM
PMSF, 0.5 mM DTT, 2 lg ml–1 leupeptine, 2 lg ml–1
antipaine, 2 lg ml–1 pepstatine, 2 lg ml–1 aprotinin,
1 mM Na3VO4) and centrifuged at 16,100g, 30 min, 4C.
The supernatant was transferred to a new tube and the
protein content determined by the Bio-Rad assay in a microplate reader.
For Western blotting (20 lg protein of whole cell extracts per well) polyclonal antibodies directed against the
N-terminus of rainbow trout HIF-1a were used (Soitamo
et al. 2001). The antibody recognised a hypoxia-inducible
protein, thus assigned as HIF-1a in Z. viviparus, but not in
P. brachycephalum.
Following the fish protocol of Soitamo et al. (2001),
we used the promoter region of the human erythropoietin (EPO) gene as HIF-sensitive DNA probe (5¢-

GCCCTACGTGCTGTCTCA-3¢). 5¢-endlabeling of the
sense strand (2 pmol ll–1 DNA) was done with 10 U ll–1
T4 polynucleotide kinase and 32P-c-dATP (10% v/v) over
15 min at 37C. After removing unincorporated nucleotides by purifying through a sephadex G-25 column, probes
were annealed with 2 pmol ll–1 antisense strand, 5 mM
MgCl2 and TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH
8.0).
EMSA DNA-protein binding reactions were carried out
for 30 min on ice in a total volume of 20 ll, containing
10 lg cell extract, 0.1 lg ll–1 carrier DNA (poly dI-dC),
DNA binding buffer (10 mM Tris/HCl, pH 7.5), 50 mM
KCl, 50 mM NaCl, 1 mM MgCl2, 1 mM EDTA, 5 mM
DTT, 5% glycerol), 1 ll 32P-endlabeled DNA probe, 1 ll
bromphenol blue (1.5%). Samples were run on 4% nondenaturating glycerolpolyacrylamide-gel (4% acrylamide,
1% glycerol, TBE buffer). Electrophoresis was performed
at 150 V, room temperature, 2 h in TBE buffer (89 mM
Tris, 89 mM boric acid, 5 mM EDTA). Dried gels were
autoradiographed (Kvietikova et al. 1995). Calculation of
the percentage intensity was based on densitometry of gel
images, with the sum of all four bands taken as 100%
value. Control experiments for testing the specificity of the
human EPO enhancer by adding an excess of unlabeled
probe or by adding antibody (against the N-terminus of
rainbow trout HIF-1a, see above) are described in our
previous study on Z. viviparus (Heise et al. 2006b). No
antibody was available which recognised the HIF-1a protein in liver samples from P. brachycephalum. Therefore,
the supershift assay could not be carried out for the Antarctic eelpout. The specificity of the observed band has
been determined in three fish species in the laboratory of
M. Nikinmaa (see also Soitamo et al. 2001; Rissanen et al.
2006). Further, the signal of the complex band appeared at
the same location as that found in North Sea eelpout,
indicating the band to have the molecular size of the HIF-1EPO enhancer complex.
Oxidative stress parameters
Thiobarbituric reactive substances (TBARS) were determined as a marker of lipid peroxidation, indicating oxidative damage in the lipid fraction according to Uchiyama
and Mihara (1978). Briefly, deep frozen tissues were
ground in liquid nitrogen and homogenised in 1.1% phosphoric acid (1:10 to 1:20; w:v). To 400 ll of homogenate
the same amount 1% thiobarbituric acid (TBA, dissolved in
50 mM NaOH, containing 10 mM butylated hydroxytoluene) was added. For blanks, TBA was replaced by 3 mM
HCl. The solutions were heated 1 h at 100C and subsequently extracted with 2 ml butanol by vortexing for 40 s
and by centrifugation (5 min at 1,000g). The resulting
supernatant was centrifuged and the TBARS content

123

J Comp Physiol B

spectrophotometrically determined as the difference
A532nm – A600nm. After blank subtraction, the TBARS
content was calculated using a five-point calibration curve,
obtained with malondialdehyde-(bis)-acetate (MDA,
Merck) standard.
Tert-butyl hydroperoxide-initiated chemiluminescence
was measured according to Gonzalez Flecha et al. (1991).
Chemiluminescence indicates an imbalance between proand antioxidant processes resulting from depletion of
antioxidant compounds like glutathione, vitamin E and
vitamin C. Tissue samples were homogenised in 30 mM
KPi buffer (pH 7.4) containing 120 mM KCl and centrifuged at 600 g for 10 min. The supernatants were diluted in
buffer, containing a final concentration of 3 mM tert-butyl
hydroperoxide and assayed in the dark at room temperature
for chemiluminescence (counts per minute) in a liquid
scintillation counter (Wallac, Turku, Finland) in the out-ofcoincidence mode, using potassium glass vials kept in the
dark for at least 48 h to avoid vial phosphorescence activation by fluorescent light. The chemiluminescence data
were determined as counts per minute and were expressed
in a tissue specific curve with y = chemiluminescence and
x = time. The area under this curve could be calculated for
a time period of 3,600 s using the Mat Lab program. The
results are expressed as arbitrary area units per microgram
of protein over the studied period.
Carbonyl groups were determined as an indication of
oxidative damage to proteins according to Levine et al.
(1990). Samples were homogenised in 50 mM HEPES
buffer, pH 7.4, containing 125 mM KCl, 1.1 mM EDTA,
0.6 mM MgSO4 and protease inhibitors (0.5 mg ml–1 leupeptine, 0.7 lg ml–1 pepstatine, 40 lg ml–1 phenylmethylsulfonyl fluoride, 0.5 lg ml–1 aprotinin) and centrifuged
at 100,000g for 15 min. Supernatants were incubated at
room temperature for 1 h with 10 mM 2,4-dinitrophenylhydrazine (DNTP) in 2 M HCl. Blanks were run
without DNTP. Afterwards, proteins were precipitated with
TCA and centrifuged for 10 min at 10,000g. The protein
pellet was washed three times with ethanol:ethylacetate
(1:1), resuspended in 6 M guanidine hydrochloride in
20 mM potassium phosphate (pH = 2.3) and incubated at
37C until complete resuspension. The carbonyl content
could be measured spectrophotometrically at 360 nm
(molar extinction coefficient e = 22,000 M–1 cm–1).
Reduced (GSH) and oxidised (GSSG) glutathione
measured according to Fariss and Reed (1987)
and calculation of cellular redox potential
The glutathione status represents the most important indicator of and determinant for the cellular redox environment
(Schafer and Buettner 2001). Frozen tissue was ground in
liquid nitrogen and the resulting powder homogenised in
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1:10 (w:v) pre-cooled PCA (10% containing 2 mM bathophenantroline-disulphonic acid). After centrifugation at
15,000g for 5 min at 4C, 500 ll of the supernatant were
mixed with 10 ll pH-indicator (1 mM m-cresol purple
sodium salt containing 0.5 M iodoacetic acid (IAA)). 50 ll
1 mM c-glutamyl-glutamate (in 0.3% PCA) was added as
internal standard. The pH was adjusted to 8.5 with 5 M
KOH (containing 0.3 M N-morpholine-propanesulfonic
acid). The mixture was incubated at room temperature for
45 min, to allow IAA to bind GSH. Subsequently, samples
were centrifuged for 5 min at 15,000g at 4C. 300 ll of the
supernatant were added to the double amount of 1% 1fluor-2,4-dinitrobenzene (diluted in 100% ethanol, HPLC
grade) and derivatised in dark vials at room temperature
over 24 h. After centrifugation at 7,500g for 1 min at 4C
and filtration through 0.2 lm nylon membrane filters,
samples were stored in dark HPLC vials at –20C.
HPLC determination was carried out on a Beckmann
Coulter HPLC System using a NH2-spherisorp column,
5 lm 240 · 4 mm (Waters, Germany). Solvent A: 80%
methanol and solvent B: sodium acetate stock in 80%
methanol (20:80). Sodium acetate stock was prepared by
dissolving 500 g Na-acetate in 224 ml Milli-Q water and
695 ml of concentrated HPLC-grade acetic acid. The gradient programme was as follows: 10 min hold at 90% A
followed by a 25 min linear gradient to 25% A at a flow
rate of 1 ml min–1 and 2.3–2.8 psi backpressure. Peaks
were recorded with a photodiode array detector at 365 nm.
Concentrations were calculated using five-point calibration
curves for GSH and GSSG standards processed in the same
manner as described for the samples.
As GSSG is formed by oxidation of two GSH molecules, total glutathione content was calculated as the sum
(2 GSSG + GSH). Accordingly, the redox ratio of oxidised
to reduced glutathione was expressed as 2 GSSG/GSH.
The redox potential was calculated with the Nernst
equation:
DE = E pH

(RT  2.303/nF) log ([GSH]/[GSSG]) mV

as given by Schafer and Buettner (2001), for the different
temperatures of maintenance, also considering the temperature induced changes of intracellular pH (pHi) in fish
liver (values were taken from Larsen et al. 1997 and Sartoris et al. 2003).
a-tocopherol concentration according to Desai (1984)
a-tocopherol represents the most active compound of the
lipid-soluble non-enzymatic antioxidant vitamin E (Dunlap
et al. 2002). Tissue samples were homogenised with sodium dodecylsulfate (SDS). To 300 ll homogenate, or
100 ll of microsome suspension, 1 ml of ethanol was ad-
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ded and vortexed for 1 min. Then, 4 ml of hexane were
added and the mixture vortexed again for 1 min. After
10 min centrifugation at 600g, the lipid phase was dried
with nitrogen, resuspended in methanol:ethanol (1:1) and
filtered through nylon membranes, 0.22 lm. Hereafter,
samples were analysed by reverse phase high performance
liquid chromatography (HPLC) and electrochemical
detection with an oxidation potential of 0.6 V and a flow
rate of 1 ml min–1. The isocratic system consisted of a
column (Supelcosil LC-8, 3 lm 15 cm · 4.6 mm, Supelco
58983) and a solvent containing 20 mM LiClO4 in 99%
methanol.
Determination of the intracellular ‘‘free’’ iron by electron
paramagnetic spin resonance (EPR) spectroscopy
Iron contents were measured as possible catalysts for Fenton
reactions leading to enhanced formation of OH. and consequent lipid radical formation (Halliwell and Gutteridge
1985). Tissue samples frozen in liquid nitrogen and pooled
from two animals were weighed without thawing and
ground to powder in a porcelain mortar. The powder obtained was mixed at ratio 1:2 (w:v) with 10 mM Tris/HCl
buffer, pH 7.4, containing deferoxamine mesylate (final
concentration 2 mM). After 5 min incubation, samples were
transferred to tubuline syringes and frozen in liquid nitrogen
(Yegorov et al. 1993; Woodmansee and Imlay 2002). EPR
measurements were carried out at 77 K; microwave power,
10 mW; time constant, 82 ms; modulation amplitude, 5 G;
centerfield 1,600 G; sweep width, 800 G (Linares et al.
2003). A standard curve was generated using solutions of
Fe2(SO4)3 7H2O in 200 lM HCl quantified spectrophotometrically (e420 = 2.865 mM–1 cm–1 for the Fe3+:desferal
complex). All chemicals were prepared in iron free water,
obtained from MilliQ water treated with chelex 100.
Determination of the total iron content in tissues after
Brumby and Massey (1967) and Lawrie et al. (1991)
Homogenates were heated at 50–60C for at least 48 h
until complete dryness. Afterwards samples were mineralised in HNO3:HClO4 (1:1) and heated to dryness. The
remaining inorganic residues were diluted in 4 ml 5% HCl.
After addition of 10% thioglycolic acid to convert Fe(III)
to Fe(II), the concentration of Fe(II) was measured spectrophotometrically after reaction with 4 mM bathophenanthroline at 535 nm.
Measurement of iron reduction according
to Vegh et al. (1988)
Samples were homogenised in 100 mM KPi buffer pH 7.4
in 500 ll final volume. To separate cell debris and lipids,

homogenates were centrifuged for 8 min at 10,000g. The
supernatant was mixed with 100 mM Tris/HCl buffer pH
7.4 and the iron reduction rate recorded spectrophotometrically at 520 nm, e = 13.6 mM–1 cm–1, after adding
50 lM Fe–EDTA, 11 mM a-a¢-bipyridyl and 500 lM
NADPH. Assays were carried out at room temperature.
Extraction of liver microsomes according
to Klein et al. (1983)
A minimum of 0.6 g of liver tissue was needed for
microsome extraction. Sample aliquots were pooled from 2
to 3 fish and homogenised in 9 ml of 100 mM KPi buffer at
pH 7.4. After centrifugation at 1,000g for 10 min and 4C
to remove cell debris, the supernatant was again centrifuged for 1 h at 100,000g and 4C to precipitate the
microsomal fraction. The resulting microsomal pellet was
resuspended in 1.5 ml of 125 mM KCl, frozen in liquid
nitrogen and stored at –20C.
EPR-spin trapping of lipid radicals after Buettner (1987)
in liver microsomes
Lipid radicals reflect the sensitivity of lipid membranes to
ROS attack. Of each microsome solution 1 ml was used. To
initiate the lipid radical production the following reactants
were added: 5.5 mM ADP, 1 mM NADPH, 0.1 mM
Fe(NH4)(SO4)2 · 12H2O (in 0.1 N HCl). For later detection
of the lipid radicals 100 mM of the spin trap a-(4-pyridyl 1oxide)-N-t-butyl nitrone (POBN) was added. After aggregation samples were frozen again in liquid nitrogen. Immediately before detection samples were thawed and lipid radical
generation measured at room temperature using a Bruker
spectrometer ECS 106, operating at 9.81 GHz with 50 kHz
modulation frequency. After 30 min at room temperature
lipid radical production of each sample was detected again to
see the increase over time. EPR instrument settings were
microwave power, 20 mW; modulation amplitude, 1.194 G;
time constant, 81.92 ms; receiver gain, 2 · 104. Quantification was done using 4-OH TEMPO standard.
Determination of enzymatic antioxidants
Superoxide dismutase activity (SOD E.C: 1.15.1.1) was
measured, since it is an important antioxidant enzyme,
catalyzing the dismutation of superoxide to hydrogen peroxide. SOD activity was determined according to Livingstone et al. (1992), using a xanthine oxidase/cytochrome c
assay at 20C and at the respective stress temperature of
each experimental group. 1 Unit SOD was defined as the
amount of protein that reduces the increase in extinction of
superoxide-mediated reduction of oxidized cytochrome c
by 50% (measured at 550 nm).
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Glutathione peroxidase activity (GPX) was also measured. GPX is a cytosolic hydrogen peroxide decomposing antioxidant enzyme. The activity was determined at
20C in a coupled optical test according to Günzler and
Flohe (1985). Oxidised glutathione GSSG is formed by
the reaction of GPX and continuously reduced by an
excess of glutathione reductase (GR) activity, providing
a constant level of GSH. The rate of NADPH oxidation
by GR can be recorded spectrophotometrically at
340 nm.
Protein content after Bradford (1976)
The protein content of the samples (except whole cell
protein extracts for EMSA and Western blotting; see
above) was determined by the Bradford method using bovine serum albumin as standard.
Statistics
All values are given as means ± standard deviation. Differences between experimental groups were analysed by
student’s t-test using Statview 5.0. Significances were
evaluated based on the P level <0.05.

Results
Hypoxia inducible factor (HIF-1)
Western blots using an anti-HIF-1a antibody, originally
constructed against salmonid protein, identified constitutive amounts of HIF-1a protein in both, summer and winter
Z. viviparus liver samples (Fig. 1a). Despite high sequence
homology between both zoarcid species (96%; Heise,
Lucassen, Abele unpublished results) the antibody did not
detect the polar HIF-1a protein. Although we did not detect
significant differences between HIF-1a protein levels in
summer and winter Z. viviparus, electromobility shift assays demonstrated increased HIF-1 DNA binding in winter
fish (Fig. 1a–c). Also, significantly higher HIF-1 DNA
binding was observed in warm acclimated (5C) specimens
of the polar eelpout, when compared to control fish at 0C.
In several (three out of five) Z. viviparus summer individuals, and in four out of five P. brachycephalum maintained at 0 control temperature, the EMSA signal was
below detection limit and only marginal signals were detected in the other control fish. Bars in Fig. 1b represent
means of all assays.
The interspecies comparison at the respective low water
temperature yielded significantly higher HIF-binding to the
EPO enhancer in North Sea winter fish than in polar eelpout at 0C.
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Oxidative stress parameters
Table 1 summarises different oxidative stress and antioxidant parameters in the liver of both fish species under
different seasonal (Z. viviparus) and experimental acclimation (P. brachycephalum) conditions. Comparing North
Sea winter fish to Antarctic control fish, we found less
indication for lipid peroxidation (TBARS, P < 0.01) and
chemiluminescence (P = 0.04) in the polar eelpout,
whereas protein carbonyl content was the same in both
species (P = 0.59). SOD activities per g fresh weight were
also lower in P. brachycephalum at standard assay temperature (20C, P = 0.02), but similar (P = 0.59) when
assayed at the respective low water temperatures for each
species (6C for Z. viviparus and 0C for P. brachycephalum). Also glutathione peroxidase activities (measured at
20C) did not differ between both species (P = 0.89).
However, polar fish maintained higher levels of low
molecular weight antioxidants, a-tocopherol (Table 1;
n = 2 for the North Sea species; no statistical evaluation)
and glutathione (P < 0.01, Table 2). The total glutathione
content was threefold higher in the polar compared to the
temperate species. Further, glutathione was much more
oxidised (by 50% or more) in the liver of some polar
specimens (8 out of 11) than in temperate fish liver. The
oxidized glutathione redox ratio in some of the polar eelpout did, however, not lead to statistical significance between group means (P = 0.13).
Summer Z. viviparus had reduced TBARS (P = 0.03)
and carbonyl contents (P = 0.04) and also mildly reduced
tBOOH-induced chemiluminescence rates (P = 0.42)
compared to winter fish. In line with these results, we
measured higher activity of glutathione peroxidase (GPx;
P = 0.05) in summer fish. Although SOD activity measured at standard assay temperature (20C) was lower in
summer than in winter animals (P < 0.01), enzyme activities were the same in both seasons (P = 0.34) when assayed at the in situ temperature (6C for winter and 12C
for summer Z. viviparus). Likewise, the total glutathione
content, as given in Table 2, decreased in summer animals
(P < 0.01) due to a decrease in the GSSG content
(P < 0.01), while the GSH content remained unchanged
between both seasonal groups (P = 0.69). This resulted in a
significantly lower glutathione redox ratio (P < 0.01) and a
significantly more reduced redox potential (DE; P = 0.02)
in summer compared to winter Z. viviparus.
Warm acclimation to 5C increased some but not all
oxidative stress parameters in the polar species P.
brachycephalum (Table 1). TBARS content was increased
in warm acclimated (5C) versus control (0C) fish
(P = 0.03), but protein carbonyl content (P = 0.22) and
chemiluminescence rates (P = 0.34) were not affected by
warming. Also a-tocopherol content (P = 0.08) and SOD
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As lipid radical EPR signals in liver homogenates were
abolished by high cytosolic antioxidant potential, only the
microsomal fraction was used in the assay. As individual
liver samples did not yield sufficient sample volume,
material had to be pooled from two or three liver samples.
Lipid radicals combined with the spin trap POBN (alpha(4-pyridyl 1-oxide)-N-tert butylnitrone) resulted in adducts
that gave a characteristic EPR spectrum with hyperfine
coupling constants of aN = 15.8 and 2.6 G in agreement
with computer spectral simulated signals obtained using
the same parameters (Fig. 2d). Even though these constants could be assigned to lipid radicals, spin trapping
studies cannot readily distinguish between peroxyl
(ROO), alkoxyl (RO) and alkyl (R) adducts, owing to
the similarity of the corresponding coupling constants
(Buettner 1987).
EPR signals of lipid radical formation were fourfold
higher in the pooled microsomes of polar eelpout (Fig. 2b,
c; statistical testing was precluded by the small number of
samples; two animal samples of the polar eelpout and three
animals of the temperate eelpout), although the content of
the lipid soluble antioxidant a-tocopherol was also twofold
elevated over the temperate species.
Iron parameters

free probe

Fig. 1 HIF-1: a Western blotting analysis of HIF-1a in liver whole
cell extracts from the temperate eelpout Zoarces viviparus (Zv)
acclimatised to 6 and 12C. b HIF-1 DNA binding activity to the
human EPO enhancer in electromobility shift assays with liver whole
cell extracts from the polar eelpout Pachycara brachycephalum (Pb)
acclimated to 0 and 5C as well as the temperate eelpout Zoarces
viviparus (Zv) acclimatised to 6 and 12C. Means ± standard
deviation, n = 5. % intensity was based on densitometry of gel
images, with the sum of all four bands taken as 100% value.
Interspecies comparison at the respective lower water temperature: #
significantly different from the North Sea species Z. viviparus,
intraspecies comparison: * significantly different from the values at
the higher water temperature, P < 0.05. c Example of EMSA

activity (P = 0.55 when measured at 20C; P = 0.75 at
in situ temperature) were the same in both groups. Although GPx activity increased on warm acclimation

Table 3 depicts measurements of different tissue iron
fractions in whole liver homogenates of temperate winter
fish versus polar eelpout. Whereas the total iron content
was significantly lower in the polar zoarcid (P < 0.01),
there was no significant difference between the species
(P = 0.08) with respect to the content of labile iron. Labile
iron is not strongly bound to enzymes or iron storage
proteins and represents the catalytically available iron
fraction. Iron reduction rates, enzymatic and non-enzymatic conversion of Fe(III) to the more powerful oxidising
agent Fe(II), was also similar in liver homogenates from
both fishes (P = 0.75). A doubling of iron reduction rate
(measured at 20C) occurred in summer eelpout from the
North Sea, as compared to winter rates (24 ± 6 in summer
and 11 ± 5 lmol g fresh weight–1 min–1 in winter;
P = 0.04). Contrary to Z. viviparus, acclimation of polar
eelpout to higher temperatures had no inducing effect on
iron reductase activity (10 ± 4 at 0C and 12 ± 1 lmol g
fresh weight–1 min–1 for P. brachycephalum at 5C,
P = 0.46).
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Table 1 Summarizes oxidative stress marker (thiobarbituric reactive substances (TBARS), chemiluminescence, carbonyl content) and antioxidant defence [superoxide dismutase (SOD), glutathione peroxidase, a-tocopherol] in liver samples from the polar eelpout Pachycara
brachycephalum (Pb) acclimated to 0 and 5C as well as the temperate eelpout Zoarces viviparus (Zv) acclimatised to 6 and 12C

TBARS (lmol g FW–1)
2

–1

Chemiluminescence rate (cpm mg protein )

P. brachycephalum
(0C)

P. brachycephalum
(5C)

Z. viviparus
(6C, winter)

0.17 ± 0.05 (*/#)

0.26 ± 0.05

0.6 ± 0.1 (*)

Z. viviparus
(12C, summer)
0.4 ± 0.1

0.3 ± 0.1 (NS/#)

0.4 ± 0.3

1.1 ± 0.8 (NS)

0.6 ± 0.3

Carbonyl content (nmol mg protein–1)
SOD activity (20C) (U g FW–1)

4 ± 2 (NS/NS)
2200 ± 800 (NS/#)

6±2
2400 ± 200

3.2 ± 0.4 (*)
3400 ± 500 (*)

2.2 ± 0.7
2000 ± 700

SOD activity (water temperature) (U g FW–1)

2000 ± 400 (NS/NS)

2100 ± 400

2000 ± 1000 (NS)

1800 ± 500

1.6 ± 0.5 (*/NS)

2.6 ± 0.7

1.6 ± 0.6 (*)

300 ± 200 (NS/–)

500 ± 100

93 (–)

Glutathione peroxidase (20C) (U g FW–1)
–1

a-tocopherol (lmol g FW )

4±2
240 ± 80

Means ± standard deviation, n = 4–7, n = 2 for a-tocopherol of Zv 6C. Interspecies comparison at the respective lower water temperature: #
significantly different to the North Sea species Z. viviparus, intraspecies comparison: * significantly different to the values at the higher water
temperature, NS not significant, – no statistical evaluation because n = 2, P < 0.05. FW fresh weight

Table 2 Depicts glutathione redox parameters: the contents of reduced (GSH) and oxidised glutathione (GSSG), total glutathione content and
the ratio of oxidised to reduced glutathione
P. brachycephalum
(0C)
GSH (lmol g FW–1)
–1

GSSG (lmol g FW )
Total glutathione (GSH + 2GSSG) (lmol g FW–1)
(2GSSG)/GSH
Redox potential DE (mV)

P. brachycephalum
(5C)

Z. viviparus
(6C, winter)

2.1 ± 0.5 (NS/#)

2.4 ± 0.3

3.1 ± 1.5 (NS/#)

2.9 ± 0.8

0.8 ± 0.2 (*)

8 ± 2 (NS/#)

9±3

2.5 ± 0.5 (*)

1.2 ± 0.3

2.7 ± 0.9 (NS/#)

3±1

1.8 ± 0.9 (*)

0.36 ± 0.041

–252 ± 8

–246 ± 11 (*)

–253 ± 5 (NS/#)

1.0 ± 0.4 (NS)

Z. viviparus
(12C, summer)
0.9 ± 0.3
0.16 ± 0.05

–258 ± 4

The redox potential (DE) was calculated at respective water temperature and in situ intracellular pH (pHi) calculated by the Nernst equation as
described in Schafer and Buettner (2001). Changes of pHi with temperature were elaborated for muscle tissue by Sartoris et al. (2003) and
corrected for lower liver pHi values by 0.28 pH units (Larsen et al. 1997). Values are given for liver tissue of the polar eelpout Pachycara
brachycephalum (Pb) acclimated to 0 and 5C as well as the temperate eelpout Zoarces viviparus (Zv) acclimatised to 6 and 12C.
Means ± standard deviation, n = 4–7. Interspecies comparison at the respective lower water temperature: # significantly different to the North
Sea species Z. viviparus, intraspecies comparison: * significantly different to the values at the higher water temperature, NS not significant, – no
statistical evaluation, P < 0.05. FW fresh weight

Discussion
HIF signalling: increased in polar fish and in temperate
fish in winter
HIF-1 binding to the human EPO-enhancer fragment was
significantly higher at low temperature both in the interspecies comparison, polar versus temperate eelpout, as well
as when comparing summer and winter acclimated temperate fish (Z. viviparus). This agrees with previous findings from cold shock experiments with Z. viviparus, which
also resulted in increased HIF-1 DNA-binding (Heise et al.
2006a) already after 2 h. HIF-dependent signalling seems
to be instrumental in the physiological response to low
temperature in North Sea eelpout. Provided HIF-1 acts on
the same target genes as in mammalian tissues (erythropoiesis, angiogenesis and anaerobic glycolysis) this would
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improve oxygen transport and anaerobic energy production
within central tissues, like the liver at low temperatures.
However, HIF target genes remain to be specified in fish,
and even the genes generally activated during seasonal cold
adaptation or cold acclimation are still under investigation
(Gracey et al. 2004).
In Antarctic stenothermal eelpout, increased HIF-1DNA binding to the EPO-enhancer over the 0C control
levels occurred upon warming to 5C, a temperature close
to the upper tolerance limit but well tolerated by this
species (Mark et al. 2002a; Lannig et al. 2005). Similarly,
warming from 12 to 18C (but not to above 20C) stimulated enhanced HIF-1-DNA binding in the temperate eelpout (Heise et al. 2006b). It therefore appears that HIF-1
could be a common regulator for the adjustment of tissue
oxygenation towards the border of the thermal range of a
fish but no longer at extreme temperatures.

J Comp Physiol B

HIF stabilisation in fish: short term changes versus long
term adjustments

Fig. 2 EPR detection of lipid radical formation by liver microsomal
extracts. a shows POBN spectra. b Overlay of lipid radical generation
at t = 0 and 30 min in the polar eelpout Pachycara brachycephalum.
c Overlay of lipid radical generation at t = 0 and 30 min in the
temperate eelpout Zoarces viviparus. d Depicts computer simulated
spectra of lipid radicals. Arrows indicate the higher lipid radical
generation in the polar eelpout upon 30 min incubation compared to
the temperate eelpout. The inserted table gives the values of atocopherol content and lipid radical formation rates in liver
microsomes from both species

Table 3 Depicts measurements of different iron parameters (total
iron content, total intracellular labile iron detected by EPR, iron
reduction rate Fe(III) to Fe(II)) in liver homogenates of the polar
eelpout Pachycara brachycephalum (Pb) and the temperate eelpout
Zoarces viviparus (Zv)
P. brachycephalum
(0C)

Z. viviparus
(6C)

Total iron content
(nmol g FW–1)

37 ± 10

150 ± 20

Total intracellular labile
iron (nmol g FW–1)

22 ± 4

34 ± 7

Ratio of labile iron/
total iron
Iron reduction rate
(lmol g FW–1 min–1)

0.59
10 ± 4

0.22
11 ± 5

(#)
(NS)
(–)
(NS)

# significant difference of the two species compared at the low water
temperature, NS not significant, – no statistical evaluation, as values
were obtained from pooled samples in microsomal isolates or calculated from mean values (ratio ‘‘free’’/total iron), P < 0.05, n = 3–5,
n = 2 for ‘‘free’’ iron of Zv 6C. FW fresh weight

In this study as well as in earlier investigations of HIF
response to hypoxia and temperature change in fish, HIF1a protein levels and HIF-1 DNA binding activity were
detected also under normoxic, unstressed conditions
in vivo (Stroka et al. 2001; Rissanen et al. 2006; Heise
et al. 2006a, b). This contrasts findings in mammalian
cellular systems (e.g. human hepatoma cell lines) where the
HIF-1a protein is detectable only under severe oxygen
deprivation (1–0.1% oxygen) because PHD activity is
compromised due to the lack of oxygen (Huang et al. 1996;
Doege et al. 2005). Actually, the half-life of HIF-1a at
atmospheric pO2 in these cellular systems has been estimated to <5 min whereas its hypoxic stabilization happens
instantaneously (Huang and Bunn 2003). Indeed, fish HIF1a protein is detectable in rainbow trout hepatocytes at
21% oxygen and is further induced upon lowering the
oxygen concentration to 5% oxygen (38 torr) (Soitamo
et al. 2001) which is well within the physiological oxygenation range of these cells.
What mechanism could be involved in stabilizing HIF in
normoxic fish and at physiological intracellular oxygen
concentration in vivo? Nikinmaa et al. (2004) found that
more reduced cellular redox conditions had a stabilising
effect on the HIF-1a protein in salmonid cells. Like Huang
et al. (1996) in their study of human hepatoma cell lines,
Nikinmaa’s group suggested that the reduction state of
several functionally important cysteine residues could play
an important role in the regulation of HIF-1a protein subunit stability. In in vivo heat and cold exposure experiments with eelpout, we found clear evidence of a more
reduced glutathione redox ratio correlating with higher
HIF-1 DNA-binding activity in eelpout liver tissue (Heise
et al. 2006a, b). Thus, redox potential may modify HIF
functioning generally in fish within the short term response
to changing environmental conditions, and oxygen radicals
formed in response to acute warming may well be involved
in reducing or abrogating the HIF signal through generation of a more oxidized tissue redox state. The doubling of
the iron reduction rate in summer fish liver may further
support down regulation of HIF-1a, because Fe(II) enhances PHD activity.
In the present study of seasonal acclimatisation to winter
cold, the North Sea eelpout still showed higher HIF-1
binding in the liver at low temperature, but at a significantly more oxidised tissue redox state than in summer
specimens. Several oxidative stress markers were simultaneously increased in winter Z. viviparus compared to the
summer fish. Similarly, in the Antarctic P. brachycephalum
increased HIF-1 DNA binding occurred despite higher lipid
peroxidation levels (TBARS) and undiminished oxidation

123

J Comp Physiol B

of the glutathione redox ratio in liver of fishes warmed over
11 weeks. Therefore, either other signalling mechanisms
than the cellular redox potential may have been effecting
elevated HIF-1 binding during winter cold (Z.viviparus)
and prolonged warming (P. brachycephalum), or the transcription factor response to the cellular redox signal is
changed during seasonal cold acclimatization. The interaction of heat shock protein (HSP) with the HIF-1a subunit
has been suggested as a putative mechanism stabilizing
HIF (Minet et al. 1999; Katschinski et al. 2002; Rissanen
et al. 2006). Further investigations are needed here to
confirm whether or not HIF stabilization is supported by
HSP interaction upon warming (and perhaps cooling) in
marine ectotherms, an alternative mechanism that would be
completely independent of tissue redox state.
Is oxidative stress higher in polar than temperate
eelpout?
Higher levels of lipid unsaturation in combination with the
enhanced aqueous oxygen solubility at low temperatures
are two possible causes for higher sensitivity of polar ectotherms to oxidative stress (for review see Abele and
Puntarulo 2004). Elevated sensitivity of polar fish membranes to ROS attack has been documented in several papers (Gieseg et al. 2000; Dunlap et al. 2002). Indeed,
Antarctic eelpout contain higher concentrations of unsaturated membrane fatty acids than North Sea eelpout, although these are primarily monounsaturated compounds
(Brodte et al. 2006a) which, in contrast to polyunsaturated
fatty acids, do not give rise to enhanced ROS formation
(Hulbert 2006). However, the higher susceptibility to oxidative stress in liver of polar eelpout became evident when
comparing both species at the respective low habitat temperature (P. brachycephalum 0C; Z. viviparus 6C).
Whereas rates of lipid radical generation (Fig. 2b, c) were
indeed higher in isolated liver microsomes of P. brachycephalum, the concentration of the lipid peroxidation
indicator (TBARS) amounted only to one half of that found
in Z. viviparus. Lipid radical formation was detectable only
in liver microsomes void of antioxidants, but not in liver
tissue homogenates containing the antioxidants. Also, the
lower rates of tBOOH-induced chemiluminescence in
P. brachycephalum compared to Z. viviparus tissue
homogenate speak for a higher antioxidant capacity in the
Antarctic eelpout (Gonzalez Flecha et al. 1991). Indeed,
the radical electron scavenger glutathione was two to three
times more concentrated in polar compared to temperate
eelpout liver, and superoxide dismutase activity was fully
compensated for at the Antarctic water temperature. The
difference in glutathione redox ratio (GSSG:GSH) between
both eelpout species, albeit not statistically significant
(P = 0.13), indicates that the liver redox potential of the
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polar eelpout was more oxidised than that of the temperate
eelpout. We are not aware of any literature data reporting a
higher GSSG/GSH ratio higher than that in the polar eelpout in the present study. Thus, polar eelpout are more
susceptible but at the same time better protected from
oxidative damage than their North Sea confamilials, and
only the highly oxidized glutathione redox ratio suggests
that they have to deal with increased oxidative stress levels.
High and highly oxidized glutathione concentrations
in polar fish
The high degree of glutathione oxidation is quite surprising, as GSSG rarely exceeds 10% of total glutathione levels
in healthy cells (Kidd 1997). Generally, over-produced
GSSG molecules are rapidly exported from hepatocytes
because they can have deleterious effects on cell integrity
and physiological processes (Reed 1990). Through proteinS-thiolation, GSSG can modify the activity of important
metabolic enzymes (Han et al. 2006). However, the highly
oxidised glutathione redox state is obviously well tolerated
in P. brachycephalum and it may well be a characteristic
trait of some polar fish that metabolic processes, adapted to
function at low temperatures, are also apt to operate in a
more oxidised redox environment.
Glutathione data from other Antarctic fish are still
missing, but comparing polar and temperate mud clams
(Philipp et al. 2005) and scallops (Philipp et al. 2006) we
found twice as high glutathione concentrations in mantle
tissue of the polar animals, and also two-times more oxidised glutathione redox ratios in the polar than the temperate bivalves. We take this as a hint that especially in
epibenthic polar ectotherms the tissue redox state may be
more oxidised than in comparable temperate animals (for
review see Abele et al. 2007).
Differences in iron metabolism between polar
and temperate eelpout
Different iron parameters were determined, as reduced
ferrous iron, Fe(II), is a possible catalyst of Fenton reactions in which highly reactive hydroxyl radicals (-OH) are
generated (Halliwell and Gutteridge 1985) and are an
immediate cause of oxidative stress. Binding of iron to
ferritin is one of the most powerful antioxidant mechanisms in living tissues, as it prevents the iron from acting as
Fenton catalyst. Also, Fe(II) is a PHD cofactor and supports HIF-1a degradation. Despite lower overall iron concentrations in polar than in temperate eelpout liver,
differences of labile iron between both fishes were not
statistically significant, indicating the same potential to
promote Fenton reactions. This is further supported by
similar rates of iron reduction, converting Fe(III) to the

J Comp Physiol B

more powerful oxidising agent Fe(II), in liver homogenates
of both fishes. A doubling of the iron reduction rate
(measured at 20C) in North Sea summer fish as compared
to winter activities reflects intensified iron metabolism in Z.
viviparus, to maintain higher turnover of heme proteins in
the more active summer fish. In contrast to Z. viviparus,
acclimation of polar eelpout to higher temperatures had no
inducing effect on iron reductase activity, which, e.g.,
indicates that Fe(II) availability was not limiting PHD
activity in the polar fish.
Molecular adjustments during long-term and seasonal
thermal adaptation in fish
Taken together, the data obtained for eelpout in this and
parallel studies can be merged into a concept, describing
the involvement of HIF within the other molecular
adjustments during adaptation of the fish to long-term
(stenothermal polar eelpout) and seasonal (eurythermal
North Sea eelpout) temperature change. In this context it
seems important to emphasise that rapid regional climate
change, currently observed in the Western Antarctic, is
already leading to anomalous warming of deep water in
coastal and shelf areas of the Peninsula, the habitat of
Pachycara brachycephalum, so that this polar species already faces episodic and possibly progressive environmental warming which exploits its present capacity of
acclimation (Brodte et al. 2006c).
We have shown that seasonal cold in North Sea fish and
experimental warming in polar eelpout both cause higher
HIF activity in the liver. Both thermal challenges were
subcritical for the fish, which means that the HIF activation
is part of molecular regulation and not a stress response in
this case. It presumably facilitates oxygen transport within
the liver at both ends of the species specific thermal tolerance range, possibly by inducing erythropoietin and
angiogenic factors like the vascular endothelial growth
factor (VEGF). Nitric oxide synthase (NOS) is another
important HIF target gene. Its catalytic product nitric oxide
(NO) is an inhibitor of the mitochondrial end oxidase
(cytochrome-c oxidase) which reduces mitochondrial
oxygen consumption (Cleeter et al. 1994; Atunes et al.
2004). A HIF/NO induced down regulation of mitochondrial oxygen consumption upon cold exposure of North Sea
fish might enable a more homogeneous distribution of
oxygen also within the central regions of the organ under
conditions of thermally reduced oxygen diffusion.
Interestingly, Mark et al. (2006b) found the mitochondrial
uncoupling protein UCP2 over expressed following
2 months of cold acclimation at 2C in the North Sea eelpout,
as well as following prolonged warm acclimation to 5C in
the polar eelpout. Thus, UCP expression parallels the increased HIF activity found in the present study. The authors

discussed the possible involvement of UCP-catalyzed mitochondrial uncoupling in the context of mitigation of mitochondrial ROS formation at both thermal extremes. Indeed,
mild uncoupling in the cold could control cellular oxygen
concentration from becoming too high and inducing excess
ROS formation. Already under the present conditions, liver
glutathione was significantly more oxidized in winter Z. viviparus, indicating a higher ROS output in cold adapted
winter animals. It seems possible that, especially during cold
adaptation, HIF and UCPs contribute to the concerted stabilization of tissue oxygen in the liver, not too low to render
cells hypoxic and not too high to cause oxidative damage.
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D (2006a) Oxidative stress and HIF-1 DNA binding during
stressful cold exposure and recovery in the North Sea eelpout
(Zoarces viviparus). Comp Biochem Physiol 143A:494–503
Heise K, Puntarulo S, Nikinmaa M, Abele D, Pörtner HO (2006b)
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