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Abstract

ABSTRACT

The environment is increasingly challenged by the consequences of human actions.
The ability of organisms to adapt to the changing environment varies between species
and populations and the mechanisms of adaptation are largely unknown.
Environmental stressors including temperature, oxygen and xenobiotic-exposure
initiate complex stress responses that may promote oxidative stress and activation of
relevant signalling molecules such as the hypoxia inducible factor-1a (HIF-1a). In this
thesis the regulation and expression of HIF-1a in different stress conditions is
examined. In addition, hypoxia-induced oxidative stress and changes in transcriptome
in aquatic vertebrate models are studied and discussed.

Intraspecific variation in the expression of HIF-1a and the impact of multiple factors
(population origin, developmental stage and temperature) on its expression was
studied using tadpoles of common frog. Western blot analysis revealed that HIF-1a is
differentially regulated during embryonic development and thermal stress. In
addition, population-specific expression of HIF-1a seems to correlate with latitude.

The mechanism initiating HIF-1a-activation in various stress conditions are currently
unknown. However, reactive oxygen species (ROS) have been suggested to function in
that process. The possibility of ROS functioning as a signalling molecule in hypoxic fish
was assessed by measuring changes in steady state ROS in cell lines and fish tissues
(threespine stickleback, rainbow trout and epaulette shark). Furthermore, changes in
ROS-detoxifying enzymes that respond to fluctuations of steady state ROS were
studied using protein activity assays as well as mRNA level using a unique threespine
stickleback microarray. The results of these experiments did not give indications of
altered steady state ROS in hypoxia on any of the measured levels. These findings
suggest that development of oxidative stress in hypoxia is highly species- and/or
tissue-dependent and that the mechanism of elevated redox defence in hypoxia is
potentially active mostly in species with exceptionally high hypoxia-tolerance.

Taken together the results of this thesis suggest that HIF-1a operates as a coordinator
of energy metabolism in aquatic vertebrates in various environmental stresses and in
embryonic development. HIF-1a might be important in acclimation and adaptation
processes of the changing climate which is why further research on HIF-1a in
environmental stress is to be encouraged.



Tiivistelmd

TIIVISTELMA

Luontoon kohdistuu useita ihmisen luomia rasitteita, joiden vuoksi eldinten
elinymparistd muuttuu. Elididen kyky sopeutua kuitenkin vaihtelee eikad sopeutumisen
mekanismeja tunneta kovinkaan hyvin. Ymparistonmuutokset, kuten lampétila- ja
happipitoisuusmuutokset seka vierasaineiden lisddntyvat pitoisuudet voivat edistda
oksidatiivisen stressin syntya ja aktivoida keskeisid stressitekijoita kuten hypoksia-
indusoituvan tekija l1a:n (HIF-1a). Tama vaitoskirja kasittelee HIF-1a:n ilmenemists,
saatelyd sekd hypoksian laukaisemia transkriptomi-muutoksia vesiekosysteemin
selkarankaisissa.

Ensimmadisessd  osaty6ssa  sammakonpoikasilla  tutkittiin  onko  yksildiden
kehitysasteella ja lampdtilamuutoksilla vaikutusta HIF-1la:n ilmenemiseen. Tulokset
osoittivat, ettd em. tekijat aiheuttivat muutoksia HIF-1a proteiinin ilmenemistasoon.
Lisaksi havaittiin ettd populaatioiden HIF-1a tasot vaihtelivat riippuen siitd, milta
levelysasteelta populaatio alunperin oli. HIF-la-aktivaatioon vaikuttavat tekijat ja
signalointiprosessit erilaisissa ymparistdstresseissda tunnetaan edelleen melko
huonosti. Osatoissa Il ja Il haluttiinkin selvitdd, toimisivatko reaktiiviset happi-
radikaalit (eng. reactive oxygen species, ROS) HIF-1la aktivaatiossa signalointi-
molekyyleina.

Hypoksia-altistetuista kalasoluista mitattiin ROS:ien kokonaispitoisuuksien muutoksia.
Lisdksi eri kalalajien kudoksista maaritettiin hypoksian vaikutus happiradikaaleja
poistavien entsyymien aktiivisuuksiin ja mRNA — maaraan. Naiden entsyymien maaran
ja aktiivisuuden on aikaisemmin osoitettu korreloivan ROS-pitoisuuksien muutoksiin.
Vaitoskirjatydssa ei kuitenkaan havaittu hypoksian aiheuttavan muutoksia ROS-
pitoisuuksissa tai ROS:eja tuottavissa prosesseissa. Tulosten valossa voidaankin
olettaa, ettd hypoksian aiheuttama ROS-tuotannon nousu, HIF-1a-aktivaatio ja redox-
vaste muodostavat mekanismin, joka on hyvin laji- ja / tai kudostyypillinen ja
toiminnallinen ainoastaan erityisen hyvin hypoksiaa sietadvissa kalalajeissa.

Kokonaisuudessaan vaitoskirjatyon tulokset korostavat hypoksiatutkimuksen ja
samalla myos HIF-la:n tarkeyttad tulevaisuuden ymparistotukimuksessa. Koska on
mahdollista ettd HIF-la toimii hypoksiasignaloinnin lisdksi myos vyleisena
energiametabolian sdatelijana erilaisissa ymparistostresseissd saattaa HIF-1la:lla olla
tarked rooli myos aklimaatio- ja sopeutumisprosesseissa ja siksi sen toiminnan
tutkiminen on edelleen ajankohtaista ja kannustettavaa.
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Introduction

1. Introduction

1.1 Climate change and hypoxia

Climate change is a global phenomenon caused, among other factors, by the elevated
levels of carbon dioxide (CO,) in the atmosphere originating from the use of fossil
fuels. Much of the CO, in the atmosphere is absorbed by vegetation and oceans which
for this reason are also called carbon sinks. The capacity of phytoplankton and
rainforests is however limited and continuously reduced. The more atmospheric CO,
there is, the more energy is trapped within the atmosphere. This energy is converted
to heat which in turn causes the temperature to rise (global warming).

When CO, is dissolved to oceans, it forms carbonic acid (H,COs). This increases the
concentration of hydrogen ions [H+] which means that the water pH drops, i.e., the
water becomes more acidic. The corrosive environment is detrimental to various
organisms that have calcium carbonate shells or skeletons such as plankton, shellfish,
molluscs and crustaceans. Corals which are the foundation of the coral reefs with
world-known abundance of different species also suffer from acidification. The
elevated CO, causes bleaching at periods of high temperatures and furthermore
sensitises the corals to temperature stress even further (Doney et al., 2012; Sunda &
Cai, 2012).

Eutrophication and extensive algal blooms caused by anthropogenic activity (input of
nutrients, fertilizers and human waste) deplete the ocean and lake bottoms of oxygen
i.e. make them hypoxic. In the seas the large hypoxic areas are also known as hypoxic
dead zones and they are expanding quickly. Currently the situation is worst in the
Baltic Sea (Conley et al., 2009). The Baltic Sea is a basin with low salinity brackish
water in which hypoxic environments were earlier restricted to deep sea areas in the
main basin on the east side of Gotland. Now however, it appears that hypoxia is
increasingly present also in coastal zones (Conley et al.,, 2011). Hypoxic bottoms
release phosphorus from the aquatic sediments which feed the algae even further.
Hypoxia has an acute effect on the benthic fauna and if the hypoxic environments are
allowed to expand further, the whole ecosystem will be disturbed (Conley et al., 2009;
Conley, 2012).

While eutrophication is clearly the major cause of hypoxic dead zones within the
Baltic Sea, the prospects of climate change will not ease the situation. According to
predictions based on research, eutrophication and ocean warming of the Baltic Sea
will affect aquatic life on multiple levels. Temperature increase affects the ice cover
during winter and warmer summers worsen the algal blooms and lower the amount
of dissolved oxygen (DO). Spreading of hypoxic bottoms will continuously endanger
the benthic macrofauna and interfere with food webs affecting the entire ecosystem.
Behaviour and reproduction of fish species will be affected (Wong et al., 2012) and
the ratios of species will be shifted. Redistribution of fish species toward northern
latitudes is expected to occur in oceans worldwide. The predictions suggest an
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Introduction

increase between 30 and 70 % in fish species at the higher latitudes and a decline of
40 % at the tropical regions (Cheung et al., 2010). In the Baltic Sea species richness
may increase.

Many species of the flora and fauna of the Baltic Sea are well adapted to the large
seasonal variations in temperature. There are, however, also species such as the
salmonid fish and the fourhorn sculpin, which are likely to be negatively affected by
ocean warming. The problems brought on by eutrophication are still challenging to
the organisms and the survival of species is not certain since the rate of changes is
perhaps faster than ever.

1.2 Oxygen- the molecule of life

Oxygen (O) is a requirement for all complex life but toxic to anaerobic bacteria
originating from the period when oxygen was not produced on earth. It is produced
from carbon dioxide and water by plants, algae and cyanobacteria and used by
animals for energy production in a process called aerobic cellular respiration. Oxygen
is found in the atmosphere as a gaseous diatomic molecule (O,) at a present
concentration of 21.1% although it can also exist as a triatomic molecule called ozone
(0O3). Water contains oxygen in the form of O, and the amount of DO in water
depends on temperature and salinity. Cold (4°C) fresh water can hold up to 13 mg/L
0,, warm (25°C) fresh water can hold 8 mg/L O, and warm seawater 1-3 mg/L less at
atmospheric pressure of 1 bar (750 Torr). Seasonal and daily fluctuations in the DO of
lakes seashores is common and dependent on currents, ice cover, amount of
photosynthesis and radical changes in the temperature. Increasingly the DO is
affected by eutrophication and pollution of water systems (Diaz & Breitburg, 2009).

Normoxia is a term used to describe the oxygen partial pressure (pO,) that an
organism usually lives in. If pO, falls below the normoxic pO, and there is not a total
lack of oxygen, the status is called hypoxia. Complete lack of oxygen is called anoxia.
Hypoxemia in turn is a condition in which the pO, of arterial blood is abnormally low.
Blocked blood flow and subsequent restriction of oxygen supply to tissues is named
ischemia. Insufficient blood flow to the brain is known as stroke or ischemic stroke.
Hyperoxia is the opposite of hypoxia, a state where oxygen concentration exceeds
normoxic levels and may lead to oxygen toxicity that causes extensive damage to
tissues.

The tolerance for fluctuating oxygen supply varies markedly among organisms and the
borders of hypoxia and hyperoxia are species- or even population-specific (Farrell &
Richards, 2009). In general, mammals are very intolerant to hypoxia while fish,
amphibians and several invertebrates (including molluscs and insects) tolerate
hypoxia varyingly well (Gorr et al., 2010). Fish species like the crucian carp (Carassius
carassius) and the goldfish (Carassius auratus) have extreme tolerance and can
survive weeks to months in complete anoxia by extensive physiological and
biochemical adaption (Blazka, 1958; Beamish & Mookherj, 1964, Vornanen et al.,
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2009). Salmonids represent the other extreme within fish species in being very
sensitive to hypoxia (Kutty, 1968).

1.2.1 ATP production

Higher animals extract oxygen from their environment through gills or lungs where
the oxygen is transferred to blood and carried by haemoglobin to target tissues and
eventually inside cells. During cellular respiration fatty acids, sugars and proteins are
turned into cellular energy in the form of adenosine triphosphate (ATP). Oxygen
works inside the mitochondria as the terminal electron acceptor in an aerobic
respiration process called electron transport. Electron carriers are organized within
inner mitochondrial membrane into four respiratory complexes (I-IV). Each
respiratory complex plays a unique role in electron transport. Electrons derived from
oxidation reaction at complex |, are transferred from one metal molecule within the
complexes to the next. The final acceptor of the electrons is oxygen which is reduced
to water. The energy released in redox reactions at complexes |, lll and IV is used to
pump protons (H') into the intermembrane space against the concentration gradient.
The electrochemical proton gradient is harnessed to drive ATP synthesis by ATP-
synthase as protons are translocated back across the mitochondrial membrane. More
than 90 % of the oxygen consumed by organisms is utilised for energy production at
the mitochondria (Papa & Skulachev, 1997). The remaining oxygen takes part in
reactions in the cytosol or reacts with electrons escaping from the mitochondrial
electron transport chain to form reactive oxygen species that are discussed later
(Alberts et al., 2002; Campian et al., 2004).

If animal cells do not have enough oxygen, ATP may be produced anaerobically in
fermentation reactions. In these reactions pyruvate which is an organic molecule,
functions as the terminal electron acceptor to produce an organic end product such
as lactate. There is one common fermentation pathway that is called either glycolysis
or glycogenolysis depending on the used substrate (glucose and glycogen,
respectively). In comparison to aerobic energy production which is optimally able to
produce 36 ATP molecules per one glucose molecule, fermentation is very ineffective
as it can produce only 2-3 ATP molecules per substrate molecule (Alberts et al., 2002).

1.3 Hypoxic response

When animals encounter a drop in DO many of them migrate to better oxygenated
areas. If relocation is impossible, organisms try to survive by rearranging their energy
production and consumption so that the energy requirements of vital body functions
are met. The physiological changes and alterations in gene expression that take place
in hypoxia are all part of a response called the hypoxic response.

1.3.1 The danger of hypoxia

Hypoxia is a dangerous condition for many animals because ATP levels fall as a result
of decreased aerobic ATP production. When ATP levels fall, cellular ion homeostasis is
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quickly put at risk. The activities of the ATP-dependent transport systems, including
the Na*/K* and the mitochondrial H® ATPases which maintain the cellular ion
homeostasis, decreases. A loss of the ion balance results in the depolarisation of the
cellular and the mitochondrial membranes and consequently, cell death. This kind of
damage is often large and irreversible even if oxygen is reintroduced to the tissues. In
fact, reintroduction of oxygen may in some cases cause even greater damage
(Hochachka et al., 1996). The development of membrane depolarisation takes from
one minute in small mammals to 30 minutes in cold blooded rainbow trout (Nilsson et
al., 1993). The decline in blood oxygen concentration and the subsequent interruption
in the ATP production affect the brain tissue first (Hansen, 1985). A depolarized cell
cannot control its volume and hence, damaged tissues swell. The mammalian brain is
surrounded by the cranium which limits the cell volume increase causing the pressure
in the brain to elevate. In fish, similar problems with brain pressure do not exist due
to a more flexible structure of the head, but the depolarisation itself is fatal because
maintenance of vital functions like breathing is compromised (Nilsson, 2010).

1.3.2  Survival in hypoxia

Animals have developed different strategies for surviving hypoxia. To minimize
energy consumption and maximize oxygen uptake, animals may try to slow down
their metabolism by moving to colder areas (Rausch et al., 2000), becoming sedentary
and increasing the respiratory volume. In extreme cases exemplified by crucian carp
and goldfish, the gills undergo structural remodeling to maximize the oxygen uptake
over the epithelial surface area of gills with short diffusion distance of oxygen from
water to blood cell (Sollid et al., 2003; Sollid & Nilsson, 2006). On cellular level energy
expenditure is diminished by shutting down all non-vital processes and by shifting the
production of energy towards anaerobic pathways. If an animal however is capable of
maintaining the ATP-production through anaerobic pathways next it has to deal with
the increasing lactate concentrations generated by the fermentation reactions. To
decrease the lactate concentration in blood, some of it is deposited in white muscle
(Omlin & Weber, 2010). Animals with high hypoxia-tolerance or even anoxia-
tolerance rely on distinct mechanisms to avoid lactic acidosis. Anoxia-tolerant turtles
(Trachemys scripta) rely on extreme suppression of all body functions to the extent
that they fall into a coma. In addition they are able to store lactate in their large shells
and also to release carbonates from the cell to buffer for the acidity of lactate
(Jackson, 2000). Crucian carp in turn convert the pyruvate into acetaldehyde and
further to ethanol which can easily be removed to blood and further on via diffusion
over the gills into the aquatic environment (Lutz & Nilsson, 1997).

1.3.3 Transcriptional regulation in hypoxic response

Upon hypoxia the lowered pO, initiates a signal transduction cascade through specific
mechanisms that results in the activation of the hypoxia inducible factor-1a (HIF-1a)
and subsequently in the transcriptional regulation of several genes important for
survival in hypoxia. A number of microarray studies in hypoxic fish have explored the
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changes occurring in transcription (Gracey et al., 2001; Ton et al., 2003; Ju et al., 2007;
Martinovic et al., 2009). HIF-1a is the main initiator of transcription during hypoxia
and most of the processes being regulated involve HIF-1a target genes. In mammals
over 100 target genes have been described of which all participate in promoting
survival in low oxygen (Table 1) (Nikinmaa & Rees, 2005). The biological processes
affected are generally the same but species- and tissue-specific variation exists.
Among the down-regulated biological processes are replication and proliferation,
reproduction, cell motility, protein synthesis and degradation as well as DNA
replication and repair. Promoted biological processes in hypoxia are anaerobic energy
production, erythropoiesis, angiogenesis and apoptosis.

HIF-1a was originally characterized as the regulator of erythropoietin production
(EPO) (Semenza et al., 1991; Semenza & Wang, 1992; Semenza, 2000). EPO regulates
red cell production (erythropoiesis). Increased erythrocyte production increases the
oxygen carrying capacity of blood whereby the ability of blood to transport oxygen
more efficiently is facilitated during hypoxia. HIF-1la also orchestrates important
cellular metabolic changes by regulating the transcription of two important enzymes,
lactate dehydrogenase (LDH)(Firth et al., 1995) and pyruvate dehydrogenase kinase
(PDK1)(Papandreou et al., 2006). By inducing transcription of the LDH gene HIF-1a
promotes pyruvate reduction to lactate and by inducing the transcription of PDK1 it
inhibits the conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase (PDH).

In fish, due to lack of studies, only three HIF-1a target genes have been described;
insulin-like growth factor binding protein (IGFBP-1)(Kajimura et al., 2006), CBP/p300-
interacting transactivator (CITED)(Ng et al., 2009) and lactate dehydrogenase B
(LDHB)(Rees et al., 2009).

Table 1. Some of HIF-1a target genes

Gene Abbreviation Function Reference

Aldolase Glycolysis Semenza et al., 2004
DNA damage inducible transcript 4 DDIT4/REDD1 Cell cycle Shoshani et al., 2002
Erythropoietin EPO Erythropoiesis Wang and Semenza 1993
Glukokinase GCK Glykolysis Roth et al., 2003
Gyceraldehyde-3-phosphate dehydrogenase GAPDH Glycolysis Graven et al., 1999
Insulin growth factor binding protein IGFBP Growth Tazuke et al., 1998
Jumonji-domain containing histone demethylase 1Aand 2B JMJD1A and JMJD2B  Oxygenase activity Beyeretal., 2008
Lactate dehydrogenase A LDHA Glycolysis Firth et al., 1995
Pyruvate dehydrogenase kinase PDK1 Krebs cycle Papandreou et al., 2006
Vascular endothelial growth factor VEGF Angiogenesis Forsythe et al., 1996

1.4 Hypoxia-inducible factor

Hypoxia-inducible transcription factors are found in mammals, fish and invertebrates.
In vertebrates three different HIFs have been characterized (HIF1, HIF2/EPAS2 and
HIF3). HIFs are environmentally induced and are involved in various responses;
hypoxic response, vasculogenesis, heamatopoeisis, cardiogenesis, inflammation and
tumorigenesis among others. Most studies on HIF have been performed within the
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field of cancer research because this transcription factor is one of the key players in
many malignant tumors (Nikinmaa & Rees, 2005; Lendahl et al., 2009).

1.4.1 Structure and modification of HIF-1a

HIF-1a is a heterodimer composed of two separate protein chains, a and B-subunits
of which a is being regulated by oxygen-dependent mechanism. The B-subunit is
better known as Aryl-hydrocarbon receptor nuclear translocator (ARNT) (Semenza,
2000) and is constitutively expressed but unlike the a-chain, not degraded. It may also
form dimers with other proteins than HIF-1a to initiate transcription. Both subunits of
HIF belong to the basic-helix-loop-helix /PER-ARNT-SIM (bHLH/PAS) family of
transcription factors (Wang et al., 1995). Both proteins share four important domains
illustrated in figure 2. The nuclear localisation sequence (NLS) is required for correct
intracellular localisation and the bHLH-motif in the N-terminal and the PAS-motif in
the centre enable dimerisation upon activation. HIF-1a has two transactivation
domains (TAD), one N-terminal and one C-terminal, while HIF-13 only has one C-
terminal TAD. A unique feature found only in the HIF-1la chain is the oxygen-
dependent degradation domain (ODDD). Proline residues situated in the ODDD of the
a-chain (Proline 402 and Proline 564 according to the human sequence) are
hydroxylated by prolyl-4-hydroxylases PHDs (Huang et al., 2002). To date, three
different PHDs, PHD1, PHD2 and PHD3, have been characterized in vertebrates
(Myllyharju, 2009). In addition one asparagine residue located in the C-terminal TAD is
hydroxylated by an asparaginyl hydroxylase also known as factor inhibiting HIF-1 (FIH-
1)(Elkins et al., 2003). These modifications facilitate the binding of the E3 ubiquitin
ligase von Hippel Lindau protein (pVHL) and subsequent proteasomal degradation
(Figure 3) (Kallio et al., 1999; Ivan et al., 2001; Jaakkola et al., 2001). PHDs and FIH-1
need oxygen, ascorbate, iron and 2-oxoglutarate to function and if the amount of any
of these compounds is inadequate, the enzymes are rendered inactive (Pan et al.,
2007).

HIF-1a Prolir;e 402 Pro/inle 564 ASpargine 803
N { [NLSI bHLH ] [ PAS ] [ODDD ] [N—LS] c
Oxygen sensing
HIF-1 B / ARNT DNA binding  Dimerisation Transactivation

v ] Lo ][] m ) c

Figure 2. Structure of HIF-1a- and B-chains and the roles of the domains (nuclear localisation
sequence, NLS; basic-helix-loop-helix, bHLH; PER-ARNT-SIM, PAS; oxygen-dependent
degradation domain, ODDD; transactivation domain, TAD) in the activation and function of
HIF-1. Amino acid numbering follows the human HIF-1a sequence. Modified from Dery et al.,
(2005).
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1.4.2 HIF-1a stabilisation in hypoxia

When oxygen is limited the oxygen-requiring dioxygenases, the PHDs and FIH-1 are
inactivated and the ubiquitination-mediated breakdown of HIF-1a is inhibited. HIF-1a
protein accumulates, transclocates to the nucleus and forms the HIF-1 dimer with HIF-
1B/ARNT (Figure 3). The dimer then binds to DNA at the Hypoxia-responsive element
(HRE) and forms a transcription initiation complex together with the transcriptional
co-activator cyclic AMP response element (CREB) binding protein (CBP/p300) through
interaction with the C-terminal TAD (Kvietikova et al., 1995).

Hormexe ’
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Proteasomal
degradation
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Transcription of target
genes

Cytosol Nucleus

Figure 3. Schematic presentation of HIF-1a activity regulation during normoxia and hypoxia.
Modified from Carroll & Ashcroft (2005)

1.4.3 Normoxic HIF-1a regulation

While most of HIF-1a protein is degraded in normoxia (Figure 3), complete ablation of
this transcription factor is detrimental which indicates that it is important also in
normoxia (Huang et al., 2004; Mason et al., 2004). Indeed HIF-1a is present, albeit at
low levels, also in normoxia and drives glycolytic metabolism and other processes
related to general energy metabolism through transcriptional regulation of target
genes (Agrawal et al., 2007). During normoxia HIF-1a mRNA stability is regulated by
miRNAs (Taguchi et al., 2008) and by mRNA destabilizing proteins (Chamboredon et
al., 2011). HIF-1a protein level is post-transcriptionally regulated through sumoylation
and acetylation (Carbia-Nagashima et al., 2007; Cheng et al., 2007; Lim et al., 2010).

M2 isoform of pyruvate kinase (PKM2) is a HIF-1a co-activator that enhances the

binding of HIF-1a and HIF-2a to HRE in tumour cells. The activity of PKM2 is regulated
by PHD3 interaction. Recent investigation on PKM2 has revealed a positive feedback
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loop between PKM2 and HIF-1la. HIF-la up-regulates PKM2 transcription and
indirectly promotes anaerobic metabolism (Luo et al., 2011; Luo & Semenza, 2011;
Sun et al.,2011). In normoxic conditions HIF-1a can be activated via the Pl3-kinase
pathway through mTOR-deregulation and PKM2 is linked to this pathway also.
Apparently mTOR induced c-Myc results in splicing of the pyruvate kinase mRNA in
favour of the M2 isoform which, as mentioned above, increased HIF-1a activity (David
et al., 2010; Sun et al., 2011).

A family of nicotineamide adenine dinucleotide (NAD)-dependent histone
deacetylases, the sirtuins (SIRT, Silent Mating Type Information 2-Homolog), were
recently described in association to DNA repair, senescence and transcriptional
regulation including regulation of HIF-1a (Haigis & Sinclair, 2010). SIRT1 expression is
regulated in a HIF-1a-dependent manner in hypoxic hepatoma cell lines (Chen et al.,
2011). SIRT6 appears to destabilize HIF-1a. In Sirt6 knockout cells HIF-1a activity and
glycolysis were increased and mitochondrial respiration in turn decreased (Zhong et
al., 2010). SIRT3 is the predominant mitochondrial deacetylase in mammalian cells. It
is responsible for deacetylation and activation of mitochondrial superoxide dismutase
(SOD) (Qiu et al., 2010; Tao et al., 2010). Knockdown of Sirt3 results in increased ROS
levels, inactive PHDs and consequently active HIF-la during normoxia. It also
functions as a tumour suppressor by activating enzymes such as SOD which in turn
keep ROS-levels low and HIF-1a degraded also under hypoxic conditions (Bell et al.,
2011).

1.4.4 HIF-1a and temperature

HIF-1la participates also in temperature responses. In crucian carp (Carassius
carassius), acclimation to cold increased HIF-1a binding to DNA (Rissanen et al., 2006)
and in North Sea Eelpout (Zoarces viviparous) acute cold shock induced HIF-1a
stabilisation (Heise et al., 2006). Transcriptional up-regulation of HIF-1a target genes
were in turn registered after temperature change in the cold-adapted Antarctic
plunderfish (Harpagifer antarcticus) (Thorne et al., 2010). HIF-dependent
transcriptional up-regulation of vascular endothelial growth factor (VEGF) and other
HIF-1a targets might serve in securing blood supply in the muscles during the cold
shock (Johnston & Sklar, 1982; Egginton & Sidell, 1989). In a recent study with
common killifish (Fundulus heteroclitus) hypoxia and a probable elevation of HIF-1a
caused a decrease in the critical thermo-tolerance maximum (Healy & Schulte, 2012).

A decrease in body temperature occurs also in endoderms and can also be connected
to changes in HIF-1a expression. In bats and squirrels that torpor during wintertime,
HIF-1a protein levels incresed in the muscle and liver tissues. In bats, transcriptional
up-regulation of HIF-1la has also been observed. Furthermore, the expression of
microRNA miR-106b and the antisense HIF-1a which normally down-regulate HIF-1a
expression, were reduced in these torpid animals (Maistrovski et al., 2012). In rodents
the relationship of HIF-1a and temperature seems to vary with tissue and species. In

18



Introduction

rodent hearts, 2-hour hypothermia increased the expression of HIF-1a but not its
target gene VEGF (Ning et al., 2007) while in mice, prolonged hypothermia reduced
HIF-la activity (Tanaka et al.,, 2010). Elevated temperature inhibited HIF-1a
stabilisation and activity in murine macrophages (Jackson et al., 2006) while in mouse
testes, HIF-1a mRNA levels were up-regulated and HIF-1a activated (Paul et al., 2009).
HIF-1a and temperature interplay is also involved in the process of longevity and
aging. In a study with Caenorhabditis elegans, HIF-stabilisation, achieved by vhl-1
gene knockdown or deletion, was found to increase life span in general. Animals
lacking hif-1a lived long only when grown at 25°C but not when grown at 15°C
suggesting that the regulation of longevity by HIF-1a is temperature dependent
(Leiser et al., 2011).

1.4.5 HIF in development

HIF-1a is known to participate in embryonic development and be essential for normal
mammalian fetal and normal cardiac development (Maltepe et al., 1997; lyer et al.,
1998; Tazuke et al., 1998; Adelman et al., 1999; Krishnan et al., 2008). In mammalian
pluripotent stem cells and multiple stem cell population HIF-1a has been found to
drive a metabolic shift towards anaerobic glycolysis (Simsek et al., 2010) through its
target genes PDK1 and LDHA (Semenza et al., 1996; Kim et al., 2006).

HIF-1la-overexpression and hypoxia- or CoCl,-exposure of zebrafish during early
embryogenesis has been reported to increase HIF-la-dependent expression of its
target gene IGFBP-1 (Kajimura et al., 2005). Cyprinids (such as the zebrafish) bear two
ancestral hif-1a paralogs that have been lost by most other teleost fish after the
whole-genome duplication. According to a recent study, these copies have evolved
specialized functions in development and cyprinid hypoxia response (Rytkonen et al.,
2013). Hypoxia has also been linked to hatching of fish eggs. It is believed that hypoxia
impacts the time of hatching (Cote et al., 2012; Mejri et al., 2012). The role of HIF-1a
in the hatching process is however yet to be solved.

1.4.6 Heat shock proteins and HIF-1a

Heat shock proteins (HSP) is constituted by a group of chaperones that fold protein or
protect them from damage under both normal conditions and in various stresses. The
best known members are HSP90 and HSP70. Both proteins are found in constitutively
expressed (heat shock cognate, HSC) and stress-induced isoforms and the protein
folding activity of these chaperones is ATP-dependent (Hartl, 1996). HSP90 and HSP70
can interact to form multiprotein chaperone complexes responsible for remodeling
other proteins such as glucocorticoid receptor and androgen receptor to gain higher
substrate affinities (Murphy et al., 2001). Katschinski and colleagues (2002) found that
the unphosphorylated form of HIF-1a accumulated to the nucleus upon heat shock,
but was unable of initiating transcription. Inhibitor studies revealed that this
accumulation was HSP90-dependent. It was shown that HIF-1la binds the HSP90-
HSP70 heterocomplex which protects it from oxygen-independent degradation during
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normoxia and hypoxia (Isaacs et al., 2002; Zhou et al., 2004) and accelerates its
accumulation during hypoxia (Katschinski et al., 2004).

In crucian carp cold acclimation induces the expression of HSP70 and HSP90 while
warm acclimation does not (Rissanen et al., 2006). A finding agreeing with this was
recently done on turtle (Trachemys scripta) heart tissue were the HSP90 and HSC70
MRNA expression increased significantly with cold acclimation (Stecyk et al., 2012). In
addition, these proteins were found in complex with each other and HIF-1a in liver
tissue. It can be suggested that HIF-1la accumulates in a similar fashion at both
increased and decreased temperature and the Hsp90 and HSP70 proteins are
required to protect this transcription factor against possible temperature-induced
damage (Rissanen et al., 2006).

1.5 Reactive oxygen species (ROS) and Oxidative stress
1.5.1 Oxidative stress

Animals strive to maintain a constant redox state by balancing two counteracting
systems, the radical-scavenging and the radical-generating systems. Oxidative stress is
created when this balance is disturbed either by the depletion of antioxidants or
through an increase of oxidants. Excess oxidative activity causes oxidative damage
which includes peroxidation of lipids, protein carbonylation and formation of 8-
hydroxyguanines (DNA damage). Oxidative stress has been increasingly studied within
medicine due to its relevance in the progression of Parkinson’s and Alzheimer’s
disease and cancer. Pollution- and eutrophication-related oxidative stress measured
in animal tissue is another field where scientists are highly interested in the
mechanisms of oxidative stress initiation (Lushchak, 2011; Jimenez-Del-Rio & Velez-
Pardo, 2012). Taken together the changed external factors finally alter the
intracellular levels of reactive oxygen species (ROS) and reactive nitrogen (RNS)
species and disturb the redox balance. In the following ROS, but not RNS are
discussed in further detail.

1.5.2 Production of ROS

During the reduction process of oxygen by the electron transport system of
mitochondria, superoxide anions (0, ), hydroxyl anions (OH"), hydroxide anions (OH)
and hydrogen peroxide (H,0,) are formed (Turrens, 2003). These molecules with an
unpaired electron together with labile intermediates in the peroxidation process of
lipids are referred to as Reactive Oxygen Species (ROS). Other sources of ROS include
radiation and toxic chemicals (Lushchak, 2011). ROS may also be taken up from the
environment through respiration (Kampa & Castanas, 2008). In the mitochondria, ROS
are produced by the protein complexes (I-1ll) of the electron transport chain and the
Q-cycle and in the plasma membrane and endoplasmic reticulum by nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH) oxidases. Mitochondrial complex
| and Il generate superoxide directly to the mitochondrial matrix. All ROS-producing
protein generate O, " which function as the precursor for most ROS. This radical is
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formed when diatomic oxygen takes up one electron (reduction) (Figure 4). Some of
the superoxide anions are dismutated to H,0, by superoxide dismutase (SOD)
enzymes. Hydrogen peroxide is not a radical but is regarded as a ROS due to its
capability to function as an oxidant. Partial reduction of hydrogen peroxide results in
the formation of OH® and OH™ and full reduction performed by Catalase (CAT) gives
water (H,0) and oxygen (0,). Metals (lron, Copper, Cobalt and Chromium) are
common inducers of ROS-production.
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Figure 4. Oxygen metabolism in organisms. Most of the oxygen is reduced in mitochondrial
reaction (left side). A small portion of the oxygen metabolized is reduced in a one-electron
sequence to form different reactive oxygen species (Figure modified from Lushchak, 2011).

1.5.3 Elimination of ROS

To protect the tissues of an organism from radical damage, cells maintain a
complicated defence mechanism to detoxify radicals. The key molecules in ROS
detoxification and radical damage termination are high molecular mass enzymes and
low molecular mass antioxidants such as vitamins (Livingstone, 2001). Specific
enzymes including SOD, Glutathione peroxidase (GP) and CAT are capable of directly
neutralizing ROS. They operate in the first line of defence against oxidative stress and
their reducing capacity is maintained by so called associated enzymes such as
Glutathione reductase (GR), Glucose 6-phosphate dehydrogenase (G6PDH) and
Glutathione S-transferase (GST) (Scandalios, 2005). Antioxidants including vitamins,
caroteinoids, reduced glutathione and thioredoxin function as radical scavengers and
interrupt chain reactions of radical damage (e.g. lipid peroxidation).

1.5.4 Copper-catalyzed ROS production

Metals such as copper, iron and zinc are essential cofactors in many enzymatic
reactions (DNA synthesis, protein synthesis and respiration). Any alterations in the
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tightly regulated homeostasis of metals have profound cellular consequences such as
macromolecular damage and cytotoxicity. Disrupted metal homeostasis therefore
often results in oxidative stress and increased formation of ROS.

Copper is an essential metal incorporated in various important proteins. Copper
chemistry is used by cytochrome c oxidase, ascorbate oxidase and SOD among others,
to catalyse specific enzymatic reactions. While important and biologically useful, the
chemical properties of copper make it toxic when present in excess. Upon entrance to
the cytosol, copper is sequestered by glutathione (Freedman et al., 1989) and
metallothionin (Coyle et al., 2002) or copper chaperones. Most of the intracellular
copper is incorporated to ceruloplasmin in Trans-Golgi (Yanagimoto et al., 2011).
Little if any copper is found free in the cytosol which is important since both forms
(Cu* and Cu*) of this trace element can function as oxidizing or reducing agents and
hence also contribute to ROS production and oxidative damage. Due to these
capabilities, the function of copper is much investigated in Alzheimer’s’ and
Parkinson’s’ diseases (Eskici & Axelsen, 2012) cancer, diabetes and cardiovascular
diseases (Jomova & Valko, 2011). Increased copper levels may cause oxidative stress
via two mechanisms. Glutathione may chelate copper and detoxify it efficiently by
removing it from the recycling reactions (Mattie & Freedman, 2004). Due to this
process Increased copper levels can cause a decline in glutathione levels and allow
oxidative stress to develop (Speisky et al., 2009). Alternatively copper may disrupt the
redox balance by catalyzing ROS-production from hydrogen peroxide via Fenton-like
chemistry (Aruoma et al., 1991).

Cu(l)+ H,0, - Cu(Il)+"OH + OH ~ (Fenton reaction)

1.5.5 ROS and hypoxia

The intracellular concentration of ROS alters during hypoxia. However, the direction
of this change has been debated for almost two decades and evidence for both up-
and down-regulation has accumulated. During hypoxia, metabolic activity decreases
and according to thermodynamic reasoning, the slow-down of oxidative
phosphorylation and uncoupling of the electron transport chain would result in less
ROS-formation (Miwa & Brand, 2003). In addition, since ROS-production is an oxygen-
dependent process, it should decrease when oxygen is scarce (Chandel & Budinger,
2007). This view of the process was exemplified in hypoxic rat pulmonary arteries and
in isolated rat liver mitochondria where decreased ROS levels were measured (Archer
et al., 1989; Archer et al., 1993; Hoffman et al., 2007). Similar findings were made also
in rainbow trout cells where ROS production decreased with lowered pO, (Bogdanova
& Nikinmaa, 2001). During early 2000’s an opposite view suggesting that ROS-
formation actually increased during hypoxia, was formed. Although ROS may be
produced at the NADPH oxidase, xanthine oxidase, ER peroxisomes and the plasma
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membrane, the increase in ROS production was localized to the mitochondria
especially (Waypa et al.,, 2002; Aley et al., 2005). The initial experiments were
therefore performed with cells lacking mitochondria (p° (rho) cells). According to
results of these experiments, it was suggested that an increase in ROS is essential for
hypoxic signalling and the formed ROS is important for the stabilisation of HIF-1a. The
mechanism is based on an interruption in the activity of complex IV in hypoxia which
leads to an accumulation of electrons and subsequently to an excess output of ROS at
the mitochondrial complexes I-lll (for detailed mechanisms see (Hoffman et al., 2007).
Despite opposite findings in similar cellular setups (Vaux et al., 2001) a hypothesis for
paradoxical hypoxic ROS increase was formed (Chandel et al., 1998; Chandel et al.,
2000). To date this model has been confirmed in several cellular models (Killilea et al.,
2000; Ishida et al., 2002; Waypa et al., 2002; Paddenberg et al., 2003; Chandel &
Budinger, 2007) and the hypothesis has therefore been accepted as a general premise
by many.

Measurement of ROS in vivo, is challenging and therefore reports giving ROS
concentrations are scarce. In one quite recent publication, ROS production was
measured in hypoxic shark cardiac fibers. Interestingly the authors reported a ROS
production decrease (Hickey et al., 2012). Alterations of ROS can also be measured
indirectly by evaluating the amount of oxidative damage on tissues and biomolecules
or by measuring alterations in ROS-scavenging enzymes and antioxidants. These
measurements can readily be performed independent of sample type and they have
therefore been used by many. Elevated redox-enzyme activities and increased
oxidative damage are particularly well characterized in various ischemia-reperfusion,
anoxia-reperfusion and anoxia models. According to the so called Hermes-Lima
hypothesis, anoxia tolerant turtles and fish species prepare tissues for the
forthcoming ROS-wave by elevating their antioxidant defence (Hermes-Lima et al.,
1998; Lushchak et al., 2001; Hermes-Lima & Zenteno-Savin, 2002). Increased ROS-
formation in hypoxia has also been demonstrated. Hypoxia-exposed common carp
(Cyprinus carpio) and Chinese sleeper (Percottus glenii) were shown to protect tissues
from hypoxia-induced oxidative damage (Lushchak et al., 2005; Lushchak &
Bagnyukova, 2007) by boosting the activity of redox enzymes. Despite attempts,
similar responses have not been found in other species (Olsvik et al., 2006; Garcia
Sampaio et al., 2008).

1.5.6 Measuring ROS

As stated above, direct measurement of ROS is challenging and the lack of reliable
methods brings discrepancy to results. Several probes for ROS-detection and
guantitation exist. Lucigenin is a nitrate based probe sensitive for superoxide (Li et al.,
1999). Methods based on fluorescent dihydrorhodamine-123, dihydroethidiene (DHE)
and 2,7’-dichlorodihydrofluorescein (DCF) probes function as intracellular general
indicators of oxidant production including ROS. The oxidation of DCF is criticized for
its dependency on cytochrome c peroxidation activity and on redox-active metals
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leaking from the lysosomes (Karlsson et al., 2010). The sensitivity of DCF to hydrogen
peroxide is also highly questioned (Hockberger et al., 1999; Rota et al., 1999; Karlsson
et al., 2010). The use of ROS-sensitive fluorescence resonance energy transfer (FRET)
probes for ROS require transfection which sets limits to the use of cell lines and
causes problems concerning transfection efficiency and even distribution of the probe
within the cells (Cash et al., 2007).

1.6 Alternatives to ROS in early hypoxic signalling

When pO, falls, how is the drop sensed and what are the molecules and mechanisms
that transform the signal into a physiological language? The blood pO, is monitored
by specialized cells of the carotid body in mammals. In fish similar sensory
chemoreceptors are located in the first pair of gill arches. These receptors are
responsible for the neuronal signalling upon hypoxia which initiates the changes in
respiration, blood pressure and heart beat. The function of the chemoreceptors and
the signalling cascade initiated by them during hypoxia is not fully understood and is
still under intensive study. Apart from ROS (H,0,, OHe, O,) several molecules have
been suggested to function as sensors of lowered oxygen. Adenosine along with its
various phophorylated forms (AMP, ADP, ATP), hydrogen disulfide (H,S), nitric oxide
(NO) and carbon monoxide (CO) are all putative oxygen sensors.

The drop in ATP is a well established consequence of hypoxia. The sensing of
adenosine levels in hypoxia is performed at the level of AMP. The AMP activated
protein kinase (AMPK) is sensitive to changes in AMP:ADP ratio and is thus suitable
for oxygen sensing (Hardie, 2003; Evans et al., 2006; Hardie et al., 2006). The possible
involvement of adenosine in oxygen sensing is supported further by the role of AMPK
in the hypoxic excitation of the carotid body (Evans et al., 2012).

H,S is produced in a continuous manner but it is normally present at very low
concentrations because it is effectively oxidized to SO;> and SO,* by the
mitochondrial electron transport chain enzymes, especially cytochrome c oxidase
(Olson, 2011). In hypoxia, the activity of the mitochondrial electron transport chain
slows down and consequently the oxidation of H,S declines which allows H,S to
accumulate. Several findings support the idea of H,S operating as an initial oxygen
sensor. H,S concentration seems to follow the pO,, application of exogenous H,S can
mimic hypoxia and inhibition of H,S production is able to abolish the hypoxic response
(Dombkowski et al., 2006; Olson et al., 2006; Dombkowski et al., 2011). Importantly
H,S has been linked to increased HIF-1a stabilisation and activity in both mammals
and nematodes (Budde & Roth, 2010; Liu et al., 2010).

Another putative oxygen sensor which has been extensively studied is the nitrogen
oxide (NO). It is produced in a reaction catalyzed by endothelial, neuronal or inducible
nitric oxide synthases (eNOS, nNOS or iNOS) of which the latter one is a HIF-1a target
gene (Fago et al., 2012). Studies on the sensing mechanism of NO are focused to its
role in the function of carotid body. In hypoxia NO-production is inhibited because
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NOS activity is oxygen-dependent. The NO concentrations of tissues still remain fairly
unchanged during hypoxia possibly due to extracellular uptake of nitrogen species.
This is advantageous upon reoxygenation because NO may also inhibit the
mitochondrial electron transport and protect tissues from excess ROS-generation
(Hansen & lJensen, 2010). Indeed, both NO and H,S have been found to be
cytoprotective in ischemia/reperfusion models (Hendgen-Cotta et al., 2008; Fago et
al., 2012).

CO is produced during heme degradation catalyzed by heme oxygenase (HO), NADPH
and cytochrome P450 reductase. The activity of HO is oxygen dependent. When
oxygen is low, HO-activity and consequently, CO formation is reduced. This leads to
an increase in the oxygen-sensing activity of carotid body followed by hypoxic
ventilatory response. CO may also act locally to sensitize glomus cells of the carotid
body by opening calcium channels during hypoxia (Prabhakar & Semenza, 2012)

1.7 Animals used in the research
1.7.1 Common frog

The Common frog (Rana temporaria, L., subspecies temporaria) also known as
European common frog inhabits Europe (with the exception of Spain, Italy and
Greece) and Asia all the way to the Urals (Gasc et al., 1997). It is a hibernating tailless
amphibian that feeds on insects, snails, slugs and worms and lives in damp
environments like ditches, ponds and marshes. This species spawns between January
and June depending on the temperature (Boutilier et al., 1997). Due to the easy
access to both adult individuals and frog eggs and developing tadpoles, this species
and other amphibians have been popular among scientists as a model organism in
physiological studies for decades (Svetlov, 1934; Merild et al., 2000; Hartel et al.,
2007; Nikinmaa et al., 2008; Stefani et al., 2012). Of particular interest has been the
freeze-tolerance of frogs. Rana temporaria belongs to the group that endures freezing
of body fluids for some hours instead of freeze avoidance through production of
cryoprotectives (Boutilier et al., 1997; Pasanen and Karhapaa, 1997; Voituron et al.,
2009). Currently, however, this species is threatened by diseases, pollution and loss of
habitat (Di Giulio et al., 2009; Gray et al., 2009; Duffus & Cunningham, 2010; Bruhl et
al., 2011).

1.7.2 Rainbow trout

The rainbow trout (Oncorhynchus mykiss, Walbaum) is well known and the most
cultivated salmonid species for human food and is thus of commercial value. Chile and
Norway are the biggest farmers of rainbow trout (FAO website). It has also become
popular to introduce them to rivers and lakes around the world as this species is
popular as a game fish. Rainbow trouts are native to the lakes and rivers of Northern
America. Anadromous rainbow trout e.g. fish that migrate to the sea, are called steel-
heads. After several years in the ocean these individuals return to the home lake or
river for spawning.
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In science, rainbow trouts have been used as a model organism for physiological,
cancer, endocrinological, ecotoxicological, and ecological research. Several cell lines
have also been produced from rainbow trout to function as alternatives to cell lines of
mammalian origin and to decrease the number of animals used for simple
toxicological tests (Fent, 2001; Wood et al., 2002; Blagbrough & Zara, 2009). In
hypoxia research, rainbow trout are interesting due to their relatively high sensitivity
towards hypoxia (Turner & Wood, 1983; Omlin & Weber, 2010).

1.7.3 Threespine stickleback

Threespine stickleback (Gasterosteus aculeatus, L.) inhabits coastal marine and
freshwater environments in the northern hemisphere. It is found in markedly diverse
populations varying in morphology, behaviour and physiology wherefore it has
become a popular model organism for reproductive, ecological, evolutionary and
behavioural studies (Peichel et al., 2001; Colosimo et al., 2005; Huntingford & Ruiz-
Gomez, 2009). The coastal areas and lakes where this species is found are especially
prone to eutrophication, pollution and hypoxia, which also makes this species suitable
for ecotoxicological studies. The fish has been used, in particular, in endocrinological
studies relating to ecotoxicology (Katsiadaki et al., 2002; Katsiadaki, 2007; Bjorkblom
et al.,, 2009). The sexes have clear morphological differences and males are easily
distinguished due to their bright colouring. This species is also particular in its
reproductive behaviour. The males build nests for the females to lay the eggs in by
gluing plant and other materials together with a protein glue called spiggin which is
produced in the male kidneys. The male also nurses the eggs by fanning them and
herds the newly hatched fry (Ostlund-Nilsson et al., 2007).

The sequencing of the threespine stickleback genome has made this species even
more attractive to scientists because it allows for more comprehensive molecular
studies than on most other fish (Jones et al., 2012). Studies on hypoxia response in
this species are very few. Prior research on hypoxia in sticklebacks focused on the
impact of hypoxia-induced influence of parasitism on behaviour and hypoxia-induced
changes in behavioural rank (Giles, 1987). Valuable information such as the critical
partial pressure (Pi) for this species has not been determined and therefore the
hypoxia-tolerance of this species is unknown. Based on the results of article IV, the
species appears moderately hypoxia-tolerant. Due to large population divergence it is
reasonable to expect large variation in P;; between populations.

1.7.4 Epaulette shark

Epaulette shark (Hemiscyllium ocellatum, Bonnaterre) belongs to the family of
longtailed carpet sharks (Hemiscyllidae) and inhabits shallow coral reefs and tidal
pools at the northern and eastern coastal areas of Australia and the southernmost
shores of New Guinea. The shark is active during night and is therefore likely to
encounter areas suffering from severe night-time hypoxia. Unlike many other species,
epaulette sharks cannot always escape to colder or less hypoxic areas for survival.
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Rather they have to cope with hypoxia / anoxia at very high temperatures (25-30°C)
(Nilsson & Renshaw, 2004). Perhaps the epaulette sharks are very hypoxia and even
anoxia tolerant because of this and most of the research done with this species has
involved hypoxia (Nilsson & Renshaw, 2004). In contrast to turtle and crucian carp, a
special strategy for survival has not been described for epaulette sharks. It appears
that the epaulette shark apply general modification of metabolism in hypoxia/anoxia
but lack the increases in brain blood flow, blood glucose levels and haematocrit
common to other fish species and mammals exposed to hypoxia.
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2. Aims of the study

The environment is increasingly challenged by the consequences of human actions.
The ability of organisms to adapt to the changing environment varies within and
between different species. Environmental stressors including temperature, oxygen
and xenobiotics initiate complex stress responses that may promote oxidative stress,
HIFla-activation and accumulation of other central signalling molecules. The
mechanisms of the various adaptation processes are largely uncharacterized.

The first part of the study describes the intraspecific variation of Rana temporaria.
The specific purpose of the study was:

1. To elucidate the impact of multiple factors i.e. population origin, developmental
stage and temperature on the expression of putative HIF-1la and HSPs in Rana
temporaria.

In a second part of this study an important goal was to investigate the protective
mechanism against temperature stress and oxygen deficiency. Specifically, the
following questions were addressed:

2. Does temperature stress, oxygen deficiency and copper cause significant increase
of intracellular steady-state ROS in cultured cell lines?

3. Is the quantity of hypoxia-induced ROS overproduction large enough to disturb
the redox balance in vivo?

The changes in transcriptome during hypoxic response have been characterized in a
number of fish species before. Threespine sticklebacks are found widely and show
great morphological variation that speaks for the ability of this species to adapt
quickly with the environment. Despite the extensive interest in the evolution, biology,
behaviour and physiology of threespine sticklebacks, the hypoxia-sensitivity of this
interesting species is poorly described. Therefore genome-wide analysis was used to
determine the molecular mechanisms underlying the threespine stickleback liver cell
response to hypoxia. The purpose of the experiment made was

4. To obtain a more complete picture of the transcriptional regulatory networks
involved in hypoxic response and more specifically in altered redox balance during
hypoxia in fish.
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3. Materials and methods

3.1 Cell culture procedures (I1)

Human cervical cancer cell line HelLa-CLL3 and the Rainbow trout cell lines RTG-W1
(gill), RTH-148 (liver) and RTG2 (gonad) were purchased from the American Type
Culture Collection (ATCC, Europe). Hela cells were grown in Dulbecco’s modified
Eagle’s medium (completed with 10% Fetal bovine serum, L-glutamine and penicillin
and streptomycin) at 37°C in 5% CO, atmosphere and rainbow trout cells were grown
in Leibowitz-15 medium (complements as above) at 18°C in room atmosphere. For
experimentation, Hela cells and RTG-W1 cells were plated on clear bottom black 96-
well plates at a density of 10 000 and 30 000 cells per well, respectively.

Steady state ROS [ROS] level was measured using the fluorescent dye 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein  diacetate, acetyl ester (CM-
2’,7'H,DCFDA)(Molecular probes, Eugene, OR, USA) referred to from here on as DCF.
This probe is suitable as an intracellular indicator for ROS in general. It enters the cell
via passive diffusion and removal of its acetate groups by intracellular esterases and
reactions between its thiol-reactive chloromethyl groups and thiols vyields a
fluorescent molecule that is trapped inside the cell. Upon use, DCF was eluted into
argon-bubbled DMSO under Argon gas and added to cells at a final concentration of 5
UM and incubated for 30 min at room temperature. Next the cells were rinsed twice
with Hank’s balanced salt solution (HBSS) before addition of the final treatment
solution. Hydrogen peroxide (H,0,) which cells also produce endogenously was used
as a positive control (100 uM in HBSS). DCF-fluorescence was measured with Envision
plate reader (PerkinEImer-Wallac, Turku, Finland) at the excitation wavelength of 485
nm and the emission wavelength of 528 nm at given time points (see article Ill). The
experiments were repeated at least three times and all treatments at every time
point were done in triplicate. Signals were normalized to 0 time point values of each
experiment to minimize variation between repeated experiments. Results are
presented as means of normalized signals + s.e.m.

3.1.1 Experimental treatment of cell cultures (Il)

For hypoxia-experiments, cells were incubated in a hypoxic atmosphere (1 % O,)
created using a three-gas (N,, O,, CO;) incubator (Sanyo) or in a normoxic atmosphere
consisting of 20 % O, (for Hela cells also 5 % CO,).

For copper exposure, cells were incubated with 100 uM CuCl,. Controls consisting of
HBSS with and without copper in empty wells were always included for background
control and the background control values were subtracted from the corresponding
DCF-signals. This was done because copper was noticed to quench the DCF-
fluorescence.
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For exposure to altered temperatures, the plates were sealed with parafilm and
submerged in a water bath adjusted to 10°C or 25°C, or kept in the incubator set to
18°C for 1, 3 and 6 hours.

3.1.2 Cytotoxicity test (Il)

The cytotoxic effect of different experimental treatments was determined by
measuring LDH-release into culture medium using enzymatic assay kit Cytotox-One
(Promega, Fitchburg, WI, USA USA). The end-point assay was performed according to
manufacturer’s instructions including maximum and zero controls. Cytotoxicity is
given as mean cytotoxicity in percentages.

3.2 Animals and maintenance
3.2.1 Frogeggs(l)

Freshly laid common frog (Rana temporaria) eggs from ten clutches from the
following three populations were collected: (1) SK (Skane) from Tvedodra in southern
Sweden (Lund municipality, latitude 55°42’N, longitude 13°26’E; eggs collected on
April 18, 2006), (2) UP (Uppland) from Tarnsjo in central Sweden (Heby municipality,
60°11’N, 16°53’E; eggs collected on May 2, 2006) and (3) NO (Norrbotten) from
Bjorkliden in northern Sweden (Kiruna municipality, 68°25’N, 18°38’E; eggs collected
on May 24, 2006). The sampling locations are visualized in Figure 1 of article I. Once in
the laboratory in Uppsala, they were evenly distributed in buckets (3 1) with
reconstituted soft water [RSW (American Public Health Association, 1985)] and kept
at 19°C.

3.2.2 Fish (lI-V)

Epaulette sharks (Hemiscyllium ocellatum) were collected from the reef platform
surrounding Heron Island Research Station, (23 °27’S. 151 °55 “E). Collection permits
(G25214.1 and G04 / 12777.1) were obtained from the Great Barrier Reef Protection
Authority. The sharks were maintained as described in article Ill. Rainbow trout
(Oncorhynchus mykiss, Walbaum) were obtained from the Finnish Institute for
Fisheries and Environment (Parainen, Finland) and maintained as described in article
[Il. Adult threespine sticklebacks (Gasterosteus aculeatus, L.) were originally caught in
brackish water close to Helsinki (Finland) and Seili Island in the Turku Archipelago
(Finland). Fish were maintained as described in article I.

3.3 Invivo treatments and sampling
3.3.1 Frog egg cultivation procedure (1)

From each population 80 individuals (at Gosner stage 25 (Gosner, 1960)) were
randomly taken for the experiment. The tadpoles were placed individually in jars and
reared at two temperatures, 13 and 19°C, with 40 individuals from each population
assigned to the different treatments. The photoperiod used in the experiment was 16
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h light / 8 h dark. The water was changed completely every 4 days and the animals
were fed ad libitum with chopped and lightly boiled spinach.
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Figure 5. Sampling locations (left) and the characteristics of the Gosner stages at which the
sampling was performed (right). Picture modified from Nikinmaa et al., (2008) and the
Virginia Herpetological Society webpage.

For analysis, the animals were sampled at the same developmental stage at both
temperatures (Fig. 5). The whole development from Gosner stage 25 to 42 took
approximately 30 days at 19°C (SK 32—-36 days, UP 27-31 days and NO 20-24 days)
and 60 days at 13°C (SK 55-65 days, UP 60—70 days and NO 48-58 days) (Fig. 5). Ten
tadpoles in every population and treatment were sampled for molecular analysis at
Gosner stages 26 (stage 1), 34 (2), 39 (3) and 42 (4). For molecular analysis, the
tadpoles were snap-frozen in liquid nitrogen and stored at — 84°C.

3.3.2 Hypoxia treatments of teleosts (Il - IV)

For hypoxia exposure the threespine sticklebacks and rainbow trout were placed into
separate aquaria. The oxygen level was reduced by blowing nitrogen via air stones
into the aquarium water. The oxygen level was controlled by an O, analyzer and
regulator system (D202, Qubit Systems, Kingston, Canada). Oxygen content and
temperature were continuously recorded throughout the hypoxia exposure with an
effective sampling rate of 0.5 Hz and period length of 2 s. The actual air saturation
levels during the 48 h stickleback hypoxia exposure were 24 + 0.52% during the first
24 h (saturation level set point: 25% of air saturation) and 28.3 + 0.73% during the
following 24 h of exposure (saturation level set point: 30% of air saturation). During
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the 3 h hypoxia exposure of sticklebacks the average oxygen level was 24 + 0.68% of
air saturation. For rainbow trout the oxygen was reduced to 33% of maximum
saturation. Following exposure, fish from hypoxia and control aquaria were killed by a
sharp blow to the head (trout) or by cutting the spine directly behind the head
(sticklebacks). Length and weight were measured, and liver were dissected and snap-
frozen in liquid nitrogen and stored at— 70°C.

3.3.3 Hypoxia treatments of epaulette sharks (Ill)

Sharks were exposed to a single episode of hypoxia (2 h, 0.34 mg O,/ I, 5 % of air
saturation) or normoxic conditions (n=10 in both group). Immediately after the
hypoxic exposure, sharks were euthanized with benzocaine administered by bath
exposure (375 mg/l). The brains and gills were rapidly removed and cerebella were
isolated. Samples were immediately frozen in liquid nitrogen and stored at - 84°C.
One sample represents a single individual. Samples were not pooled in order to retain
biological variability. Data on length, weight and sex was collected beforehand.

3.3.4 Copper exposure of threespine sticklebacks (l1)

Fish were exposed to copper (1.6 uM CuCl,) for one or three weeks. In the beginning
of exposure (time point 0) and after one and three weeks of exposure, 15 to 17 fish
were individually removed for sampling. Sampling was performed as described above
in section 3.3.2.

3.4 Sample preparation and measurement of redox enzyme activities and
EROD activity (Il - IV)

Samples were prepared and enzyme activities were measured as described previously
by Vuori et al. (2008) with some modifications. In brief, frozen tissue pieces were
crushed in liquid nitrogen and homogenized with Tissue Lyser Il (Qiagen, Hilden,
Germany) in 250 pl of buffer (0.1 M K2HPO4, 0.15 M KCI, pH 7.4). The homogenate
was centrifuged (15 min at 10000g and +4 °C), supernatant was collected, divided
into aliquots, frozen in liquid nitrogen, and stored at -84°C.

The catalase (CAT), glutathione peroxidase (GP), glutathione reductase (GR) and
glutathione S-transferase (GST) activities were measured with Sigma kits (Sigma-
Aldrich, St. Louis, Missouri, USA). In the measurement of the GP activity 2 mM H,0,
was used as a substrate. The inhibition rate of superoxide dismutase (SOD) was
measured using a Fluka (Fluka, Buchs, Germany) kit. Glucose-6-phosphate
dehydrogenase (G6PDH) activity was measured according to Noltmann et al. (1961),
and ethoxyresorufin-O-deethylase (EROD) activity was measured according to Burke
& Mayer (1974). The protein content was determined with Bradford method using
BioRad protein assay (Bio-Rad-Laboratories, Hercules, California, USA) with bovine
serum albumin (Sigma-Aldrich,St. Louis, Missouri, USA) as the standard. All
measurements were done in triplicate using 96-well or 384-well microplates and with
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EnVision™ (Perkin-Elmer Wallac, Turku, Finland) microplate reader. Variance analysis
with covariates (ANCOVA) was performed with SAS software.

3.5 RNAsolation (ll, IV)

Total RNA was isolated using Tri Reagent (Sigma-Aldrich, St. Louis, MO, USA)
according to the manufacturer's protocol. DNase-treated (Promega, Fitchburg, WI,
USA) RNA was quantified using Nanodrop ND-1000 spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA).

3.6 Cloning and sequencing Rana temporaria hif-1a (1)

Synthesis of cDNA and PCR reactions were conducted as described by Rytkonen et al.,
(2007). SMART™ RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA) was used
to amplify cDNA from a whole R. temporaria tadpole preserved in —84°C. Primers
were designed employing the internet-based Primer3 program (developed by Steve
Rozen and Helen Skaletsky year 2000) from the alignment of HIF-1a sequences from
Homo sapiens [GenBank: NM_001530], Xenopus laevis [GenBank: BC043769], Danio
rerio [GenBank: AY326951] and Oncorhynchus mykiss [GenBank: AF304864] to obtain
a primary fragment of the gene. Alignments were conducted with ClustalW Multiple
Alignment, version 1.4. (Thompson et al., 1994). Then, after BLAST verification, the
sequence of this primary fragment was used to design R. temporaria HIF-1a-specific
primers for 5’-RACE (rapid amplification of cDNA ends) reactions. After PCR the HIF-
fragments were cloned into pGEM-T Easy Vector System | (Promega, Madison, WI,
USA) and sequenced using the ABI PRISM™ BigDye Terminator v 3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA).

3.7 Western blot ()

Nuclear extracts were prepared as described in Soitamo et al.,, (2001) with some
modifications. Protein concentration was measured using the Bio-Rad Protein Assay
(Bio-Rad Laboratories, Hercules, CA, USA). Proteins (25 ug) were separated on 8%
SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Schleicher &
Schuell, Keene, NH, USA). Membranes were blocked, rinsed and incubated with
primary antibody. Following a rinse, the membranes were incubated with Horseradish
peroxidase-conjugated secondary antibody, rinsed again and the proteins were finally
detected using enhanced chemiluminescence (ECL, Amersham Biosciences). Dilutions
and providers of the used antibodies are given in article I. Relative optical densities of
protein bands captured on and X-ray film were quantified with MCID 5+ image
analyzer software (InterFocus Imaging, Cambridge, UK).

3.8 Microarray (IV)

Microarray experiments were performed using an 8 x 15 K custom stickleback array
(Agilent technologies, Santa Clara, CA, USA) which contains 8 individual arrays per
slide. Liver RNA from one hypoxia-treated (48 h) threespine stickleback liver was
hybridized against liver RNA from one non-treated control fish, and there were eight
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biological replicates of this pairing (all from female fish). RNA labelling, hybridisations,
and scanning were performed by the University Health Network Microarray Centre
(Toronto, Canada). Array experiment is MIAME compliant and is available at
MIAMExpress with the accession number A-MEXP-2093.

3.8.1 Feature extraction and statistical analysis in R

Processed signals from the Agilent Feature Extraction Software (v 10.5.1.1) were used
for the analysis in the Limma analysis package of R/Bioconductor (Smyth, 2005). Every
array was normalized using global loess normalisation and Aquantile-method (Yang &
Thorne, 2003). To identify differentially expressed transcripts a linear model was
implemented and the standard errors were moderated using an empirical Bayes
model (Smyth, 2004). Genes were considered to have differentially expressed
transcripts in hypoxia if their mRNA expression was significantly different from the
controls (p-value < 0.01) and the fold change was at least + 1.5.

3.8.2 Gene annotation, functional clustering and pathway analysis

Genes encoding for the differentially expressed transcripts were assigned an Entrez
gene ID of a human orthologue, as described previously (Leder et al., 2010).
Differentially transcribed genes were compared to all genes present in the microarray
to determine significant overrepresentation of gene ontology (GO) terms, This
information was required for functional annotation clustering performed with the
functional annotation tool ‘Database for Annotation, Visualisation and Integrated
Discovery (DAVID) (Dennis et al.,, 2003; Huang et al., 2009). Data were visualized
using Cytoscape (Shannon et al., 2003) and ClueGO (Bindea et al., 2009). Finally a
combined functional clustering analysis and pathway analysis against the human
genome was performed with Ingenuity Pathway Analysis (IPA) system (Ingenuity
Systems, Redwood City).

3.8.3 cDNA synthesis and Real-Time qPCR (Il & IV)

Reverse-transcription of 1 ug RNA to cDNA was performed using random hexamer
primers and DyNAmo™ cDNA Synthesis Kit (Finnzymes, Espoo, Finland) according to
the manufacturer's protocol. Genomic DNA contamination was tested with -RT
controls. Real-Time qPCR assays were designed using the Universal Probe Library
Assay Design Center (Roche Applied Science, Penzberg, Germany) and checked for
specificity using BLAST. The gPCR was run in technical triplicates using the Absolute™
Fast QPCR ROX Master Mix (Thermo Scientific, Waltham, MA, USA) and transcript-
specific probes (Roche Universal Probe Library). The gPCR reactions were amplified
and analyzed using the standard run setting of 7900HT Fast sequence detection
system (Applied Biosystems, Carlsbad, CA, USA). Results were analyzed with SDS 2.3
and RQManager 1.2 software (Applied Biosystems, Carlsbad, CA, USA). For further
details see article Il and IV.
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3.9 Statistics

Analyses of variance (ANOVA) or covariance (ANCOVA) were performed on enzyme
activity and lipid peroxidation (FOX) measurement data using PROC MIXED in SAS
software (v. 9.3). In cases of covariance analysis parameters used as covariates in
specific analyses are given in articles Il-IV. When required, data were square root
transformed or square root-log® - transformed before further analysis. Statistical
significance of changes in relative expression of transcripts between treatments and
within time points was tested using Students t-test (article IV).

Statistical analysis of HSP90, HSP70 and HIF-1a protein quantitation in article | was
performed with SPSS14 software (Chicago, IL, USA). The equality of variances was
tested with Levene's test. Comparisons of two datasets were performed using t-test
for independent samples. Comparisons of multiple datasets were performed with
initial ANOVA (one-way or two-way as appropriate) followed by a post hoc LSD test.
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4, Results and discussion

4.1 Population-specificity and impact of rearing temperature on the
expression of regulatory proteins

Earlier studies have established that common frog populations show origin-
dependent variation in parameters such as size and developmental rate. The variation
has, however, not been well characterized on molecular level. In this particular study
we attempted to elucidate if the intraspecific differences in tadpoles originating from
different latitudes could be connected to the expression level of important regulatory
proteins. In this work we chose to look at the expression of classical chaperones
HSP70 and HSP90 and the hypoxic regulator HIF-1a.

When common frog embryos from three different latitudes were bred at two
different temperatures (13 and 19°C), all of the studied proteins were expressed at a
detectable level. Furthermore, the expression of HIF-1a, HSP70 and HSP90 increased
with developmental stage. Developmental stage 4 (Gosner 42) marks the beginning of
metamorphosis. At that stage comparison of populations showed clear origin-
dependent variation in the expression of HIF-la, HSP90 and HSP70. The
southernmost Skane-population differed significantly from the other two populations,
and this difference was especially marked at the lower temperature.
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Figure 6. The levels of the three measured proteins (HIF, HSP70, HSP90) at developmental
stage 4 (Gosner 42) differed significantly (P<0.01, ANOVA) between populations (SK = Skane,
UP = Uppland, NO = Norrbotten) at 13°C (A). At 19°C the onlyHSP90 expression differed
among populations (B). Skane population showed significantly lower HSP90 expression
compared to the two more northern populations (P<0.01, pair wise comparisons with a
post-hoc test, LSD test).

At the higher temperature of 19°C, the differences were less marked with the
exception of HSP90 expression which was significantly less expressed in the Skane-
population. The higher rearing temperature may have initiated a moderate stress
response in the tadpoles which in turn can mask differences originating from genetic
or transcriptional differences (Laugen et al., 2003).

36



Results and discussion

Changes in temperature can impact embryonal development. At worst it may cause
significant disturbances and premature hatching (Rosa et al.,, 2012). The
consequences however vary. In zebrafish high temperature correlated positively with
developmental rate but negatively with body size. In frogs, increased developmental
rates are seen at lower temperatures. Two theories have attempted to explain these
kinds of opposite observations. The temperature adaptation hypothesis (Yamahira &
Conover, 2002) suggests that organisms have adapted to the temperature of the
environment they inhabit. Thus populations of the same species living far apart have
developed different temperature optima. Another theory suggests that the variation
in optimal temperature is consequence of the time constraints on the developmental
pace assigned by latitude (Conover & Schultz, 1995). Indeed, common frog
populations from higher latitudes develop and grow faster than southern populations
and do so over a range of varied temperatures (Merild et al., 2000; Laugen et al.,
2003). Our results indicate (Figure 6) that tadpoles equipped with high levels of
regulatory protein (HSP90, HSP70 and putative HIF-1a) in the north are given the
opportunity to overcome physiological challenges posed by abiotic factors like
temperature.

In poikilotherms, temperature is directly associated with energy consumption and
subsequently with all physiological processes including embryonal development.
Increased temperature increases energy consumption and enzyme activity which also
increases the amount of incorrectly folded or damaged proteins. HSPs function as
chaperones that protect and/or refold denatured proteins during cellular stress.
Therefore, we expected to see a stronger HSP70 and HSP90 expression at higher
temperature in all populations but failed to do so. This could be due to evolved
thermo-tolerance. The scale of temperatures tolerated is largest in species inhabiting
areas at the mid-latitudes but at the same time very narrow at the early stages of life
such as the one measured (Rijnsdorp et al., 2009; Pértner & Peck, 2010). Still, it may
be that the shift to 19°C was not large enough to elicit the elevation of HSP70 and
HSP90.

HIF-1a was shown to be activated in cold acclimated crucian carps (Rissanen et al.,
2006) and more recently in zebrafish under normoxic conditions (Tseng et al., 2011).
Together with evidence on the role of HIF-la in normoxic energy production
maintenance (Agrawal et al.,, 2007), the increase of frog HIF-1a expression with
latitude at the lower temperature could be explained by its importance in the
maintenance of sufficient energy production. The missing effect of latitude on the
expression of HIF-1a at the higher rearing temperature may be explained by an
increased expression or activity of the factors involved in the down-regulation of this
transcription factor subunit.

4.2 Steady-state ROS is temperature-dependent

ROS-formation in various locations of the cell (section 1.4.2), is dependent on the
general activity of the production machinery and the availability of oxygen. Cells
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always strive to balance the oxidizing and reducing actors (e.g. maintain the redox-
homeostasis) in order to avoid oxidative or reducing stress. In other words, the same
amount of ROS that is constantly formed equals the amount that is constantly
eliminated. This concentration in ROS which also describes the redox balance is called
steady state ROS and is referred to here on as [ROS]. Under acute stress, ROS-
formation may peak sharply. Cells however try to return the ROS-concentration back
to the original [ROS]. Under continued stress counterbalancing is slower and at times
impossible.

The metabolic activity of poikilotherms is intimately linked to the environmental
temperature and therefore the generation of ROS could also be expected to follow
changes in temperature. Previous studies performed on whole animals have given
contradictory results. In goldfish exposed to elevated temperature, oxidative damage
as well as elevated redox and associated enzyme activities were measured and the
results indicated that an elevation in [ROS] had occurred (Lushchak & Bagnyukova,
2006). Interestingly cold shocked (from 28°C to°18C) zebrafish in turn, showed an
increase in [ROS] and oxidative stress (Tseng et al., 2011).

The buffering capacity of intact tissues is greater than that of a single cell. In order to
dissect the effect of temperature on intracellular [ROS] more carefully, cellular
models were chosen. Three different rainbow trout cell lines, RTG2, RTH and RTGW1
were incubated at 10°C, 18°C (the optimal cell culture temperature) and 25°C (upper
limit for RTGW1 cell culture temperature) for 1, 3 and 6 h after which [ROS] was
measured. The cell lines differed significantly (p<0.0001) from each other in [ROS]
with RTG2 having the highest measured [ROS] and RTGW1 cells the lowest. A clearly
elevated [ROS] could be seen between 10 and 18°C and between 10 and 25°C
(p<0.0001 in both) (Figure 7, upper panel). Furthermore, [ROS] increased as a function
of temperature (p<0.0001) and time (p<0.0001) in all cell lines. The higher the
temperature and the longer the cells were incubated, the greater was also the [ROS]
(p=0.0052).

The lower panel of figure 7 demonstrates the [ROS] levels of different temperatures
in proportion to the steady state at the optimal temperature of 18°C. The figure
shows how the cells strive to reach the optimal [ROS] at 10°C by slowly increasing
ROS. The diagram also presents how cells incubated at 25°C after 3 h lose the control
of the ROS-balance and the [ROS] increase quickly above the optimal. The ROS-levels
cannot be returned to the optimum status because the cells are approaching the
border of heat shock and the control over redox balance is lost.

Over the temperature range analyzed the cytotoxicity was also monitored.
Cytotoxicity correlated with temperature (at 25°C, 19% + 4% (mean = s.d.); at 18°C,
17% + 4%,; at 10°C, 15% + 4%) and was lowest in RTG2 cells (14% + 4%) and highest in
RTH cells (19% * 3%).
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Figure 7. Changes in steady-state ROS level in Rainbow trout cells (RTG2, RTH and RTGW1).
The columns in the upper panel represent the average [ROS] calculated from all the used cell
lines at the given temperatures and time points. The lower panel shows these values after
normalisation to optimal [ROS] at 18°C at each time point.

The probe used in these measurements, DCF, has been questioned for its ability to
measure true changes in ROS level or to function as a parameter of oxidative stress
(Karlsson et al., 2010). By introducing copper in the experiment, we were able to
monitor ROS production through Fenton reaction as described by Karlsson et
al.(2010). Temperature-mediated increase in [ROS] cannot be caused solely by
Fenton-based ROS-production and therefore we were able to show that DCF could
detect ROS generated by other processes (putatively mitochondrial) as well. As
expected, copper alone increased the [ROS] levels (p=0.0216) in a similar fashion as
temperature shown above and together these factors could cause an elevation in
[ROS] that was significant as well (p=0.0123). Cytotoxicity increased due to copper
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treatment especially in RTGW1 cells (max. measured percentage of dead cells 49% at
10°C).

Put together our findings demonstrate that [ROS] levels correlate with temperature
increase in rainbow trout cells when kept at physiologically well tolerated
temperature range. Tseng et al. (2011) on the other hand observed that the cold
exposure ( from 28°C to 18°C for 1 h) actually increased ROS levels in zebrafish brain
and the authors proposed that the cold-induced ROS act as messenger molecules that
mediate a shift in energy metabolism by modulating other signalling molecules.
However, zebrafish originate from warm habitats and differ from rainbow trout that is
a species of the colder waters. The optimal temperature of rainbow trout cells is
much lower than the one of zebrafish (optimal temperature between 25-33°C)
(Kimmel et al., 1995) and the lower temperature used in our experiment might not be
low enough to induce cold shock. In contrast, the cold shock applied on zebrafish in
the study above, has been severe, considering the optimal temperature of this species
and thus the results of these two studies are not directly comparable.

4.3 Hypoxia does not increase ROS production in fish and human cells

After establishing how the [ROS] levels responded to temperature changes, we
wanted to investigate if a drop in pO, could impact this balance. When oxygen levels
fall, acclimatisation processes largely orchestrated by HIF-1a, are initiated. The
molecule(s) that senses the drop in pO, is however still uncharacterized. The ROS
produced in the mitochondria have been suggested to function as such (Sena &
Chandel, 2012). For ROS it is also clear that it can activate HIF-1a by inhibiting the
hydroxylation-activity of PHD that ensured the normoxic downregulation of HIF-1a.
This model of action proposed and presented broadly by Chandel and co-workers
(2010) has been questioned by others (Vaux et al., 2001; Srinivas et al., 2001; Guzy et
al., 2005).

We chose to approach this topic by asking if the mechanism of HIF-1a activation in
hypoxia was ROS-dependent in fish cells (RTGW1) as well as human cells (HelLa). Hela
cells were chosen because they are of cancerous origin (cervical cancer) and are
expected to have a higher [ROS] under hypoxia (Enomoto et al., 2002) and
furthermore, because they are very different from RTG-W1 cells due to evolutionary
distance and specialisation. Any found similarities or dissimilarities in the capability to
elevate [ROS] would therefore be interesting.

The functionality of DCF in this system was tested successfully with H,0, and with
copper as described in the earlier section. To evaluate the cytotoxicity effect on the
measured DCF-signals, we measured cytotoxicity and found it less than 10% in both
cell lines, at all time points and at all treatments (article Il, Figure 1). In neither of the
cell lines did hypoxia elevate the DCF-fluorescence, indicating that [ROS] was not
elevated (article Il, Figure 1), rather decreased. Interestingly, even though we were
unable to measure an increase in [ROS] in Hela cells, HIF-1a stabilisation could still be
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detected (Figure 8). This suggests that something else than ROS is causing HIF-1a
stabilisation. In this study we could not evaluate the stabilisation and accumulation of
HIF-1a in RTGW1 cells due to the unavailability of a functioning antibody.

>

(@]
-

NOX

Hif-1a
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Figure 8. HIF-1a detected from HeLa whole cell lysates subjected to hypoxia (HOX) or
normoxia (NOX).

These results agree with previous findings from rainbow trout cells where ROS-levels
increased with oxygen content (Bogdanova & Nikinmaa, 2001) and with results from
human pre-osteoblast, SV-HFO cells, where ROS-production declined with lowered
oxygen (Nicolaije et al., 2012). Conflicting reports appear because technical concerns
have arisen regarding the measurement of ROS production in living cells. (Cash et al,
2007; Chandel & Budinger, 2007; Guzy et al, 2007; Hamanaka & Chandel, 2009).
Despite these discrepancies, it seems that hypoxic ROS-production is very much
tissue- or even cell-specific. With regard to experiments measuring ROS-generation in
hypoxia performed on different cell lines, it is important to note that oxygen tensions
experienced by different cell types vary. It is therefore also possible that mitochondria
from different cell types have different oxygen tension thresholds for uncoupling and
thus capable of maintaining “normal” ROS-production at extremely low oxygen partial
pressures.

The previous studies have underlined the requirement of ROS-production increase for
the activation of HIF-1la (Kaelin, 2005). The suggested mechanisms for HIF-1la
activation by ROS are several and involve the inhibition of PHDs by ROS (Kaelin, 2005;
Klimova & Chandel, 2008) and the activation of the p38 mitogen-activated protein
kinase pathway (Emerling et al., 2005; Chandel & Budinger, 2007). In order for this to
occur, a detectable increase in cytosolic [ROS] is expected. ROS produced in the
mitochondria accumulate first in the mitochondrial matrix and may move to the
cytosol through passive diffusion. While H,0, may move quite freely past the
membranes, superoxide is likely to be dismutated to hydrogen peroxide by
mitochondrial SODs before exiting the mitochondria.

We cannot rule out the possibility of mitochondrial ROS-generation increase upon
hypoxia as this was not explicitly measured. Likewise this study cannot evaluate if
ROS-production is required for hypoxic signalling and HIF-1a activation. The
presented results can however show that the change in [ROS] is not large enough to
alter PHD- activity or to disturb the redox balance.
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4.4 Redox enzyme activities in hypoxia-exposed fish tissues

The experiments performed on cell lines have resulted in a lot of conflicting data and
it appears that hypoxic ROS-production needs to be very much tissue- or even cell-
specific. Hence, in the present work we aimed to investigate whether hypoxia can
disturb [ROS] in fish in vivo. The possible alterations in [ROS] levels were assessed by
measuring the activities of redox enzymes CAT, SOD, and GP and associated enzymes
GR, GST and G6PDH from tissue samples of epaulette shark, threespine stickleback
and rainbow trout subjected to hypoxia (table 2). In addition, total glutathione
concentration was measured.

Table 2. Hypoxia regimes used for different species

Fish Time 0,

Epaulette shark 2h 5%
Threespine stickleback 3hand48h 24%
Rainbow trout 48 h 33%

Among the epaulette shark and rainbow trout tissues we were not able to observe
any significant changes in the enzyme activities of CAT, SOD, and GP. The total
glutathione concentration and activities of enzymes indirectly associated with redox-
balance (GR, G6PDH and GST) did not alter either. In addition, no alterations in these
parameters could be found on mRNA level (article IV, Table A3). In hypoxia-exposed
sticklebacks (48 h), however, the activity of CAT was increased compared to controls
(article 1l, Table 1). Despite this increase in CAT protein activity in hypoxia, the
transcription of this or any other measured enzyme was not induced in response to
hypoxia (article IV, Table A3).

These results are supported by the observations made in the cellular experiments
which showed that hypoxia alone is insufficient in altering [ROS] and activation of
redox defense. Similar findings have been made by others in pacu and Atlantic salmon
(Olsvik et al., 2006; Garcia Sampaio et al., 2008). The fact that the CAT-activity
increased in sticklebacks after 48 h hypoxia indicates that a stress response is more
easily initiated in sticklebacks than in rainbow trouts and epaulette sharks.

Oxidative stress in hypoxia-exposed has been measured from several fish species and
cell lines and as a consequence a lot of conflicting data has accumulated making it
difficult to summarize the knowledge. For this reason all studies measuring oxidative
stress in fish exposed to anoxia or hypoxia known to us by date was compiled into
Table 3 (also article Ill, Table 2). In the compilation, similarities between species,
redox parameters, phylogeny, hypoxia-tolerance or thermo-tolerance were searched
for. No clear correlations could however be found. When the parameters were
viewed
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Results and discussion

separately, they were found up- and down-regulated equally often or down-regulated
or unchanged more often than up-regulated (Table 3). In common carp, goldfish and
Chinese sleeper, species in which oxidative stress response in hypoxia/anoxia has
been reported, CAT-activity and protein carbonylation were up-regulated equally
many times as down-regulated or unchanged. Notably most of the regulation
reported was measured from brain tissue. This is not surprising since the brain is one
of the two main targets of protective measures. In general the variation in responses
between species and tissues was pronounced.

4.5 Changes in the transcriptome of hypoxia-exposed sticklebacks.

The threespine stickleback is one of the few endemic and ubiquitous species in
Europe that offers scope for environmental monitoring. This species can be found in
both marine and freshwater bodies across the northern hemisphere. Because these
habitats are characterised by large seasonal variation in DO, threespine sticklebacks
may offer insight to the acclimation and adaptation processes and the molecular
mechanisms underlying them.

In the final study (article IV) we studied the transcriptional regulation of hypoxia
response in liver tissue of threespine sticklebacks. Concurrently we searched for signs
of oxidative stress or redox enzyme regulation. The shift in metabolism towards
anaerobic glycolysis is pronounced in the liver because most of the glycogen required
as raw material in that process, is stored in liver tissue. In addition, since it appears
that much of the observed controversy in the presented redox responses in hypoxia
originate from tissue-specific variation, the microarray study was done on the same
liver samples as the oxidative stress measurements.

Threespine sticklebacks were exposed to hypoxia and the changes in transcriptome of
liver tissue were analyzed with a custom made microarray (Leder et al., 2009). Of the
12 000 transcripts analyzed, 155 showed differential expression. The level of 54
transcripts was increased. Several of these encode well-known hypoxia-responsive
proteins. Among those are genes encoding enzymes of glycolytic pathway such as
LDHA, fructose bisphosphate aldolase, phosphoglycerate mutase, and mitochondrial
creatine kinase (Takahashi et al., 1998; Gracey et al., 2001; Martinovic et al., 2009).
Transcripts typical for hypoxic response such as the growth and DNA damage induced
protein 45 (GADD45), adenylate kinase isoenzyme and elongation factor 2 kinase
were likewise expectedly up-regulated (Table 4). Among the 101 significantly down-
regulated transcripts were those of genes encoding proteins associated with liver
inflammation and immune response (interferon induced 44 protein, GTPase IMAP
family member 8, and P-selectin glycoprotein ligand-1) as well as steroid metabolism
(hydoxymethylglutaryl-CoA synthase, 3 beta hydroxysteroid-dehydrogenase, and
apolipoprotein E).

Changes in gene transcription are often required if responses in biological processes
and molecular functions are to take place. To get a broader understanding of the

44



Results and discussion

processes regulated in hypoxia, we used functional clustering and pathway analysis of
differentially expressed transcripts in hypoxia-treated sticklebacks (article 1V). These
analyses use gene annotation data. Most genes are annotated to one or several GO-
categories (three types; cellular compartment, molecular function and biological
process) and to signalling pathways according to predictions and experimental data
from earlier research performed mostly on mammals. Functional clustering analysis
finds the most abundant GO-categories within a gene annotation list and enriches
them further into larger clusters of related functions. Pathway analysis, in turn,
groups genes connected to certain signalling pathways. In article IV we analyzed the
results with three different software packages, ClueGo (Figure 9), DAVID, and IPA to
find possibly affected functions and pathways. Functional clusters highlighted by all
the three analyses included DNA replication, recombination and repair and cell cycle
control as the most affected predicted molecular functions (Figure 9). This result
springs from the down-regulation of transcripts of genes coding for DNA primase and
polymerase subunits, replication factors, centromere and kinetochore units and DNA
repair and recombination proteins such as RAD51 and tumour protein p53 binding
protein 1. The putative down-regulation of these processes serves the effort of
restricting energy consumption.

Table 3. Twelve most up- and down-regulated transcripts in the hypoxic stickleback liver.

Fold Entrez
Ensemble ID Gene name [human orthologue] logFC  change P.Value GeneID
ENSGACG00000020034 UNKNOWN [troponin T type 2 (cardiac)] 3,851 14,4 2.41e-03 ' 7139
ENSGACG00000006793 GROWTH ARREST AND DNA DAMAGE INDUCIBLE GADD45 2,367 52 2.98e-03 10912
ENSGACG00000008596 DNA DAMAGE INDUCIBLE TRANSCRIPT 4 1,829 3,6 6.94e-03 54541
ENSGACG00000016598 ADENYLATE KINASE 1 1,385 2,6 2.64e-03 203
ENSGACG00000015017 JMJC DOMAIN CONTAINING 6, PTDSR 1,273 24 9.66e-06 23210
ENSGACG00000003250 60S RIBOSOMAL 124 1,236 2,4 2.68e-03 6152
ENSGACG00000002925 EUKARYOTIC ELONGATION FACTOR 2 KINASE 1,218 23 2.94e-04 29904
ENSGACG00000011316 DIABLO HOMOLOG (Drosophila) 1,178 2,3 1.33e-03 56616
ENSGACG00000007298 UNKNOWN([Tetraspanin 3] 1,171 23  1.07e-03 10099
ENSGACG00000004178 FRUCTOSE BISPHOSPHATE ALDOLASE 1,169 2,2 5.92e-04 226
ENSGACG00000007533 PHOSPHOMANNOMUTASE 1,14 2,2 8.56e-04 5372
ENSGACG00000011270 L LACTATE DEHYDROGENASE A 1,085 2,1 7.71e-03 " 3939
ENSGACG00000005444 PROTEASE, SERINE, 33 -1,228 -2,3 4.05e-04 7177
ENSGACG00000001507 RIBONUCLEOSIDE DIPHOSPHATE REDUCTASE SMALL SUBUNIT -1,264 -2,4 1.6%e-04 6241
ENSGACG00000003461 AMBIGUOUS -1,29 -2,4 1.25e-03 84313
ENSGACG00000000027 DNA REPLICATION LICENSING FACTOR MCM -1,298 -2,5 3.20e-03 4171
ENSGACG00000006656 AMBIGUOUS -1,416 -2,7 2.38e-04 900
ENSGACG00000003441 APOLIPOPROTEIN E -1,484 -2,8 3.98e-03 348
ENSGACG00000012558 PROTEIN CODING [interferon induced 44 P44] -1,545 -2,9 7.72e-03 10561
ENSGACG00000018285 NAD(P) DEPENDENT STEROID DEHYDROGENASE-LIKE -1,653 -31 6.33e-03 50814
ENSGACG00000001198 GTPASE, IMAP FAMILY MEMBER 8 -1,8 -3,5 5.20e-03 155038
ENSGACG00000018575 3-HYDROXY-3-METHYLGLUTARYL-COA SYNTHASE 1 -2,247 -4,7 1.88e-03 3157
ENSGACG00000004236 UNKNOWN [CDP-diacylglycerol synthase (phosphatidate cytidylyltransferase) 2] -2,724 -6,6 8.67e-03 8760
ENSGACG00000003732 AMBIGUOUS -3,44 -10,9 4.19e-03 493911

Cell cycle arrest is a phenomenon typical for hypoxic cells that can be initiated via
multiple pathways (Padilla & Roth, 2001). HIF-1a-independent initiation of cell cycle
arrest proceeds either through the AMPK activated mTOR signalling pathway
(involving mTOR inhibiting DDIT4) (Brugarolas et al., 2004) or through the p53-
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pathway with GADD45y present (Kastan et al., 1992). Both DDIT4 and GADDA45
transcripts were significantly up-regulated in the microarray. HIF-la-dependent cell
cycle arrest makes use of pathways involving HIF-1a target genes p27 (Krtolica et al.,
1998; Gardner et al., 2001; Poon et al., 2007), DDIT4 (Shoshani et al., 2002), p53 and
IGFBP1 (Tazuke et al., 1998; Kajimura et al., 2005). Pathway analysis in DAVID and IPA
both highlighted the p53-mediated pathway of cell cycle arrest in stickleback.

With ClueGo-software it is possible to reveal connections (shared genes) between
GO-categories within a cluster and to differ between up- and down-regulated
clusters. As shown in figure 9, most clusters and GO-categories were down-regulated
(Figure 9, indicated by red colour). The only up-regulated GO-categories (Figure 9,
spheres with green colour) were the ones of oxidase- and oxygenase-activity. They
included transcripts of genes encoding the Jumonji-domain containing protein 6
(JMJD6) and 2C (JMID2C), lysyl oxidase (LOX) and lysyl oxidase like 3 (LOXL3) which
were all significantly up-regulated in the microarray analysis and are all also
annotated to the GO-categories of oxidase- and oxygenase-activity. LOX and the
LOXL3-paralogue LOXL2 genes are known targets for HIF-1a (Erler et al., 2006;
Schietke et al., 2010). These oxidases are important in the formation of collage-elastin
cross-links and indispensible for the function of connective tissue (Méki et al., 2005;
Warburton & Shi, 2005). In addition LOX can co-localize with histones in the nucleus
and influence transcription (Giampuzzi et al., 2003). When we measured the mRNA
levels of LOX and LOXL3 genes with qPCR, we saw that these transcripts were up-
regulated at the 48 h time point only. This finding indicates that although they are
targets of HIF-1a, these proteins are not essential for the acute hypoxic response;
rather they may have a role in the forthcoming adaptation processes.

In the microarray study of hypoxic stickleback we found JMJD6 mRNA significantly up-
regulated and this study was to our knowledge the first to show the association of this
transcript with hypoxia in fish. JIMJD6 was first known as the Aryl-hydrocarbon
receptor nuclear translocator (PSR, PTDSR or PTDSR1) involved in the clearance of
apoptotic cells in zebrafish (Fadok et al., 2000; Hong et al., 2004). Recently JMJD6 has
been under intensive study and it has been described to function as both a non-
heme-Fe(ll)-2-oxoglutarate-dependent dioxygenase (Hahn et al.,, 2008), a lysyl
hydroxylase (Mantri et al., 2010) and as an mRNA binding hydroxylase involved in
splicing (Webby et al., 2009; Hahn et al., 2010; Hong et al., 2010; Boeckel et al., 2011).
A recent knockout study performed on mice further supports the 5-hydroxylase
function acting on histones as well as splicing factor U2AF65 (Unoki et al., 2013).
Through histone modification JMJD6 may very well take part in epigenetic regulation
with impact on transcription. Indeed, JMJD6 was recently characterized as a breast
cancer oncogene (Tae et al., 2011; Lee et al., 2012). Evidence has also accumulated
for its activity as a demethylase essential for proper brain development in zebrafish
(Tsukada et al., 2010)
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Figure 9. Overview of transcriptional regulation during hypoxia in threespine stickleback.

The microarray analysis revealed that the mRNA levels of two genes encoding for
Cytochrome P450 enzymes were altered in response to hypoxia, CyplA2 was
transcriptionally up-regulated and Cyp27B1 down-regulated. This regulation could not
be confirmed by means of gPCR (Figure article IV, Figure 1) but matched the results
on protein activity measured as EROD-activity (article IV, Figure 2). CYP1A protein
activity and expression is affected by many environmental factors such as
temperature, pH, size and age of the organism (Whyte et al., 2000). Work performed
with rabbits and zebrafish has shown that several genes encoding Cytochrome P450
proteins (CYP1A2 CYPA1, CYP26B and CYP19) are regulated on mRNA-level in hypoxia
(Fradette & du Souich, 2004; Fradette et al., 2007; Martinovic et al., 2009). That
hypoxia induces the expression of different CYP-family proteins through some specific
mechanism cannot be excluded. However, EROD-activity of liver tissue has been
claimed to work more as a general marker of stress which may explain the
observations (Olsvik et al., 2007; Finne et al., 2008).
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The results of our study differed from earlier work in lacking differential regulation of
apoptotic signalling pathways as well as protein translation and ion transport. Even
though several glycolytic enzymes were significantly up-regulated, glycolytic pathways
were still not pronounced in the functional clustering analysis. Furthermore, a major
difference was that we could not observe any evidence of transcriptional repression
of genes involved in amino acid synthesis (Gracey et al., 2001). Alike an earlier study
in zebrafish (Ton et al., 2003), this study could not find erythropoietin and globins
among the regulated transcripts. With regard to hypoxia—induced increase in ROS
production, transcripts encoding for antioxidant or associated enzymes were missing
as were any other signs of oxidative stress.

Taken together, our microarray study showed transcriptional responses that are in
several respects similar to those gained from earlier microarray studies in hypoxic
fish. It also shows that the sticklebacks used for this experiment acclimatized fairly
quickly based on the behavioural change observed during the exposure. The hypoxia-
tolerance of sticklebacks has not been determined. In fact when considering the
diversity in morphology and behaviour hypoxia within species, it seems pointless to
strive for a tolerance figure that would represent the tolerance of all different
populations. Instead, it would be important to determine hypoxia sensitivities for
several stickleback populations originating from different water systems and
latitudes. The Baltic populations used in this thesis reproduce and live in shallow
waters quite near the shore at areas where they encounter hypoxia seldom if ever.
Populations that inhabit freshwater lakes in the north are bound to live in a hypoxic
environment occasionally because the lakes are covered with thick ice for several
months. Subsequently, the lake populations are likely to have better hypoxia-
tolerance than the populations of the Baltic Sea. Population-specific variation has
been demonstrated earlier in ninespine stickleback (Pungitius pungitius) (Waser et al.,
2010).
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5. Perspectives

In this thesis | have shown that HIF-1a may be a key signalling molecule in embryonic
development and various environmental stresses. These findings also suggest that
HIF-1a is an essential player in the acclimation and adaptation processes of the
changing climate.

Climate change with global warming is one of the biggest environmental challenges of
the future. Ocean warming challenges the delicate biochemical processes and
disturbs biological interactions. The aquatic life has to adapt to multiple abiotic
stressors simultaneously. Temperature increase means that the waters will contain
less O, and as more CO, dissolves into the oceans, the oceans will also become more
acidic. In addition, since enzyme catalyzed chemical reactions are generally
temperature dependent such activity will increase with temperature and require
more oxygen. The temperature optimum at which the fish species can live and
function will be shifted toward the maximum temperature and some fish species will
start to experience stress. Stress in turn triggers various survival responses which are
high in oxygen consumption. Taken together, survival of a fish is dependent upon its
genetic makeup, water temperature, level of activity, long term acclimation, and
stress-tolerance because all of these factors together define the minimum oxygen
concentrations tolerated by an individual. Future studies are likely to concentrate on
making more specific estimations of the tolerance maxima concerning hypoxia,
temperature increase, acidity etc. in fish. What would be even more important is how
these factors are tolerated in combination by different species and by ecosystems.

Increased temperature and reduced oxygen availability will challenge the energy
metabolism of ectotherms. In order for the mechanisms to keep up, key enzymes will
have to evolve to ensure that the requirements set by the environment are met. It
has been estimated that surprisingly small mutations (one base pair) are optimally
sufficient to generate the required change in e.g. the activity of an enzyme. Despite
this, adaption is still time consuming and at the current speed of climate change,
adaption can hardly be adequate.

Instinctively, one assumes that species within families or genus that live in the
warmest environment would also be the ones to survive global warming. Research
has however shown that extreme acclimation does not correlate with thermo-
tolerance, rather the opposite. The same seems to apply for cold-adapted organisms
and might hold true even for hypoxia-tolerance. Species that live within regions with
large variations in temperatures are also the ones with good thermo-tolerance. In this
thesis the effect of temperature on HIF-1a expression in frogs and the processes
around HIF-1a were discussed. This transcription factor, known to operate in hypoxia,
is a potent coordinator of acclimation processes in various stress conditions. It is
probable that HIF-1a is involved also in the regulation of temperature responses in
ectotherms. Research in this transcription factor is therefore more current than ever.
Since adaption is crucial for the survival of the species, HIF-1a or its regulators may
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also be targets for genetic modification that result in a modified activation process in
the future.

Fish provide an excellent model for studying the various effects of climate change and
eutrophication on the physiology, adaptation and survival of species. The roughly
30 000 species include species with extreme adaptations as well as generalists that
are able to thrive in various environments and conditions. Physiological responses and
mechanism deciphered in fish are applicable by large to the clinical field due to the
similarities of the major physiological processes in vertebrates. This is well
demonstrated by the studies performed on zebrafish that have benefited human
medicine. In addition to the self-evident ecological importance, studies on aquatic
species and ecosystems are increasingly important also from an economical point of
view. The climate change will affect the world economy and all efforts made for the
conservation or protection of aquatic habitats will benefit several industries (food,
fish farming, tourism, medicine) in the future as well. Thus, research on fish should
not be considered as an academic avocation, rather as something beneficial for us all.

50



Acknowledgements

ACKNOWLEDGEMENTS

This work was conducted at the Laboratory of Animal Physiology, University of Turku.
The studies were financially supported by the Finnish Academy through the Biological
Interactions Graduate School and the Centre of Excellence in Evolutionary Genetics
and Physiology and by the Department of Biology at the Faculty of Mathematics and
Natural Sciences at University of Turku. Final writing of the thesis was made possible
financially by the Turku University Foundation and Oskar Oflund Foundation.

The thesis was supervised by Professor Mikko Nikinmaa towards whom | want to
express my deepest gratitude for scientific and financial support. | want to thank
Goran Nilsson and Matti Vornanen, the two highly esteemed scientists within the field
for taking the time to pre-examine my thesis. It was truly an honor!

| thank all my co-authors for the fruitful joint efforts. Erica, Wolfgang and Mirella are
especially acknowledged for their help and guidance in the lab. Gillian Renshaw is
acknowledged for great overseas assistance with the third article at the very end of
this project.

Tiina and Piia, my unofficial supervisors, mentors and friends; | thank you for your
never-ending support and encouragement as well as professional insight and
guidance. This thesis would not have seen daylight without you.

I thank my fellow PhD students Kalle, Mirella, Thomas, Virpi and Jenni for help,
support and companionship and for sharing the good and the bad days of PhD
studies. All former and present members of the Animal Physiology lab are also
acknowledged for help and for all the good discussions on and off science.

Manse-mafia is acknowledged for great scientific discussions, companionship, support
and great times! | have learned so much from you! People at the Centre of
Biotechnology; Krista, Jouko and Nina (R.I.P) are thanked for support and good laughs
throughout this process.

The Girls — Tytot — including Linda, are acknowledged for helping me deal with the
anxieties and thrills experienced during this journey, The Boys, Carl-Gustaf and
Markus for unique friendship and Anna for cheering me on at this last bit!

My father Antti and my brother Kimmo and his family are all thanked for love and
support. My warmest gratitude goes to my loving and understanding mother Ulla who
just wants me to follow my dreams and be happy. Tack mammal

| also want to thank all the members of Erdnen and Vaulas families for support during
this time.

51



Acknowledgements

Last but not least | thank you Janne, my husband, for your love, incredible patience,
encouragement and SAS-support and my twins Rasmus and Leo for being totally
unaware of any of this and thus reminding me of what life is actually all about.

August 2013 in Espoo i

7

{

Lotta Leveelahti

&

52



References

REFERENCES

Adelman, D.M., Maltepe, E., Simon, M.C., 1999. Multilineage embryonic hematopoiesis
requires hypoxic ARNT activity. Genes Dev 13, 2478-2483.

Agrawal, A., Guttapalli, A., Narayan, S., Albert, T.J., Shapiro, I.M., Risbud, M.V., 2007. Normoxic
stabilization of HIF-1lalpha drives glycolytic metabolism and regulates aggrecan gene
expression in nucleus pulposus cells of the rat intervertebral disk. Am J Physiol Cell Physiol
293, C621-631.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., Walter, P., 2002. Molecular Biology of
the Cell. Garland Science, New York, NY, USA, pp. 767-793.

Aley, P.K., Porter, K.E., Boyle, J.P., Kemp, P.J., Peers, C., 2005. Hypoxic modulation of Ca2+
signaling in human venous endothelial cells - Multiple roles for reactive oxygen species. J
Biol Chem 280, 13349-13354.

Archer, S.L., Huang, J., Henry, T., Peterson, D., Weir, E.K., 1993. A redox-based O, sensor in rat
pulmonary vasculature. Circ Res 73, 1100-1112.

Archer, S.L., Nelson, D.P., Weir, E.K., 1989. Simultaneous measurement of O, radicals and
pulmonary vascular reactivity in rat lung. J Appl Physiol 67, 1903-1911.

Aruoma, O.l., Kaur, H., Halliwell, B., 1991. Oxygen free-radicals and human-diseases. J Roy Soc
Health 111, 172-177.

Beamish, F.W.H., Mookherj, P., 1964. Respiration of fishes with special emphasis on standard
oxygen consumption. |. Influence of weight + temperature on respiration of goldfish
Carassius auratus L. Can J Zool 42, 161-175.

Bell, E.L., Emerling, B.M., Ricoult, S.J.H., Guarente, L., 2011. SirT3 suppresses hypoxia inducible
factor 1 alpha and tumor growth by inhibiting mitochondrial ROS production. Oncogene
30, 2986-2996.

Beyer, S., Kristensen, M.M., Jensen, K.S., Johansen, J.V., Staller, P., 2008. The histone
demethylases JMJD1A and JMID2B are transcriptional targets of hypoxia-inducible factor
HIF. J Biol Chem 283, 36542-52.

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., Fridman, W.,
Pages, F., Trajanoski, Z., Galon, J., 2009. ClueGO: a Cytoscape plug-in to decipher
functionally grouped gene ontology and pathway annotation networks. Bioinformatics 25,
1091-1093.

Bjorkblom, C., Hogfors, E., Salste, L., Bergelin, E., Olsson, P.E., Katsiadaki, I., Wiklund, T., 2009.
Estrogenic and androgenic effects of municipal wastewater effluent on reproductive
endpoint biomarkers in three-spined stickleback (Gasterosteus aculeatus). Environ Toxicol
Chem 28, 1063-1071.

Blagbrough, I.S., Zara, C., 2009. Animal Models for Target Diseases in Gene Therapy - using
DNA and siRNA Delivery Strategies. Pharmaceut Res 26, 1-18.

Blazka, P., 1958. The anaerobic metabolism of fish. Physiol Zool 31, 117-128.

Boeckel, J., Guarani, V., Koyanagi, M., Roexe, T., Lengeling, A., Schermuly, R., Gellert, P., Braun,
T., Zeiher, A., Dimmeler, S., 2011. Jumonji domain-containing protein 6 (Jmjd6) is required
for angiogenic sprouting and regulates splicing of VEGF-receptor 1. Proc Natl Acad Sci USA
108, 3276-3281.

Bogdanova, A.Y., Nikinmaa, M., 2001. Reactive oxygen species regulate oxygen-sensitive
potassium flux in rainbow trout erythrocytes. J Gen Physiol 117, 181-190.

Boutilier, R.G., Donohoe, P.H., Tattersall, G.J., West, T.G., 1997. Hypometabolic homeostasis in
overwintering aquatic amphibians. J Exp Biol 200, 387-400.

53



References

Brugarolas, J., Lei, K., Hurley, R.L., Manning, B.D., Reiling, J.H., Hafen, E., Witters, L.A., Ellisen,
L.W., Kaelin, W.G., Jr., 2004. Regulation of mTOR function in response to hypoxia by REDD1
and the TSC1/TSC2 tumor suppressor complex. Genes Dev 18, 2893-2904.

Bruhl, C.A., Pieper, S., Weber, B., 2011. Ampbhibians at risk? Susceptibility of terrestrial
amphibian life stages to pesticides. Environ Toxicol Chem 30, 2465-2472.

Budde, M.W., Roth, M.B., 2010. Hydrogen sulfide increases hypoxia-inducible factor-1 activity
independently of von Hippel-Lindau tumor suppressor-1 in C. elegans. Mol Biol Cell 21,
212-217.

Burke, M., Mayer, R., 1974. Ethoxyresorufin: direct fluorimetric assay of a microsomal O-
dealkylation which is preferentially inducible by 3-methylcholanthrene. Drug Metab Dispos
2, 583-588.

Campian, J.L., Qian, M.Q., Gao, X.H., Eaton, J.W., 2004. Oxygen tolerance and coupling of
mitochondrial electron transport. J Biol Chem 279, 46580-46587.

Carbia-Nagashima, A., Gerez, J., Perez-Castro, C., Paez-Pereda, M., Silberstein, S., Stalla, G.K.,
Holsboer, F., Arzt, E., 2007. RSUME, a small RWD-containing protein, enhances SUMO
conjugation and stabilizes HIF-1alpha during hypoxia. Cell 131, 309-323.

Carroll, V.A., Ashcroft M., 2005. Targeting the molecular basis for tumour hypoxia. Expert Rev
Mol Med 7, 1-16

Cash, T.P., Pan, Y., Simon, M.C., 2007. Reactive oxygen species and cellular oxygen sensing.
Free Radical Bio Med 43, 1219-1225.

Chamboredon, S., Ciais, D., Desroches-Castan, A., Savi, P., Bono, F., Feige, J.J., Cherradi, N.,
2011. Hypoxia-inducible factor-1la mRNA: a new target for destabilization by tristetraprolin
in endothelial cells. Mol Biol Cell 22, 3366-3378.

Chandel, N.S., 2010. Mitochondrial regulation of oxygen sensing. Adv Exp Med Biol 661, 339-
54,

Chandel, N.S., Budinger, G.R.S., 2007. The cellular basis for diverse responses to oxygen. Free
Radical Biol Med 42, 165-174.

Chandel, N.S., Maltepe, E., Goldwasser, E., Mathieu, C.E., Simon, M.C., Schumacker, P.T., 1998.
Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. Proc Natl
Acad Sci USA 95, 11715-11720.

Chandel, N.S., McClintock, D.S., Feliciano, C.E., Wood, T.M., Melendez, J.A., Rodriguez, A.M.,
Schumacker, P.T., 2000. Reactive oxygen species generated at mitochondrial complex Il
stabilize hypoxia-inducible factor-1 alpha during hypoxia - A mechanism of O,-sensing. J
Biol Chem 275, 25130-25138.

Chen, R., Dioum, E.M., Hogg, R.T., Gerard, R.D., Garcia, J.A., 2011. Hypoxia Increases Sirtuin 1
Expression in a Hypoxia-inducible Factor-dependent Manner. J Biol Chem 286, 13869-
13878.

Cheng, J., Kang, X., Zhang, S., Yeh, E.T., 2007. SUMO-specific protease 1 is essential for
stabilization of HIF1alpha during hypoxia. Cell 131, 584-595.

Cheung, W.W.L., Lam, V.W.Y., Sarmiento, J.L., Kearney, K., Watson, R., Zeller, D., Pauly, D.,
2010. Large-scale redistribution of maximum fisheries catch potential in the global ocean
under climate change. Glob Change Biol 16, 24-35.

Colosimo, P., Hosemann, K., Balabhadra, S., Villarreal, G., Dickson, M., Grimwood, J., Schmutz,
J., Myers, R., Schluter, D., Kingsley, D., 2005. Widespread parallel evolution in sticklebacks
by repeated fixation of ectodysplasin alleles. Science 307, 1928-1933.

Conley, D.J., 2012. Save the Baltic Sea. Nature 486, 463-464.

54



References

Conley, D.J., Bjorck, S., Bonsdorff, E., Carstensen, J., Destouni, G., Gustafsson, B.G., Hietanen,
S., Kortekaas, M., Kuosa, H., Meier, H.E.M. et al., 2009. Hypoxia-Related Processes in the
Baltic Sea. Environ Sci Technol 43, 3412-3420.

Conley, D.J., Carstensen, J., Aigars, J., Axe, P., Bonsdorff, E., Eremina, T., Haahti, B.M.,
Humborg, C., Jonsson, P., Kotta, J. et al., 2011. Hypoxia Is Increasing in the Coastal Zone of
the Baltic Sea. Environ Sci Technol 45, 6777-6783.

Conover, D.O., Schultz, E.T., 1995. Phenotypic similarity and the evolutionary significance of
countergradient variation. Trends Ecol Evol 10, 248-252.

Cooper, R.U., Clough, L.M., Farwell, M.A., West, T.L.,, 2002. Hypoxia-induced metabolic and
antioxidant enzymatic activities in the estuarine fish Leiostomus xanthurus. J Exp Mar Biol
Ecol 279, 1-20.

Cote, J., Roussel, J.M., Cam, S., Bal, G., Evanno, G., 2012. Population differences in response to
hypoxic stress in Atlantic salmon. J Evol Biol 25, 2596-2606.

Coyle, P., Philcox, J.C., Carey, L.C., Rofe, A.M., 2002. Metallothionein: The multipurpose
protein. Cell Mole Life Sci 59, 627-647.

David, C.J., Chen, M., Assanah, M., Canoll, P., Manley, J.L., 2010. HnRNP proteins controlled by
c-Myc deregulate pyruvate kinase mRNA splicing in cancer. Nature 463, 364-368.

Dennis, G.J., Sherman, B., Hosack, D., Yang, J., Gao, W., Lane, H., Lempicki, R., 2003. DAVID:
Database for Annotation, Visualization, and Integrated Discovery. Genome Biol 4, P3.

Dery, M.A.C., Michaud, M.D and Richard, D.E., 2005. Hypoxia-inducible factor 1: regulation by
hypoxic and non-hypoxic activators. Int J Biochem Cell Biol 37, 535-540

Di Giulio, M., Holderegger, R., Tobias, S., 2009. Effects of habitat and landscape fragmentation
on humans and biodiversity in densely populated landscapes. J Environ Manage 90, 2959-
2968.

Diaz, R.J., Breitburg, D.L.,, 2009. The hypoxic environment. In: Richards, J.G., Farrell, A.P.,
Brauner, C.J. (Eds.). Volume 27: Fish Physiology: Hypoxia. Elsevier, Academic Press,
Amsterdam, Netherlands; pp. 1-23.

Dombkowski, R.A., Doellman, M.M., Head, S.K., Olson, K.R., 2006. Hydrogen sulfide mediates
hypoxia-induced relaxation of trout urinary bladder smooth muscle. J Exp Biol 209, 3234-
3240.

Dombkowski, R.A., Naylor, M.G., Shoemaker, E., Smith, M., DeLeon, E.R., Stoy, G.F., Gao, Y.,
Olson, K.R., 2011. Hydrogen sulfide (H2S) and hypoxia inhibit salmonid gastrointestinal
motility: evidence for H2S as an oxygen sensor. J Exp Biol 214, 4030-4040.

Doney, S.C., Ruckelshaus, M., Duffy, J.E., Barry, J.P., Chan, F., English, C.A., Galindo, H.M,,
Grebmeier, J.M., Hollowed, A.B., Knowlton, N. et al., 2012. Climate Change Impacts on
Marine Ecosystems. in: Carlson, C.A., Giovannoni, S.J. (Eds.). Annual Review of Marine
Science, Vol 4. Annual Reviews, Palo Alto, CA, USA, . 11-37.

Duffus, A.LJ., Cunningham, A.A., 2010. Major disease threats to European amphibians.
Herpetol J 20, 117-127.

Egginton, S., Sidell, B.D., 1989. Thermal-acclimation induces adaptive-changes in subcellular
structure of fish skeletal-muscle. Am J Physiol 256, R1-R9.

Elkins, J.M., Hewitson, K.S., McNeill, L.A., Seibel, J.F., Schlemminger, 1., Pugh, C.W., Ratcliffe,
P.J., Schofield, C.J., 2003. Structure of factor-inhibiting hypoxia-inducible factor (HIF)
reveals mechanism of oxidative modification of HIF-1 alpha. J Biol Chem 278, 1802-1806.

Emerling, B.M., Platanias, L.C., Black, E., Nebreda, A.R., Davis, R.J., Chandel, N.S., 2005.
Mitochondrial reactive oxygen species activation of p38 mitogen-activated protein kinase
is required for hypoxia signaling. Mol Cell Biol 25, 4853-4862.

55



References

Enomoto, N., Koshikawa, N., Gassmann, M., Hayashi. J., Takenaga, K., 2002. Hypoxic induction
of hypoxia-inducible factor-lalpha and oxygen-regulated gene expression in mitochondrial
DNA-depleted Hela cells. Biochem Biophys Res Commun 297, 346-352.

Erler, ).T., Bennewith, K.L., Nicolau, M., Dornhofer, N., Kong, C., Le, Q.T., Chi, J.T., Jeffrey, S.S.,
Giaccia, A.J., 2006. Lysyl oxidase is essential for hypoxia-induced metastasis. Nature 440,
1222-1226.

Eskici, G., Axelsen, P.H., 2012. Copper and Oxidative Stress in the Pathogenesis of Alzheimer's
Disease. Biochemistry 51, 6289-6311.

Evans, A.M., Hardie, D.G., Peers, C., Kumar, P., Wyatt, C.N., 2012. lon channel regulation by
the Lkb1-AMPK signalling pathway: the key to carotid body activation by hypoxia and
metabolic homeostasis at the whole body level. Faseb J 758, 81-90.

Evans, A.M., Mustard, K.J.W., Wyatt, C.N., Peers, C., Dipp, M., Kumar, P., Kinnear, N.P., Hardie,
D.G., 2006. Does AMP-activated protein kinase couple inhibition of mitochondrial oxidative
phosphorylation by hypoxia to calcium signaling in O,-sensing cells? J Biol Chem 281,
20660-20660.

Fadok, V.A., Bratton, D.L.,, Rose, D.M., Pearson, A., Ezekewitz, R.A., Henson, P.M., 2000. A
receptor for phosphatidylserine-specific clearance of apoptotic cells. Nature 405, 85-90.
Fago, A., Jensen, F.B., Tota, B., Feelisch, M., Olson, K.R., Helbo, S., Lefevre, S., Mancardi, D.,
Palumbo, A., Sandvik, G.K. et al., 2012. Integrating nitric oxide, nitrite and hydrogen sulfide
signaling in the physiological adaptations to hypoxia: A comparative approach. Comp

Biochem Phys A 162, 1-6.

Farrell, A.P., Richards, J.G., 2009. Defining hypoxia: An integrative synthesis of the responses of
fish to hypoxia. In: Richards, J.G., Farrell, A.P., Brauner, C.J. (Eds.). Volume 27: Fish
Physiology: Hypoxia. Elsevier, Academic Press, Amsterdam, Netherlands; pp. 487-503.

Fent, K., 2001. Fish cell lines as versatile tools in ecotoxicology: assessment of cytotoxicity,
cytochrome P4501A induction potential and estrogenic activity of chemicals and
environmental samples. Toxicol In Vitro 15, 477-488.

Finne, E.F., Olsvik, P.A., Berntssen, M.H.G., Hylland, K., Tollefsen, K.E., 2008. The partial
pressure of oxygen affects biomarkers of oxidative stress in cultured rainbow trout
(Oncorhynchus mykiss) hepatocytes. Toxicol in Vitro 22, 1657-1661.

Firth, J.D., Ebert, B.L., Ratcliffe, P.J., 1995. Hypoxic regulation of lactate dehydrogenase A.
Interaction between hypoxia-inducible factor 1 and cAMP response elements. J Biol Chem
270, 21021-21027.

Forsythe, J.A., Jiang, B.H., Iyer, N.V., Agani, F., Leung, S.W., Koos, R.D., Semenza, G.L., 1996.
Activation of vascular endothelial growth factor gene transcription by hypoxia-inducible
factor 1. Mol Cell Biol 16, 4604-4613.

Fradette, C., Batonga, J., Teng, S., Piquette-Miller, M., du Souich, P., 2007. Animal models of
acute moderate hypoxia are associated with a down-regulation of CYP1A1, 1A2, 2B4, 2C5,
and 2C16 and up-regulation of CYP3A6 and P-glycoprotein in liver. Drug Metab Dispos 35,
765-771.

Fradette, C., du Souich, P., 2004. Effect of hypoxia on cytochrome P450 activity and
expression. Curr Drug Metab 5, 257-271.

Freedman, J.H., Ciriolo, M.R., Peisach, J., 1989. The role of glutathione in copper-metabolism
and toxicity. J Biol Chem 264, 5598-5605.

Garcia Sampaio, F., de Lima Boijink, C., Tie Oba, E., Romagueira Bichara dos Santos, L., Lucia
Kalinin, A., Tadeu Rantin, F., 2008. Antioxidant defences and biochemical changes in pacu

56



References

(Piaractus mesopotamicus) in response to single and combined copper and hypoxia
exposure. Comp Biochem Physiol C 147, 43-51.

Gardner, L., Li, Q., Park, M., Flanagan, W., Semenza, G., Dang, C., 2001. Hypoxia inhibits G(1)/S
transition through regulation of p27 expression. J Biol Chem 276, 7919-7926.

Gasg, J., Cabela, A., Crnobrnja-Isailovic, J., Dolmen, D., Grossenbacher, P., Haffner, J., Lescure,
J., Martens, H., Martinez-Rica, J., Oliveira, M. et al., 1997. Atlas of Amphibians and Reptiles
in Europe, 1 ed. Societas Europaea Herpetologica, Muséum National d'Histoire Naturelle &
Service du Patrimoine Naturel, Paris, France.

Giampuzzi, M., Oleggini, R., Di Donato, A., 2003. Demonstration of in vitro interaction between
tumor suppressor lysyl oxidase and histones H1 and H2: definition of the regions involved.
Biochim Biophys Acta, 1647, 245-251.

Giles, N., 1987. A comparison of the behavioral-responses of parasitized and non-parasitized 3-
spined sticklebacks. J Fish Biol 30, 631-638.

Gorr, T., Wichmann, D., Hu, J., Hermes-Lima, M., Welker, A., Terwilliger, N., Wren, J., Viney,
M., Morris, S., Nilsson, G. et al., 2010. Hypoxia Tolerance in Animals: Biology and
Application. Physiol Biochem Zool 83, 733-752.

Gracey, A., Troll, J., Somero, G., 2001. Hypoxia-induced gene expression profiling in the
euryoxic fish Gillichthys mirabilis. Proc Natl Acad Sci USA 98, 1993-1998.

Graven, K.K., Yu, Q., Pan, D., Roncarati, J.S., Farber, H.W., 1999. Identification of an
oxygen responsive enhancer element in the glyceraldehyde-3-phosphate
dehydrogenase gene. Biochim Biophys Acta 1447, 208-218.

Gray, M.J., Miller, D.L., Hoverman, J.T., 2009. Ecology and pathology of amphibian ranaviruses.
Dis Aquat Organ 87, 243-266.

Gosner, K.L, 1960. A Simplified Table for Staging Anuran Embryos and Larvae.
Herpetologica, 16, 183-190.

Guzy, R.D., Hoyos, B., Robin, E., Chen, H., Liu, L., Mansfield, K.D., Simon, M.C,,
Hammerling, U., Schumacker, P.T., 2005. Mitochondrial complex Il is required for
hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab 1, 401-
408.

Hahn, P., Bose, J., Edler, S., Lengeling, A., 2008. Genomic structure and expression of Jmjd6
and evolutionary analysis in the context of related JmjC domain containing proteins. BMC
Genomics 9, 293.

Hahn, P., Wegener, I., Burrells, A., Bose, J., Wolf, A., Erck, C., Butler, D., Schofield, C., Bottger,
A., Lengeling, A., 2010. Analysis of Jmjd6 Cellular Localization and Testing for Its
Involvement in Histone Demethylation. Plos One 5, e13769

Haigis, M.C., Sinclair, D.A., 2010. Mammalian Sirtuins: Biological Insights and Disease
Relevance. Ann Rev Pathol 5, 253-295.

Hamanaka, R.B., Chandel, N.S., 2009. Mitochondrial reactive oxygen species regulate
hypoxic signaling. Curr Opin Cell Biol 21, 894-899

Hansen, A.J., 1985. Effect of anoxia on ion distribution in the brain. Physiol Rev 65, 101-148.

Hansen, M.N., Jensen, F.B., 2010. Nitric oxide metabolites in goldfish under normoxic and
hypoxic conditions. J Biol Chem 213, 3593-3602.

Hardie, D.G., 2003. Minireview: The AMP-activated protein kinase cascade: The key sensor of
cellular energy status. Endocrinology 144, 5179-5183.

Hardie, D.G., Hawley, S.A., Scott, J., 2006. AMP-activated protein kinase - development of the
energy sensor concept. J Physiol London 574, 7-15.

57



References

Hartel, T., Sas, I., Pernetta, A.P., Geltsch, I.C., 2007. The reproductive dynamics of temperate
amphibians: a review. North-West J Zool 3, 127-145.

Hartl, F.U., 1996. Molecular chaperones in cellular protein folding. Nature 381, 571-580.

Healy, T.M., Schulte, P.M., 2012. Factors affecting plasticity in whole-organism thermal
tolerance in common killifish (Fundulus heteroclitus). J Comp Physiol B 182, 49-62.

Heise, K., Puntarulo, S., Nikinmaa, M., Lucassen, M., Portner, H.O., Abele, D., 2006. Oxidative
stress and HIF-1 DNA binding during stressful cold exposure and recovery in the North Sea
eelpout (Zoarces viviparus). Comp Biochem Physiol A 143, 494-503.

Hendgen-Cotta, U.B., Merx, M.W., Shiva, S., Schmitz, J., Becher, S., Klare, J.P., Steinhoff, H.J,,
Goedecke, A., Schrader, J., Gladwin, M.T. et al., 2008. Nitrite reductase activity of
myoglobin regulates respiration and cellular viability in myocardial ischemia-reperfusion
injury. Proc Natl Acad Sci U S A 105, 10256-10261.

Hermes-Lima, M., Storey, J.M., Storey, K.B., 1998. Antioxidant defences and metabolic
depression. The hypothesis of preparation for oxidative stress in land snails. Comp
Biochem Physiol B 120, 437-448.

Hermes-Lima, M., Zenteno-Savin, T., 2002. Animal response to drastic changes in oxygen
availability and physiological oxidative stress. Comp Biochem Physiol C 133, 537-556.

Hickey, A.J.R., Renshaw, G.M.C., Speers-Roesch, B., Richards, J.G., Wang, Y.X., Farrell, A.P.,
Brauner, C.J., 2012. A radical approach to beating hypoxia: depressed free radical release
from heart fibres of the hypoxia-tolerant epaulette shark (Hemiscyllum ocellatum). J Comp
Physiol B 182, 91-100.

Hochachka, P.W., Buck, L.T., Doll, C.J., Land, S.C., 1996. Unifying theory of hypoxia tolerance:
Molecular metabolic defence and rescue mechanisms for surviving oxygen lack. Proc Natl
Acad Sci USA 93, 9493-9498.

Hockberger, P.E., Skimina, T.A., Centonze, V.E., Lavin, C., Chu, S., Dadras, S., Reddy, J.K., White,
J.G., 1999. Activation of flavin-containing oxidases underlies light-induced production of
H202 in mammalian cells. Proc Natl Acad Sci USA 96, 6255-6260.

Hoffman, D.L., Salter, J.D., Brookes, P.S., 2007. Response of mitochondrial reactive oxygen
species generation to steady-state oxygen tension: implications for hypoxic cell signaling.
Am J Physiol-Heart C 292, H101-H108.

Hong, J., Lin, G., Lin, C., Wang, W., Lee, C,, Lin, T., Wu, J., 2004. Phosphatidylserine receptor is
required for the engulfment of dead apoptotic cells and for normal embryonic
development in zebrafish. Development 131, 5417-5427.

Hong, X., Zang, J.Y., White, J., Wang, C., Pan, C.H., Zhao, R., Murphy, R.C., Dai, S.D., Henson, P.,
Kappler, J.W. et al., 2010. Interaction of JMJD6 with single-stranded RNA. Proc Natl Acad
Sci USA 107, 14568-14572.

Huang, Y., Hickey, R.P., Yeh, J.L., Liu, D.G., Dadak, A., Young, L.H., Johnson, R.S., Giordano, F.J.,
2004. Cardiac myocyte-specific HIF-1 alpha deletion alters vascularization, energy
availability, calcium flux, and contractility in the normoxic heart. Faseb J 18, 1138-1140.

Huang, D.W., Sherman, B.T., Lempicki, R.A., 2009. Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources. Nature Protoc 4, 44-57.

Huang, J.H., Zhao, Q., Mooney, S.M., Lee, F.S., 2002. Sequence determinants in hypoxia-
inducible factor-1 alpha for hydroxylation by the prolyl hydroxylases PHD1, PHD2, and
PHD3. J Biol Chem 277, 39792-39800.

Huntingford, F.A., Ruiz-Gomez, M.L., 2009. Three-spined sticklebacks Gasterosteus aculeatus
as a model for exploring behavioural biology. J Fish Biol 75, 1943-1976.

58



References

Isaacs, J.S., Jung, Y.J., Mimnaugh, E.G., Martinez, A., Cuttitta, F., Neckers, L.M., 2002. Hsp90
regulates a von Hippel Lindau-independent hypoxia-inducible factor-1 alpha-degradative
pathway. J Biol Chem 277, 29936-29944.

Ishida, I., Kubo, H., Suzuki, S., Suzuki, T., Akashi, S., Inoue, K., Maeda, S., Kikuchi, H., Sasaki, H.,
Kondo, T., 2002. Hypoxia diminishes toll-like receptor 4 expression through reactive oxygen
species generated by mitochondria in endothelial cells. J Immunol 169, 2069-2075.

Ivan, M., Kondo, K., Yang, H.F., Kim, W., Valiando, J., Ohh, M., Salic, A., Asara, J.M., Lane, W.S,,
Kaelin, W.G., 2001. HIF alpha targeted for VHL-mediated destruction by proline
hydroxylation: Implications for O, sensing. Science 292, 464-468.

lyer, N.V., Kotch, L.E., Agani, F., Leung, S.W., Laughner, E., Wenger, R.H., Gassmann, M.,
Gearhart, J.D., Lawler, A.M., Yu, A.Y. et al., 1998. Cellular and developmental control of O,
homeostasis by hypoxia-inducible factor 1 alpha. Genes Dev 12, 149-162.

Jaakkola, P., Mole, D.R., Tian, Y.M., Wilson, M.l., Gielbert, J., Gaskell, S.J., von Kriegsheim, A.,
Hebestreit, H.F., Mukherji, M., Schofield, C.J. et al., 2001. Targeting of HIF-alpha to the von
Hippel-Lindau ubiquitylation complex by O-2-regulated prolyl hydroxylation. Science 292,
468-472.

Jackson, D. C., 2000. Living without oxygen: lessons from the freshwater turtle. Comp Biochem
Physiol A 125, 299-315.

Jackson, I.L., Batinic-Haberle, I., Sonveaux, P., Dewhirst, M.W., Vujaskovic, Z., 2006. ROS
production and angiogenic regulation by macrophages in response to heat therapy. Int J
Hyperther 22, 263-273.

Jimenez-Del-Rio, M., Velez-Pardo, C., 2012. The Bad, the Good, and the Ugly about Oxidative
Stress. Oxid Med Cell Longev, 163913

Johnston, R.A., Sklar, F., 1982. The behavior of intracranial pressure-volume elasticity following
a cortical cold lesion. Acta Neurochir 66, 266-267.

Jomova, K., Valko, M., 2011. Advances in metal-induced oxidative stress and human disease.
Toxicology 283, 65-87.

Jones, F.C., Grabherr, M.G., Chan, Y.F., Russell, P., Mauceli, E., Johnson, J., Swofford, R., Pirun,
M., Zody, M.C., White, S. et al.,, 2012. The genomic basis of adaptive evolution in
threespine sticklebacks. Nature 484, 55-61.

Ju, Z., Wells, M., Heater, S., Walter, R., 2007. Multiple tissue gene expression analyses in
Japanese medaka (Oryzias latipes) exposed to hypoxia. Comp Biochem Physiol C 145, 134-
144.

Kaelin, W.G., 2005. ROS: really involved in oxygen sensing. Cell Metab 1, 357-358.

Kajimura, S., Aida, K., Duan, C., 2006. Understanding hypoxia-induced gene expression in early
development: In vitro and in vivo analysis of hypoxia-inducible factor 1-regulated zebra fish
insulin-like growth factor binding protein 1 gene expression. Mol Cell Biol 26, 1142-1155.

Kajimura, S., Aida, K., Duan, C.M., 2005. Insulin-like growth factor-binding protein-1 (IGFBP-1)
mediates hypoxia-induced embryonic growth and developmental retardation. Proc Natl
Acad Sci USA 102, 1240-1245.

Kallio, P.J., Wilson, W.J., O'Brien, S., Makino, Y., Poellinger, L., 1999. Regulation of the hypoxia-
inducible transcription factor 1 alpha by the ubiquitin-proteasome pathway. J Biol Chem
274, 6519-6525.

Kampa, M., Castanas, E., 2008. Human health effects of air pollution. Environmental Pollution
151, 362-367.

Karlsson, M., Kurz, T., Brunk, U.T., Nilsson, S.E., Frennesson, C.l., 2010. What does the
commonly used DCF test for oxidative stress really show? Biochem J 428, 183-190.

59



References

Kastan, M., Zhan, Q., Eldeiry, W., Carrier, F., Jacks, T., Walsh, W., Plunkett, B., Vogelistein, B.,
Fornace, A., 1992. A mammalian-cell cycle checkpoint pathway utilizing p53 and gadd45 is
defective in ataxia-telangiectasia. Cell 71, 587-597.

Katschinski, D.M., Le, L., Heinrich, D., Wagner, K.F., Hofer, T., Schindler, S.G., Wenger, R.H.,
2002. Heat induction of the unphosphorylated form of hypoxia-inducible factor-1 alpha is
dependent on heat shock protein-90 activity. J Biol Chem 277, 9262-9267.

Katschinski, D.M., Le, L., Schindler, S.G., Thomas, T., Voss, A.K., Wenger, R.H., 2004. Interaction
of the PAS B domain with HSP90 accelerates hypoxia-inducible factor-1 alpha stabilization.
Cell Physiol Biochem 14, 351-360.

Katsiadaki, 1., 2007. The use of the stickleback as a sentinel and model species in
ecotoxicology. in: Ostlund-Nilsson, S., Mayer, 1., Huntingford, F., A. (Eds.). Biology of the
three-spined stickleback. CRC Press, Boca Raton, FL, USA, . 319-351.

Katsiadaki, 1., Scott, A., Mayer, |.,, 2002. The potential of the three-spined stickleback
(Gasterosteus aculeatus L.) as a combined biomarker for oestrogens and androgens in
European waters. Mar Environ Res 54, 725-728.

Killilea, D.W., Hester, R., Balczon, R., Babal, P., Gillespie, M.N., 2000. Free radical production in
hypoxic pulmonary artery smooth muscle cells. Am J Physiol-Lung C 279, L408-L412.

Kim, D.H., Hwang, C.N., Sun, Y., Lee, S.H., Kim, B., Nelson, B.J., 2006. Mechanical analysis of
chorion softening in prehatching stages of zebrafish embryos. IEEE Trans Nanobioscience 5,
89-94.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic-development of the zebrafish. Dev Dyn 203, 253-310.

Klimova, T., Chandel, N.S., 2008. Mitochondrial complex Il regulates hypoxic activation of HIF.
Cell Death Differ 15, 660-666.

Krishnan, J., Ahuja, P., Bodenmann, S., Knapik, D., Perriard, E., Krek, W., Perriard, J.C., 2008.
Essential Role of Developmentally Activated Hypoxia-Inducible Factor 1 alpha for Cardiac
Morphogenesis and Function. Circ Res 103, 1139-1146.

Krtolica, A., Krucher, N., Ludlow, J., 1998. Hypoxia-induced pRB hypophosphorylation results
from downregulation of CDK and upregulation of PP1 activities. Oncogene 17, 2295-2304.

Kutty, M.N., 1968. Respiratory quotients in goldfish and rainbow trout. J Fish Res Bd Can 25,
1689-1728.

Kvietikova, I., Wenger, R.H., Marti, H.H., Gassmann, M., 1995. The transcription factors Atf-1
and Creb-1 bind constitutively to the hypoxia-inducible factor-1 (Hif-1) DNA recognition
site. Nucleic Acids Res 23, 4542-4550.

Laugen, A., Laurila, A., Rdsanen, K., Meril3, J., 2003. Latitudinal countergradient variation in the
common frog (Rana temporaria) development rates - evidence for local adaptation. J Evol
Biol 16, 996-1005.

Leder, E., Merila, J.,, Primmer, C.,, 2009. A flexible whole-genome microarray for
transcriptomics in three-spine stickleback (Gasterosteus aculeatus). BMC Genomics 10,
426.

Leder, E.H., Cano, J.M., Leinonen, T., O'Hara, R.B., Nikinmaa, M., Primmer, C.R., Merila, J.,
2010. Female-biased expression on the X chromosome as a key step in sex chromosome
evolution in threespine sticklebacks. Mol Biol Evol 27, 1495-1503.

Lee, Y.F., Miller, L.D., Chan, X.B., Black, M.A., Pang, B., Ong, C.W., Salto-Tellez, M., Liu, E.T,,
Desai, K.V., 2012. JMJD6 is a driver of cellular proliferation and motility and a marker of
poor prognosis in breast cancer. Breast Cancer Res 14, R85.

60



References

Leiser, S.F., Begun, A., Kaeberlein, M., 2011. HIF-1 modulates longevity and healthspan in a
temperature-dependent manner. Aging Cell 10, 318-326.

Lendahl, U., Lee, K.L., Yang, H., Poellinger, L., 2009. Generating specificity and diversity in the
transcriptional response to hypoxia. Nat Rev Genet 10, 821-832.

Li, Y.B., Zhu, H., Trush, M.A., 1999. Detection of mitochondria-derived reactive oxygen species
production by the chemilumigenic probes lucigenin and luminol. BBA-Gen Subjects 1428,
1-12.

Lim, J.H., Lee, Y.M,, Chun, Y.S., Chen, J., Kim, J.E., Park, J.W., 2010. Sirtuin 1 modulates cellular
responses to hypoxia by deacetylating hypoxia-inducible factor lalpha. Mol Cell 38, 864-
878.

Liu, X., Pan, L., Zhuo, Y., Gong, Q., Rose, P., Zhu, Y., 2010. Hypoxia-inducible factor-la is
involved in the pro-angiogenic effect of hydrogen sulfide under hypoxic stress. Biol Pharm
Bull 33, 1550-1554.

Livingstone, D., 2001. Contaminant-stimulated reactive oxygen species production and
oxidative damage in aquatic organisms. Mar Pollut Bull 42, 656-666.

Luo, W., Hu, H., Chang, R., Zhong, J., Knabel, M., O'Meally, R., Cole, R.N., Pandey, A., Semenza,
G.L.,, 2011. Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible
factor 1. Cell 145, 732-744.

Luo, W., Semenza, G.L., 2011. Pyruvate kinase M2 regulates glucose metabolism by
functioning as a coactivator for hypoxia-inducible factor 1 in cancer cells. Oncotarget 2,
551-556.

Lushchak, V., Lushchak, L., Mota, A., Hermes-Lima, M., 2001. Oxidative stress and antioxidant
defences in goldfish Carassius auratus during anoxia and reoxygenation. Am J Physiol Regul
Integr Comp Physiol 280, R100-107.

Lushchak, V.l.,, 2011. Environmentally induced oxidative stress in aquatic animals. Aquat
Toxicol 101, 13-30.

Lushchak, V.I., Bagnyukova, T.V., 2006. Temperature increase results in oxidative stress in
goldfish tissues. 2. Antioxidant and associated enzymes. Comp Biochem Physiol C 143, 36-
41.

Lushchak, V.1., Bagnyukova, T.V., 2007. Hypoxia induces oxidative stress in tissues of a goby,
the rotan Perccottus glenii. Comp Biochem Physiol B 148, 390-397.

Lushchak, V.I., Bagnyukova, T.V., Lushchak, O.V., Storey, J.M., Storey, K.B., 2005. Hypoxia and
recovery perturb free radical processes and antioxidant potential in common carp
(Cyprinus carpio) tissues. Int J Biochem Cell Biol 37, 1319-1330.

Lutz, P.L., Nilsson, G.E., 1997. Contrasting strategies for anoxic brain survival - Glycolysis up or
down. J Exp Biol 200, 411-419.

Maistrovski, Y., Biggar, K.K., Storey, K.B., 2012. HIF-1 alpha regulation in mammalian
hibernators: role of non-coding RNA in HIF-1 alpha control during torpor in ground
squirrels and bats. ] Comp Physiol B 182, 849-859.

Maltepe, E., Schmidt, J.V., Baunoch, D., Bradfield, C.A., Simon, M.C., 1997. Abnormal
angiogenesis and responses to glucose and oxygen deprivation in mice lacking the protein
ARNT. Nature 386, 403-407.

Mantri, M., Krojer, T., Bagg, E.A., Webby, CJ., Butler, D.S., Kochan, G., Kavanagh, K.L,
Oppermann, U., McDonough, M.A., Schofield, C.J., 2010. Crystal Structure of the 2-
Oxoglutarate- and Fe(ll)-Dependent Lysyl Hydroxylase JMJD6. J Mol Biol 401, 211-222.

Martinovic, D., Villeneuve, D.L., Kahl, M.D., Blake, L.S., Brodin, J.D., Ankley, G.T., 2009. Hypoxia
alters gene expression in the gonads of zebrafish (Danio rerio). Aquat Toxicol 95, 258-272.

61



References

Mason, S.D., Howlett, R.A., Kim, M.J., Olfert, I.M., Hogan, M.C., McNulty, W., Hickey, R.P.,
Wagner, P.D., Kahn, C.R., Giordano, F.J. et al., 2004. Loss of skeletal muscle HIF-1 alpha
results in altered exercise endurance. Plos Biology 2, 1540-1548.

Mattie, M.D., Freedman, J.H., 2004. Copper-inducible transcription: regulation by metal-and
oxidative stress-responsive pathways. Am J Physiol-Cell Ph 286, C293-C301.

Mejri, S., Tremblay, R., Lambert, Y., Audet, C., 2012. Influence of different levels of dissolved
oxygen on the success of Greenland halibut (Reinhardtius hippoglossoides) egg hatching
and embryonic development. Mar Biol 159, 1693-1701.

Merila, J., Laurila, A., Laugen, A.T., Rasdnen, K., Pahkala, M., 2000. Plasticity in age and size at
metamorphosis in Rana temporaria - comparison of high and low latitude populations.
Ecography 23, 457-465.

Miwa, S., Brand, M.D., 2003. Mitochondrial matrix reactive oxygen species production is very
sensitive to mild uncoupling. Biochem Soc T 31, 1300-1301.

Murphy, P..M., Kanelakis, K.C., Galigniana, M.D., Morishima, Y., Pratt, W.B., 2001.
Stoichiometry, abundance, and functional significance of the hsp90/hsp70-based
multiprotein chaperone machinery in reticulocyte lysate. J Biol Chem 276, 30092-30098.

Mustafa, S.A., Al-Subiai, S.N., Davies, S.J., Jha, A.N., 2011. Hypoxia-induced oxidative
DNA damage links with higher level biological effects including specific growth rate
in common carp, Cyprinus carpio L. Ecotoxicology 20, 1455-1466.

Myllyharju, J., 2009. HIF Prolyl 4-Hydroxylases and their Potential as Drug Targets. Curr Pharm
Design 15, 3878-3885.

Maki, J., Sormunen, R., Lippo, S., Kaarteenaho-Wiik, R., Soininen, R., Myllyhariju, J., 2005. Lysyl
oxidase is essential for normal development and function of the respiratory system and for
the integrity of elastic and collagen fibers in various tissues. Am J Pathol 167, 927-936.

Ng, P.K.S., Chiu, S.K., Kwong, T.F.N., Yu, R.M.K., Wong, M.M.L., Kong, R.Y.C., 2009. Functional
characterization of two CITED3 homologs (gcCITED3a and gcCITED3b) in the hypoxia-
tolerant grass carp, Ctenopharyngodon idellus. BMC Mol Biol 10, 101.

Nicolaije, C., Koedam, M., van Leeuwen, J.P., 2012. Decreased oxygen tension lowers reactive
oxygen species and apoptosis and inhibits osteoblast matrix mineralization through
changes in early osteoblast differentiation. J Cell Physiol 227, 1309-1318.

Nikinmaa, M., Leveelahti, L., Dahl, E., Rissanen, E., Rytkonen, K.T., Laurila, A., 2008. Population
origin, development and temperature of development affect the amounts of HSP70, HSP90
and the putative hypoxia-inducible factor in the tadpoles of the common frog Rana
temporaria. J Exp Biol 211, 1999-2004.

Nikinmaa, M., Rees, B.B., 2005. Oxygen-dependent gene expression in fishes. Am J Physiol-Reg
1 288, R1079-R1090.

Nilsson, G.E., 2010. Introduction: why we need oxygen. in: Nilsson, G. (Ed.). Respiratory
Physiology of Vertebrates - Life with and without Oxygen. Cambridge University Press, New
York, NY, USA, pp. 334.

Nilsson, G.E., Perezpinzon, M., Dimberg, K., Winberg, S., 1993. Brain sensitivity to anoxia in fish
as reflected by changes in extracellular K" activity. Am J Physiol 264, R250-R253.

Nilsson, G.E., Renshaw, G.M.C., 2004. Hypoxic survival strategies in two fishes: extreme anoxia
tolerance in the North European crucian carp and natural hypoxic preconditioning in a
coral-reef shark. J Exp Biol 207, 3131-3139.

Ning, X.H., Chi, E.Y., Buroker, N.E., Chen, S.H., Xu, C.S., Tien, Y.T., Hyyti, 0.M., Ge, M., Portman,
M.A., 2007. Moderate hypothermia (30 degrees C) maintains myocardial integrity and

62



References

modifies response of cell survival proteins after reperfusion. Am J Physiol-Heart C 293,
H2119-H2128.

Noltmann, E., Gubler, C., Kuby, S., 1961. Glucose 6-phosphate dehydrogenase
(2Zwischenferment). I. Isolation of the crystalline enzyme from yeast. J Biol Chem 236, 1225-
1230.

Oehlers, L.P., Perez, A.N., Walter, R.B., 2007. Detection of hypoxia-related proteins in medaka
(Oryzias latipes) brain tissue by difference gel electrophoresis and de novo sequencing of 4-
sulfophenyl isothiocyanate-derivatized peptides by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Comp Biochem Physiol C Toxicol
Pharmacol 145, 120-133.

Olson, K.R., 2011. Hydrogen sulfide is an oxygen sensor in the carotid body. Respir Physiol
Neurobiol 179, 103-110.

Olson, K.R., Dombkowski, R.A., Russell, M.J., Doellman, M.M., Head, S.K., Whitfield, N.L.,
Madden, J.A., 2006. Hydrogen sulfide as an oxygen sensor/transducer in vertebrate
hypoxic vasoconstriction and hypoxic vasodilation. J Exp Biol 209, 4011-4023.

Olsvik, P.A., Kristensen, T., Waagbo, R., Tollefsen, K.E., Rosseland, B.O., Toften, H., 2006.
Effects of hypo- and hyperoxia on transcription levels of five stress genes and the
glutathione system in liver of Atlantic cod Gadus morhua. J Exp Biol 209, 2893-2901.

Olsvik, P.A., Lie, K.K., Saele, @., Sanden, M., 2007. Spatial transcription of CYP1A in fish liver.
BMC Physiol 7, 12.

Omlin, T., Weber, J.M., 2010. Hypoxia stimulates lactate disposal in rainbow trout. J Exp Biol
213, 3802-3809.

Paddenberg, R., Ishaq, B., Goldenberg, A., Faulhammer, P., Rose, F., Weissmann, N., Braun-
Dullaeus, R.C., Kummer, W., 2003. Essential role of complex Il of the respiratory chain in
hypoxia-induced ROS generation in the pulmonary vasculature. Am J Physiol-Lung C 284,
L710-L719.

Padilla, P., Roth, M., 2001. Oxygen deprivation causes suspended animation in the zebrafish
embryo. Proc Natl Acad Sci USA 98, 7331-7335.

Pan, Y., Mansfield, K.D., Bertozzi, C.C., Rudenko, V., Chan, D.A., Giaccia, A.J., Simon, M.C,,
2007. Multiple factors affecting cellular redox status and energy metabolism modulate
hypoxia-inducible factor prolyl hydroxylase activity in vivo and in vitro. Mol Cell Biol 27,
912-925.

Papa, S., Skulachev, V.P., 1997. Reactive oxygen species, mitochondria, apoptosis and aging.
Mol Cell Biochem 174, 305-319.

Papandreou, I., Cairns, R.A., Fontana, L., Lim, A.L, Denko, N.C., 2006. HIF-1 mediates
adaptation to hypoxia by actively downregulating mitochondrial oxygen consumption. Cell
Metab 3, 187-197.

Pasanen, S., Karhapaa, M., 1997. Can boreal common frog (Rana temporaria L) survive in frost?
Ann Zool Fenn 34, 247-250.

Paul, C., Teng, S., Saunders, P.T.K., 2009. A Single, Mild, Transient Scrotal Heat Stress Causes
Hypoxia and Oxidative Stress in Mouse Testes, Which Induces Germ Cell Death. Biol Reprod
80, 913-919.

Peichel, C., Nereng, K.S., Ohgi, K.A., Cole, B.L., Colosimo, P.F., Buerkle, C.A., Schluter, D.,
Kingsley, D.M., 2001. The genetic architecture of divergence between threespine
stickleback species. Nature 414, 901-905.

Poon, W.L., Hung, C.Y., Nakano, K., Randall, D.J., 2007. An in vivo study of common carp
(Cyprinus carpio L.) liver during prolonged hypoxia. Comp Biochem Physiol D 2, 295-302.

63



References

Prabhakar, N.R., Semenza, G.L., 2012. Gaseous messengers in oxygen sensing. J Mol Med
(Berl.) 90, 265-272.

Portner, H.O., Peck, M.A., 2010. Climate change effects on fishes and fisheries: towards a
cause-and-effect understanding. J Fish Biol 77, 1745-1779.

Qiu, X.L., Brown, K., Hirschey, M.D., Verdin, E., Chen, D., 2010. Calorie Restriction Reduces
Oxidative Stress by SIRT3-Mediated SOD2 Activation. Cell Metab 12, 662-667.

Rausch, R.N., Crawshaw, L.I., Wallace, H.L., 2000. Effects of hypoxia, anoxia, and endogenous
ethanol on thermoregulation in goldfish, Carassius auratus. Am J Physiol-Reg | 278, R545-
R555.

Rees, B., Figueroa, Y., Wiese, T., Beckman, B., Schulte, P., 2009. A novel hypoxia-response
element in the lactate dehydrogenase-B gene of the killifish Fundulus heteroclitus. Comp
Biochem Physiol A 154, 70-77.

Riffel, A.P., Garcia, L.O., Finamor, I.A., Saccol, E.M., Meira, M., Kolberg, C., Horst, A., Partata,
W., Llesuy, S., Baldisserotto, B., et al., 2012. Redox profile in liver of Leporinus
macrocephalus exposed to different dissolved oxygen levels. Fish Physiol Biochem 38, 797-
805.

Rijnsdorp, A.D., Peck, M.A., Engelhard, G.H., Mollmann, C., Pinnegar, J.K., 2009. Resolving the
effect of climate change on fish populations. J Mar Sci 66, 1570-1583.

Rissanen, E., Tranberg, H.K., Sollid, J., Nilsson, G.E., Nikinmaa, M., 2006. Temperature regulates
hypoxia-inducible factor-1 (HIF-1) in a poikilothermic vertebrate, crucian carp (Carassius
carassius). J Exp Biol 209, 994-1003.

Rosa, R., Pimentel, M.S., Boavida-Portugal, J., Teixeira, T., Trubenbach, K., Diniz, M., 2012.
Ocean Warming Enhances Malformations, Premature Hatching, Metabolic Suppression and
Oxidative Stress in the Early Life Stages of a Keystone Squid. Plos One 7, €38282.

Rota, C., Chignell, C.F., Mason, R.P., 1999. Evidence for free radical formation during the
oxidation of 2 '-7 '-dichlorofluorescein to the fluorescent dye 2 '-7 '-dichlorofluorescein by
horseradish peroxidase: Possible implications for oxidative stress measurements. Free
Radical Bio Med 27, 873-881.

Roth, U., Curth, K., Unterman, T.G., Kietzmann, T., 2003. The transcription factors HIF-1 and
HNF-4 and the coactivator p300 are involved in insulin-regulated glucokinase gene
expression via the phosphatidylinositol 3-kinase/protein kinase B pathway. J Biol
Chem 279, 2623-2631.

Rytkonen, K.T., Vuori, K.A.M., Primmer, C.R., Nikinmaa, M., 2007. Comparison of hypoxia-
inducible factor-1 alpha in hypoxia-sensitive and hypoxia-tolerant fish species. Comp
Biochem Physiol D 2, 177-186.

Rytkonen, K., Akbarzadeh, A., Miandare, H., Kamei, H., Duan, C., Leder, E., Williams, T.,
Nikinmaa, M., 2013. Subfunctionalization of cyprinid hypoxia-inducible factors for roles in
development and oxygen sensing. Evolution 67, 873-82.

Scandalios, J., 2005. Oxidative stress: molecular perception and transduction of signals
triggering antioxidant gene defences. Braz J Med Biol Res 38, 995-1014.

Schietke, R., Warnecke, C., Wacker, ., Schodel, J., Mole, D.R., Campean, V., Amann, K.,
Goppelt-Struebe, M., Behrens, J., Eckardt, K.U. et al.,, 2010. The lysyl oxidases LOX and
LOXL2 are necessary and sufficient to repress E-cadherin in hypoxia: insights into cellular
transformation processes mediated by HIF-1. J Biol Chem 285, 6658-6669.

Semenza, G.L., 2000. HIF-1: mediator of physiological and pathophysiological responses to
hypoxia. J Appl Physiol 88, 1474-1480.

64



References

Semenza, G.L, 2004. Hydroxylation of HIF-1: oxygen sensing at the molecular level. Physiology
19, 176-82

Semenza, G.L., Jiang, B.H., Leung, S.W., Passantino, R., Concordet, J.P., Maire, P., Giallongo, A.,
1996. Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase
A gene promoters contain essential binding sites for hypoxia-inducible factor 1. J Biol Chem
271, 32529-32537.

Semenza, G.L., Nejfelt, M.K., Chi, S.M., Antonarakis, S.E., 1991. Hypoxia-inducible nuclear
factors bind to an enhancer element located 3' to the human erythropoietin gene. Proc
Natl Acad Sci USA 88, 5680-5684.

Semenza, G.L.,, Wang, G.L., 1992. A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol 12, 5447-5454.

Sena, L.A., Chandel, N.S., 2012. Physiological roles of mitochondrial reactive oxygen species.
Mol Cell 48, 158-67.

Shannon, P., Markiel, A., Ozier, O., Baliga, N., Wang, J., Ramage, D., Amin, N., Schwikowski, B.,
Ideker, T., 2003. Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res 13, 2498-2504.

Shoshani, T., Faerman, A., Mett, I., Zelin, E., Tenne, T., Gorodin, S., Moshel, Y., Elbaz, S.,
Budanov, A., Chajut, A. et al., 2002. Identification of a novel hypoxia-inducible factor 1-
responsive gene, RTP801, involved in apoptosis. Mol Cell Biol 22, 2283-2293.

Simsek, T., Kocabas, F., Zheng, J.K., DeBerardinis, R.J., Mahmoud, A.l., Olson, E.N., Schneider,
JL.W,, Zhang, C.C., Sadek, H.A., 2010. The Distinct Metabolic Profile of Hematopoietic Stem
Cells Reflects Their Location in a Hypoxic Niche. Cell Stem Cell 7, 380-390.

Smyth, G.K., 2004. Linear models and empirical bayes methods for assessing differential
expression in microarray experiments. Stat Appl Genet Mol Biol 3, Article 3.

Smyth, G.K., 2005. Limma: linear models for microarray data. in: Gentleman, R., Carey, V.,
Dudoit, S., lIrizarry, R., Huber, W. (Eds.). Bioinformatics and Computational Biology
Solutions using R and Bioconductor. Springer, New York, NY, USA, pp. 397-420.

Soitamo, A.J., Rabergh, C.M.l, Gassmann, M., Sistonen, L., Nikinmaa, M., 2001.
Characterization of a hypoxia-inducible factor (HIF-1 alpha) from rainbow trout -
Accumulation of protein occurs at normal venous oxygen tension. J Biol Chem 276, 19699-
19705.

Sollid, J., De Angelis, P., Gundersen, K., Nilsson, G.E., 2003. Hypoxia induces adaptive and
reversible gross morphological changes in crucian carp gills. J Exp Biol 206, 3667-3673.

Sollid, J., Nilsson, G.E., 2006. Plasticity of respiratory structures - Adaptive remodeling of fish
gills induced by ambient oxygen and temperature. Respir Physiol Neurobiol 154, 241-251.

Speisky, H., Gomez, M., Burgos-Bravo, F., Lopez-Alarcon, C., Jullian, C., Olea-Azar, C., Aliaga,
M.E., 2009. Generation of superoxide radicals by copper-glutathione complexes: Redox-
consequences associated with their interaction with reduced glutathione. Bioorgan Med
Chem 17, 1803-1810.

Srinivas, V., Leshchinsky, I., Sang, N., King, M.P., Minchenko, A., Caro, J., 2001. Oxygen sensing
and HIF-1 activation does not require an active mitochondrial respiratory chain electron-
transfer pathway. J Biol Chem 276, 21995-21998.

Stecyk, J.A.W., Couturier, C.S., Fagernes, C.E., Ellefsen, S., Nilsson, G.E., 2012. Quantification of
heat shock protein mRNA expression in warm and cold anoxic turtles (Trachemys scripta)
using an external RNA control for normalization. Comp Biochem Physiol D 7, 59-72.

65



References

Stefani, F., Gentilli, A., Sacchi, R., Razzetti, E., Pellitteri-Rosa, D., Pupin, F., Galli, P., 2012.
Refugia within refugia as a key to disentangle the genetic pattern of a highly variable
species: The case of Rana temporaria Linnaeus, 1758 (Anura Ranidae). Mol Phylogenet Evol
65, 718-726.

Sun, Q., Chen, X., Ma, J., Peng, H., Wang, F., Zha, X., Wang, Y., Jing, Y., Yang, H., Chen, R. et al.,
2011. Mammalian target of rapamycin up-regulation of pyruvate kinase isoenzyme type
M2 is critical for aerobic glycolysis and tumor growth. Proc Natl Acad Sci USA 108, 4129-
4134.

Sunda, W.G., Cai, W.J., 2012. Eutrophication Induced CO2-Acidification of Subsurface Coastal
Waters: Interactive Effects of Temperature, Salinity, and Atmospheric P-CO2. Environ Sci
Technol 46, 10651-10659.

Svetlov, P., 1934. On the regeneration during embryonal development. (Restoration of the tail
and tail bud in Rana temporaria). Wilhelm Roux' Arch Entwicklungsmech Organ 131, 672-
701.

Tae, S., Karkhanis, V., Velasco, K., Yaneva, M., Erdjument-Bromage, H., Tempst, P., Sif, S., 2011.
Bromodomain protein 7 interacts with PRMT5 and PRC2, and is involved in transcriptional
repression of their target genes. Nucleic Acids Res 39, 5424-5438.

Taguchi, A., Yanagisawa, K., Tanaka, M., Cao, K., Matsuyama, Y., Goto, H., Takahashi, T., 2008.
Identification of hypoxia-inducible factor-1 alpha as a novel target for miR-17-92 microRNA
cluster. Cancer Res 68, 5540-5545.

Takahashi, Y., Takahashi, S., Yoshimi, T., Miura, T., 1998. Hypoxia-induced expression of
phosphoglycerate mutase B in fibroblasts. Eur J Biochem 254, 497-504.

Tanaka, T., Wakamatsu, T., Daijo, H., Oda, S., Kai, S., Adachi, T., Kizaka-Kondoh, S., Fukuda, K.,
Hirota, K., 2010. Persisting mild hypothermia suppresses hypoxia-inducible factor-1 alpha
protein synthesis and hypoxia-inducible factor-1-mediated gene expression. Am J Physiol-
Reg 1298, R661-R671.

Tao, R.D., Coleman, M.C., Pennington, J.D., Ozden, O., Park, S.H., Jiang, H.Y., Kim, H.S., Flynn,
C.R., Hill, S., McDonald, W.H. et al., 2010. Sirt3-Mediated Deacetylation of Evolutionarily
Conserved Lysine 122 Regulates MnSOD Activity in Response to Stress. Mol Cell 40, 893-
904.

Tazuke, S.l., Mazure, N.M., Sugawara, J., Carland, G., Faessen, G.H., Suen, L.F., Irwin, J.C,,
Powell, D.R., Giaccia, A.J., Giudice, L.C., 1998. Hypoxia stimulates insulin-like growth factor
binding protein 1 (IGFBP-1) gene expression in HepG2 cells: a possible model for IGFBP-1
expression in fetal hypoxia. Proc Natl Acad Sci USA 95, 10188-10193.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. Clustal W - Improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choice. Nucleic Acids Res 22, 4673-4680.

Thorne, M.A.S., Burns, G., Fraser, K.P.P., Hillyard, G., Clark, M.S., 2010. Transcription profiling
of acute temperature stress in the Antarctic plunderfish Harpagifer antarcticus. Mar
Genomics 3, 35-44.

Ton, C., Stamatiou, D., Liew, C., 2003. Gene expression profile of zebrafish exposed to hypoxia
during development. Physiol Genomics, 97-106.

Tseng, Y.C., Chen, R.D., Lucassen, M., Schmidt, M.M., Dringen, R., Abele, D., Hwang, P.P., 2011.
Exploring uncoupling proteins and antioxidant mechanisms under acute cold exposure in
brains of fish. PLoS One 6, €18180.

Tsukada, Y., Ishitani, T., Nakayama, K.I., 2010. KDM?7 is a dual demethylase for histone H3 Lys 9
and Lys 27 and functions in brain development. Genes Dev 24, 432-437.

66



References

Turner, J.D., Wood, C.M., 1983. Factors affecting lactate and proton efflux from pre-exercised,
isolated and perfused rainbow trout trunks. J Exp Biol 105, 395-401.

Turrens, J.F., 2003. Mitochondrial formation of reactive oxygen species. Journal of Physiology-
London 552, 335-344.

Unoki, M., Masuda, A., Dohmae, N., Arita, K., Yoshimatsu, M., lwai, Y., Fukui, Y., Ueda, K.,
Hamamoto, R., Shirakawa, M. et al.,, 2013. Lysyl 5-Hydroxylation, a Novel Histone
Modification, by Jumonji Domain Containing 6 (JMJD6). J Biol Chem. In press

Vaux, E.C., Metzen, E., Yeates, K.M., Ratcliffe, P.J., 2001. Regulation of hypoxia-inducible factor
is preserved in the absence of a functioning mitochondrial respiratory chain. Blood 98, 296-
302.

Voituron, Y., Barre, H., Ramlov, H., Douady, C.J., 2009. Freeze tolerance evolution among
anurans: Frequency and timing of appearance. Cryobiology 58, 241-247.

Vornanen, M., Stecyk, J.A. and Nilsson G.E., 2009. The anoxia-tolerant crucian carp (Carassius
carassius L.). In: Richards, J.G., Farrell, A.P., Brauner, C.J. (Eds.). Volume 27: Fish Physiology:
Hypoxia. Elsevier, Academic Press, Amsterdam, Netherlands; pp. 397-441

Vuori, K.A., Kanerva, M., Ikonen, E., Nikinmaa, M., 2008. Oxidative stress during Baltic salmon
feeding migration may be associated with yolk-sac fry mortality. Environ Sci Technol 42,
2668-2673.

Wang, G.L., Jiang, B.H., Rue, E.A., Semenza, G.L., 1995. Hypoxia-inducible factor-1 is a basic-
helix-loop-helix-pas heterodimer regulated by cellular O, tension. Proc Natl Acad Sci USA
92, 5510-5514.

Wang, G.L., Semenza, G.L., 1993. Characterization of Hypoxia-inducible factor-l and regulation
of DNA-binding activity by hypoxia. J Biol Chem 268, 21513-21518

Warburton, D., Shi, W., 2005. Lo, and the niche is knit - Lysyl oxidase activity and maintenance
of lung, aorta, and skin integrity. Am J Pathol 167, 921-922.

Waser, W., Sahoo, T.P., Herczeg, G., Merila, J., Nikinmaa, M., 2010. Physiological
differentiation among nine-spined stickleback populations: Effects of copper exposure.
Aquat Toxicol 98, 188-195.

Waypa, G.B., Marks, J.D., Mack, M.M., Boriboun, C., Mungai, P.T., Schumacker, P.T., 2002.
Mitochondrial reactive oxygen species trigger calcium increases during hypoxia in
pulmonary arterial myocytes. Circ Res 91, 719-726.

Webby, C.J., Wolf, A., Gromak, N., Dreger, M., Kramer, H., Kessler, B., Nielsen, M.L., Schmitz,
C., Butler, D.S., Yates, J.R., 3" et al., 2009. Jmjd6 catalyses lysyl-hydroxylation of U2AF65, a
protein associated with RNA splicing. Science 325, 90-93.

Welker, A.F., Campos, E.G., Cardoso, L.A., Hermes-Lima, M., 2012. Role of catalase on
the hypoxia/reoxygenation stress in the hypoxia-tolerant Nile tilapia. Am J Physiol
Regul Integr Comp Physiol 302, R1111-1118.

Whyte, JJ., Jung, R.E., Schmitt, C.J., Tillitt, D.E., 2000. Ethoxyresorufin-O-deethylase (EROD)
activity in fish as a biomarker of chemical exposure. Crit Rev Toxicol 30, 347-570.

Wong, B.B.M., Tuomainen, U., Candolin, U., 2012. Algal blooms impact the quality of nest
construction in three-spined sticklebacks. Anim Behav 84, 1541-1545.

Wood, C., Kelly, S.P., Zhou, B.S., Fletcher, M., O'Donnell, M., Eletti, B., Part, P., 2002. Cultured
gill epithelia as models for the freshwater fish gill. BBA-Biomembranes 1566, 72-83.

Yamahira, K., Conover, D.O., 2002. Intra- vs. interspecific latitudinal variation in growth:
Adaptation to temperature or seasonality? Ecology 83, 1252-1262.

67



References

Yanagimoto, C., Harada, M., Kumemura, H., Abe, M., Koga, H., Sakata, M., Kawaguchi, T.,
Terada, K., Hanada, S., Taniguchi, E. et al., 2011. Copper incorporation into ceruloplasmin is
regulated by Niemann-Pick C1 protein. Hepatol Res 41, 484-491.

Yang, Y., Thorne, N., 2003. Normalization for two-color cDNA microarray data. in: Goldstein, D.
(Ed.). Science and Statistics: A Festschrift for Terry Speed. IMS, Beachwood, OH, USA, pp.
403-418.

Zhong, L., D'Urso, A., Toiber, D., Sebastian, C., Henry, R.E., Vadysirisack, D.D., Guimaraes, A.,
Marinelli, B., Wikstrom, J.D., Nir, T. et al., 2010. The histone deacetylase Sirt6 regulates
glucose homeostasis via Hif1 alpha. Cell 140, 280-293.

Zhou, J., Schmid, T., Frank, R., Brune, B., 2004. PI3K/Akt is required for heat shock proteins to
protect hypoxia-inducible factor 1 alpha from pVHL-independent degradation. J Biol Chem
279, 13506-13513.

Ostlund-Nilsson, S., Mayer, I. and Huntingford, F.A., 2007. Biology of the three-spined
stickleback. CRC Pressl Llc, Boca Raton, FL, USA, 408 pages

INTERNET-SOURCES

The Virginia Herpetological Society (visited 2.2.2013)
http://www.virginiaherpetologicalsociety.com/amphibians/amphibian-
development/amphibian-development.htm

68



	ABSTRACT
	TIIVISTELMÄ
	TABLE OF CONTENTS
	ABBREVIATIONS
	LIST OF ORIGINAL PUBLICATIONS
	1. Introduction
	1.1 Climate change and hypoxia
	1.2 Oxygen‐ the molecule of life
	1.2.1 ATP production

	1.3 Hypoxic response
	1.3.1 The danger of hypoxia
	1.3.2 Survival in hypoxia
	1.3.3 Transcriptional regulation in hypoxic response

	1.4 Hypoxia‐inducible factor
	1.4.1 Structure and modification of HIF‐1α
	1.4.2 HIF‐1α stabilisation in hypoxia
	1.4.3 Normoxic HIF‐1α regulation
	1.4.4 HIF‐1α and temperature
	1.4.5 HIF in development
	1.4.6 Heat shock proteins and HIF‐1α

	1.5 Reactive oxygen species (ROS) and Oxidative stress
	1.5.1 Oxidative stress
	1.5.2 Production of ROS
	1.5.3 Elimination of ROS
	1.5.4 Copper‐catalyzed ROS production
	1.5.5 ROS and hypoxia
	1.5.6 Measuring ROS

	1.6 Alternatives to ROS in early hypoxic signalling
	1.7 Animals used in the research
	1.7.1 Common frog
	1.7.2 Rainbow trout
	1.7.3 Threespine stickleback
	1.7.4 Epaulette shark


	2. Aims of the study
	3. Materials and methods
	3.1 Cell culture procedures (II)
	3.1.1 Experimental treatment of cell cultures (II)
	3.1.2 Cytotoxicity test (II)

	3.2 Animals and maintenance
	3.2.1 Frog eggs (I)
	3.2.2 Fish (II‐IV)

	3.3 In vivo treatments and sampling
	3.3.1 Frog egg cultivation procedure (I)
	3.3.2 Hypoxia treatments of teleosts (II ‐ IV)
	3.3.3 Hypoxia treatments of epaulette sharks (III)
	3.3.4 Copper exposure of threespine sticklebacks (II)

	3.4 Sample preparation and measurement of redox enzyme activities andEROD activity (II ‐ IV)
	3.5 RNA isolation (II, IV)
	3.6 Cloning and sequencing Rana temporaria hif‐1α (I)
	3.7 Western blot (I)
	3.8 Microarray (IV)
	3.8.1 Feature extraction and statistical analysis in R
	3.8.2 Gene annotation, functional clustering and pathway analysis
	3.8.3 cDNA synthesis and Real‐Time qPCR (II & IV)

	3.9 Statistics

	4. Results and discussion
	4.1 Population‐specificity and impact of rearing temperature on theexpression of regulatory proteins
	4.2 Steady‐state ROS is temperature‐dependent
	4.3 Hypoxia does not increase ROS production in fish and human cells
	4.4 Redox enzyme activities in hypoxia‐exposed fish tissues
	4.5 Changes in the transcriptome of hypoxia‐exposed sticklebacks.

	5. Perspectives
	ACKNOWLEDGEMENTS
	REFERENCES



