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Abstract 

Mitochondria are essential for sustaining complex life. They dominate fuel conversion, 

redox transfer, electron tunnelling, proton pumping and reduction of O2 to ultimately store 

significant energy in the form of ATP, and this complex machinery is believed to have occurred 

through endosymbiosis with an ancestral nucleated cell approximately 1.45 billion years ago. 

With the coupling of O2 consumption and ATP production via oxidative phosphorylation 

(OxPhos), sufficient O2 is required to match cellular energy demands. However, when O2 

becomes limited, a succession of physiological changes may alter cell functions, and ultimately 

the organism’s life. Most vertebrates are sensitive to hypoxic insults and oxidative damage 

caused by rapid reoxygenation. However, some species have evolved within environments 

frequently exposed to dramatic O2 fluctuations, and this includes some intertidal species that 

inhabit rockpools exposed to tidal hypoxic and hyperoxic cycles. This thesis aimed to resolve 

whether mitochondrial adaptations play a role in the hypoxia-tolerance of intertidal New 

Zealand triplefin fishes and anoxia-tolerant sharks. 

The first study assessed the hypoxia-tolerance of intertidal and subtidal triplefins and the 

overall mitochondrial O2 consumption capacity in brain tissue, as the organ is extremely 

sensitive to O2 deprivation. Hypoxia-tolerance was found and verified and was accompanied 

with greater O2 consumption and OxPhos capacities in the rock pool species relative to the 

subtidal ones. This suggests that intertidal fish have the capacity to better utilise O2 for ATP 

production while presumably better conserving carbohydrate stores, even in both hypoxia and 

hyperoxia. 

As OxPhos flux diminishes with hypoxia, glycolytic flux likely accelerates and this mediates 

an increase in intracellular lactate level, and associates with an overall intracellular acidosis. 

The second study hence assessed the effect of acidosis mediated by graded lactic acid titrations, 

on the mitochondrial function in situ. Not only do intertidal species display greater 

mitochondrial pH buffering capacities, they appear to utilise acidosis to maintain function and 

maintain mitochondrial membrane potentials and sustain ATP production. In effect this also 

increases the efficiency of oxygen use given that OxPhos is depressed and this will benefit 

survival with decreasing oxygen. 

While hypoxia is relatively well tolerated by these species, rapid reoxygenation presents 

another challenge to overcome. The rapid oxidation of succinate that has accumulated in the 

hypoxic brain mediates excess reactive oxygen species (ROS) that can subsequently cause 
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oxidative damage. In the third study, the combined effect of anoxia-reoxygenation and graded 

succinate in vitro on respiration and ROS production was measured. Intertidal species produced 

less ROS and electrons from succinate oxidation, which were better directed to respiration 

rather than ROS production. 

Hypoxia-tolerant species have acquired adaptations in different groups, and it is unknown 

whether similar or different mechanisms have evolved. The last chapter aimed to explore 

whether traits of hypoxia-tolerance were also apparent by more ancient species, i.e. 

elasmobranchs. The epaulette shark and grey carpet shark have evolved for ~150 M years and 

may retain traits that permitted survival on Earth, which had half the atmospheric O2 of today. 

Both species are hypoxia tolerant yet display different physiological and behavioural strategies 

when hypoxic. In the last chapter, shark brain mitochondria were exposed to elevated succinate 

and exposed to anoxia-reoxygenation. Mitochondria from these two anoxia tolerant shark 

species displayed contrasting responses, which likely mirror their respective physiological 

behaviour on anoxia exposure. Overall, this thesis reveals some traits of the mitochondrial 

function that likely confer hypoxia-tolerance in intertidal fish.
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Chapter 1. General introduction  
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1.1. The essential element: (di)oxygen. 

Oxygen was originally discovered in 1774 by Antoine Lavoisier, although the compound 

had previously been described by others as an essential substance for combustion (Cook 1968). 

Nevertheless, the Frenchman was the first to conduct the adequate experiments to reveal the 

principle of combustion, documented in his Memoire “Sur la combustion en général” 

(Lavoisier 1777). Originally named “vital air”, Lavoisier renamed it to “oxygen”. “Oxygen” is 

derived from the Greek, “oξúς/oxys” (sharp) and “γενή/gen” (generation), meaning “producer 

of sharp” as Lavoisier originally thought it was constitutive of all acids. It is only a few years 

later that various chemists proved him wrong, however the term was already too well 

established to change (Edited by Greenwood 1997). 

While the term “oxygen” refers to the chemical element, this term is incorrectly yet 

commonly used to name its allotrope dioxygen (O2). Oxygen is by mass the third most 

abundant element in the Universe. Depending on the conditions of pressure and temperature, 

O2 can form a gas, blue paramagnetic liquid (boiling point −182.96 °C), or a solid (with a 

freezing point −218.79 °C) or compression, which is crystalline and with further compression, 

becomes red (10 GPa) and then metallic (100 Gpa) (Moore, Stanitski et al. 2009). At standard 

temperature and pressure, O2 is an atmospheric gas,  is dissolved in water or embedded in 

carrier molecules such as silicone or haem structures (Emsley 2011). Although Heinrich 

Danneel and Walther Nernst first noted the electrochemical reductive capacities of O2 in 1897, 

this was only utilised in the 1940s to measure blood oxygenation. Bare platinum electrodes 

were first used, which are toxic when immersed in blood. However, by 1954, Leland Clark 

constructed a membrane-covered O2 polarographic electrode, which remains named after Clark 

and commonly used in the scientific community to this day (Severinghaus and Astrup 1986). 

At sea-water level and 20°C, the atmosphere contains 299 mg.L-1, which converted in SI-

derived units corresponds to 0.21 atm /160 mmHg / 21% O2 / 21.27 kPa. The latter represents 

the partial pressure of O2 (PO2), and is commonly used to refer to the O2 directly available for 

life, and PO2 also mediates diffusion between compartments. Physical factors such as 

temperature, pressure, hygrometry, salinity and pH affect O2 content. As such, freshwater and 

seawater under normoxia only hold around 9.09 mg.L-1 and 7.62 mg.L-1 dissolved O2, and 

oceans may store up to 70% of all O2 (Fenical 1983). 

In nature, O2 is mainly produced by splitting of water during photosynthesis (Walker 

2002), and is then consumed by cellular respiration. This makes O2 absolutely essential since 
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with the exception of few metazoans (Danovaro, Dell'Anno et al. 2010), most nucleated 

eukaryote cells depend on O2, as it is used to efficiently release sufficient energy to support 

DNA replication, protein synthesis, ionic balance and many fold other cellular functions (Lane 

2002). Indeed O2 is essential for collagen formation or more specifically hydroxyproline, and 

this was essential for the evolution of animals (Towe 1970). While O2 is utilised by other 

oxidases, it is primarily used by mitochondria for OxPhos. 

1.2. The other essential requirement for complex life: the mitochondrion 

The mitochondrion was first observed in 1841 (Ernster and Schatz 1981) but the organelle 

was properly described in 1890 by Richard Altmann, who recognised the granular structures 

as elementary for metabolism and cellular function (Altmann 1890). Altman originally coined 

the term “bioblast” (life germ), but the organelle was latter named “mitochondrion” (“μίτος-

χονδρίον”, “thread-granule” in Greek) 58 years latter by Carl Benda (Benda 1898). Lynn 

Margulis proposed that the mitochondrion was most likely once bacterial (Sagan 1967), and 

had been enveloped into an endosymbiotic relationship within an ancestral and possibly 

nucleated cell ~1.5 billion years ago (Portier 1918). 

It was 32 years after the discovery of adenosine triphosphate (ATP), or life’s energetic 

currency, by Karl Lohmann in 1929 (Lohmann 1929), that much debate ensued. Sir Peter 

Mitchell linked O2 consumption to mitochondrial ATP production via the process of oxidative 

phosphorylation (OxPhos) (Mitchell 2011). 

 

 

Figure 1. Electron micrograph of kidney 
mitochondria, x120,000 from Sjöstrand, 1953. 
(Taken from Enster and Schatz, 1981) 



 xi 

1.2.1. Oxidative phosphorylation 

Oxidative phosphorylation within mitochondria fundamentally relies on O2, and an 

electron source for the maintenance of a proton gradient (∆p), which constitutes of a chemical 

gradient (∆pH) and an electronic potential (∆Ψm). The establishment of ∆p separated by an 

impermeable barrier is a highly conserved feature and shared by every living organism, 

whether H+ (Na+ for some species) is derived from splitting of water, hydrogen-sulphite or 

carbon sources (Lane 2015). This gradient may even occur in non-living mineral structures that 

constitute deep-oceanic thermal vents that some propose to have originated life (Martin, Sousa 

et al. 2014). 

In the mitochondrion, hydrogens are stripped from carbon sources (sugar, lipids or 

proteins) through dehydrogenases and transferred to either nicotinamide adenine dinucleotide 

(NAD) and flavin adenine dinucleotide (FAD) to become the reduced equivalents NADH + H2 

and FADH2. The reducing power of these molecules motivates the transfer of electrons through 

the electron transport system (ETS), which is embedded within the inner mitochondrial 

membranes (Ernster and Schatz 1981). Electrons are transferred through the complexes of the 

ETS (the most common are Complexes I “CI”, II “CII”, III “CIII” and cytochrome c oxidase 

“CCO”) via electron carriers ubiquinol/ubiquinone (aka. co-enzyme Q10) and cytochrome c. 

This electrical potential is dissipated until they reach their final acceptor O2, which is reduced 

to form water (Brand and Murphy 1987, Eubel, Heinemeyer et al. 2004). However, during the 

transfer of electrons, CI and CCO undergo conformational changes, which physically pump 

protons (4 and 2 H+ respectively per 2 e-), while CIII transfers H+ (4 per 2 e-) as electrons arrive 

within ubiquinol and cycle through the Q-cycle. The transfer is directional (vectoral) and 

protons move from the matrix to the intermembrane space and this mediates the proton gradient 

(Brand, Brindle et al. 1999). The latter drives the molecular turbine F0F1-ATPase (or ATP 

synthase, or Complex V) to synthesise ATP from ADP and an inorganic phosphate Pi (Mitchell 

2011). For each rotation 3 ATP form, and in mitochondria of animals it appears 8 H+ mediate 

a single rotation (yeast require 10 H+)(Sielaff and Borsch 2013). Notably other less common 

mitochondrial complexes such as proline oxidase (Hancock, Liu et al. 2016), glyceraldehyde 

phosphate dehydrogenase (Masson, Hedges et al. 2017) and electron-transferring flavoprotein 
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dehydrogenase (Zhang, Frerman et al. 2006), are present in some mitochondria and contribute 

to electron transfer. 

Figure 2. Mitochondrial electron transport system linked to oxidative phosphorylation. 

 

OxPhos occurs across the inner-mitochondrial membrane. Although, some recent studies 

have presented evidence that H+ may interact with cardiolipins, which are phospholipid species 

found in mitochondria, chloroplasts and bacteria, and these may transfer H+
 through part of the 

membrane bi-layer from the F0F1-ATPase (Khalifat, Fournier et al. 2011). The arrangement of 

F0F1-ATPase dimers also shape the cristae membrane structure in to folded ridges with elevated 

negative charge densities within the folds (Davies, Anselmi et al. 2012) and these possibly 

potentiate H+ tunnelling towards F0F1-ATPase dimers and the optimise ATP synthesis and 

decrease the need for larger membrane potentials (Davies, Strauss et al. 2011, Cogliati, 

Enriquez et al. 2016). 
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1.2.2. Mitochondrial dynamics 

Mitochondria are usually described and presented as beans or round-shaped entities of a 

bacterial size 0.3-10 µm (Murphy, Lowekamp et al. 2010). This is a result of our general 

perspective from 2-dimensional electron micrographs. However, with the advancement of 

imaging resolution and 3D modelling, neuronal mitochondria appear to be arranged into 

complex networks (Rosselin, Nunes-Hasler et al. 2018), which is lost once sliced for imaging 

(Peddie and Collinson 2014). Live real-time imaging techniques have allowed observation of 

dynamic fusion and fission events (Friedman and Nunnari 2014). Regulation of morphology 

partially dictates the functioning of these organelles. Larger, actively connected mitochondria 

appear to perform better and produce less oxidant damage than single smaller isolated granules 

(Anastacio, Kanter et al. 2013). Inter-mitochondrial dynamics are regulated by the fusion 

proteins mitofusins 1 and 2 (Mfn1 and 2) and optic atrophy 1 (Opa1), whereas fission protein 

1 (Fis1), mitochondrial fission factor (Mff) and dynamin-related protein 1 (Drp1) are factors 

that promote fission (Carter, Chen et al. 2015). Fusion rates are usually in concordance with 

mitochondrial biogenesis and increases with a healthy lifestyle and exercise in animal models, 

whereas mitochondrial fission leads toward mitophagy, and accelerates with age and several 

diseases (Carter, Chen et al. 2015). Mitochondria are also actively transported along the 

cytoskeleton within some cells, including neurones, to specific cellular sites of high ATP 

demand (Anesti and Scorrano 2006). More recently, it has been discovered that mitochondria 

are shuttled between cells via tunnelling membrane-bound nanotubes when recruitment or 

repopulation is needed (Berridge, McConnell et al. 2016). This appears to occur in post-

ischemic brain within which, astrocytes appear to export mitochondria-containing vesicles to 

damaged neurones in vitro and in vivo (Berridge, Schneider et al. 2016). 

  

Figure 3. Mitochondrial fusion and fission rates dictate mitochondrial shape and function. Figure adapted from Friedman. J.R. 
2014, Nature, 505. 
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1.2.3. Reactive oxygen species production 

The first evidence that mitochondria produced reactive oxygen species (ROS) arose in 

1966 with the discovery that mitochondrial oxidation lead to the production of hydrogen 

peroxide H2O2 (Jensen 1966). It was later confirmed that the ROS intermediate H2O2 came 

from the dismutation of O2•
- by the superoxide dismutase (SOD) (Weisiger and Fridovich 

1973). Therefore, while mitochondria appear to master electron transfer, their controlled 

binding to O2 is not completely efficient. Electrons leak from the ETS under certain conditions 

and due to their extreme reactivity, react rapidly with O2 to form the anion superoxide O2•
-, 

one of the most “common” reactive oxygen species (ROS) (Boveris 1977). With a half-life of 

~1 µs, O2•
- is “moderately” reactive and has oxidising and reducing properties (Halliwell 1977). 

Figure 4. Mitochondrial ROS production and antioxidant systems. The production of O2
•− within the mitochondrial matrix, 

intermembrane space and outer membrane leads to the formation of H2O2 from SOD-catalysed dismutation. Some O2
•− can 

react directly with nitric oxide (NO•) to form peroxynitrite (ONOO−). There are also sources outside mitochondria that 
produce H2O2 directly. Within mitochondria H2O2 is degraded by glutathione peroxidases (GPx) or peroxiredoxins (Prx) which 
depend on glutathione (GSH) and thioredoxin-2 (Trx) for their reduction respectively. Glutathione disulfide (GSSG) is 
reduced back to GSH by glutathione reductase (GR). Trx is reduced by thioredoxin reductase-2 (TrxR). Both enzymes receive 
reducing equivalents from the NADPH pool, which is kept reduced by the �p-dependent transhydrogenase (TH), and by 
isocitrate dehydrogenase (ICDH). Figure adapted from Murphy, 2009, Biochem. J. 417. 
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With the addition of an electron and two protons, O2•
- can be reduced to H2O2, spontaneously 

or enzymatically via SODs. SOD exists as two intracellular and one extracellular isoforms 

(Sheng, Abreu et al. 2014). The copper/zinc SOD, encoded by SOD1 gene is primarily 

distributed within the cytosol while the Manganese SOD, encoded by SOD2, is mainly 

confined within the mitochondrial matrix (Tan, Pasinelli et al. 2014). SODs have relatively 

high intracellular activities, and keep the amount of O2•
- in the range of 10-200 pM (Cadenas 

and Davies 2000). However, these values are to be taken with caution, since the measurement 

of stable O2•
- levels are challenging (Murphy 2009). 

Arguably, H2O2 can be considered as an intermediate as the compound is relatively stable 

compared to other ROS, with a half-life of 1 ms (Mittler and Zilinskas 1991).Once produced, 

H2O2 can then be converted to water by various antioxidant enzyme such as catalase or 

ascorbate peroxidases (Benov 2001). However, when processed through Fenton or Haber-

Weiss reactions, it mediates the production of the hydroxyl radical •OH, which is substantially 

more reactive (Sharma, Jha et al. 2012). In addition, H2O2 can easily diffuse across biological 

membranes, mechanism facilitated with the presence of aquaporin in the plasma membrane 

(Bienert and Chaumont 2014), and diffuse up to ~40 µm and cause oxidative damage distally 

(Gáspár 2011). 

In mitochondria, electron leakage mainly occurs at the flavoprotein site of CI. This 

specifically occurs when the ∆p is high and the reduced Q-pool is therefore saturated, or when 

CI capacity is overwhelmed with high NADH+ levels (Murphy 2009). ROS production from 

CI enhances following anoxia and re-oxygenation, which promotes via a “reverse electron 

flow” (RET) from CII and the Q-pool to CI (Chouchani, Pell et al. 2014). This phenomenon is 

detailed in Chapter 3. 

Although ROS production appears to be low in physiological conditions, such as when 

mitochondria are producing ATP, ROS are formed and are involved in the regulation of 

multiple functions (immune, muscular, reproductive function, etc.) (Rigoulet, Yoboue et al. 

2011).  However, in excess ROS do have deleterious impacts (Boveris 1977, Murphy 2009). 

Oxidative damage occurs when labile molecules accept electrons. Not including antioxidant 

defences, the major targets are the cysteine residues contained at the periphery of various 

proteins and which oxidation may mediate conformation changes that alter protein structure 

and function (Miki and Funato 2012). ROS also target lipids of biological membranes, which 

peroxidation may lead to mitochondrial outer membrane permeabilisation (so called “MOMP”) 
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and release of apoptotic factors including cytochrome c (Orrenius and Zhivotovsky 2005). The 

third ROS target is DNA, where damage causes alterations and mutations that can change gene 

and cellular function and can promote ageing and cancers (Jena 2012). Notably, ROS 

production is most often measured in vitro within air saturated media and since ROS are PO2 

dependent (Makrecka-Kuka, Krumschnabel et al. 2015), mitochondrial ROS production may 

be over-estimated by 5-10 fold in most studies (Murphy 2009). 

1.2.4. Apoptosis 

Mitochondria do not just “power the cell” in order to transfer energy to sustain life. They 

paradoxically initiate intrinsic programmed cell death (Tsujimoto 1998). Mitochondria contain 

a heterogenous class of proteins that promote apoptosis once released intracellularly (Garrido, 

Galluzzi et al. 2006). One of them is cytochrome-c that once in the cytosol, binds to apoptosis-

protease activating factor 1 (Apaf-1), which on oligomerization forms the apoptosome (Zou, 

Li et al. 1999). Most of the cytochrome-c is electrostatically bound to anionic phospholipids 

such as cardiolipin and this ensures its primary function within the mitochondrion, i.e. the 

shuttling of electrons from CIII to CCO (Kagan, Borisenko et al. 2004). At least 15% of 

cytochrome-c is tightly bound to the inner-mitochondrial membrane. The rest of the 
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cytochrome-c pool is only weakly bound and can be easily released under stress conditions 

(Garrido, Galluzzi et al. 2006). 

 

Figure 5. Pro-apoptotic signalling and mitochondrial death pathway. External and internal stimuli motivate the release of 
cytochrome-c, which in turn activates the apoptosome and apoptotic pathway. Figure adapted from (Kinnally, et al., 2011). 

 
Cytochrome-c can be released through different processes that ultimately involve the outer 

mitochondrial membrane permeabilisation (so called “MOMP”). MOMP can be triggered with 

the binding of Bcl-2 oligomeric proteins, such as Bax and Bak, within the outer mitochondrial 

membrane (Kinnally, Peixoto et al. 2011). These proteins create “pores” that allow pro-

apoptotic compounds caged in the inter-membrane space to freely defuse in the cytoplasm 

(Kale, Osterlund et al. 2018). However, the structure of the cristae itself may prevent the release 

of cytochrome-c that appear to be mainly contained within cristae pockets. Cristae are dynamic 

structures whose shape changes under various conditions (Cereghetti and Scorrano 2006). 

Cristae-shaping proteins such as optic-atrophy 1 protein (OPA1) actively close the structure to 

form a bottle-like compartment. OPA1 denaturation/alteration has been linked with 

cytochrome-c release and apoptosis (Cogliati, Enriquez et al. 2016, Lee, Smith et al. 2017). 

More passive hypo-osmotic shock and ischemia-reperfusion may also impair mitochondrial 

structure and lead to defective function of mitochondrial complexes, which in turn activates 

apoptosis (Kuznetsov, Schneeberger et al. 2004). As a result, the mitochondrial shape is 
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actively involved in the regulation of mitochondrial mediated cell death pathways (Cereghetti 

and Scorrano 2006). 

MOMP may also be triggered by the mitochondrial permeability transition pore (mPTP), 

which is the agglomeration of the voltage-dependent anion channel (VDAC) and recent studies 

revealed that the ATPase itself would be a major component (Bernardi 2018). 

1.2.5. Mitochondrial dysfunction 

Diseases from mitochondrial dysfunction range from rare monoallelic mutations to 

common groups of inherited metabolic disorders including cardiovascular, neuromuscular, 

neurodegenerative and metabolic diseases (Gorman, Chinnery et al. 2016). Although the 

effects of single mtDNA or DNA mutations have been relatively well-defined (Greaves and 

Taylor 2006), the connection between mitochondrial dysfunction and physiological disorders 

remains less well understood. However, a loss of efficient ATP supply to the cell will clearly 

be detrimental and if severe promotes necrosis (Sielaff and Borsch 2013). 

Mitochondria retain multiple copies of mtDNA encoding 13 proteins for most animals. 

Yet the other putative~1500 proteins in mitochondria are encoded by the nuclear-DNA and 

depend on a complex machinery for their import, processing and assembly within the 

mitochondrion (Brand and Nicholls 2011). The pathophysiology of genetic mutations 

involving mtDNA, linked or not to nuclear-DNA, is complex since the presence of multiple 

mtDNA copies within a cell lead to a heteroplasmic mixture of wild-type and mutated 

genomes, and the effects on the phenotype is dependent on the mutation abundance and 

importance of the gene (Taylor and Turnbull 2005). The most common mtDNA mutations 

come from the maternal inherited transmission, although a recent study questions this dogma 

with occasional evidence of paternal mtDNA in the offspring (Luo, Valencia et al. 2018). The 

first evidence of pathogenic mtDNA mutation appeared in 1988 (Holt, Harding et al. 1988) and 

currently more than 250 mtDNA mutations have been identified and impacts 1/3500 people 

(Taylor and Turnbull 2005), with syndromes such as Leigh’s, Pearson’s and Kearns-Sayre’s 

syndromes (Tuppen, Blakely et al. 2010). 

Mitochondria have multi-scalar regulatory influences on various cellular functions, hence 

it is no surprise that mitochondrial energy metabolism, dynamic, redox state, ROS production, 

ion balance and many other functions play important roles in these diseases. For instance within 

the brain, mitochondrial Ca2+ buffering is important as its concentration modifies neuronal 
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excitability and mitochondrial dysfunction in this context is involved in multiple brain 

pathologies such as autism, Alzheimer’s, Parkinson’s, Huntington’s and motoneuron diseases 

(Duchen 2012). 

1.3. Hypoxia and the metabolic cascade 

“Simply put, hypoxia is a shortage of O2” (Farrell and Richards 2009). However, this 

simple definition does not represent the multiple arrays of O2 shortage that depend on the level 

and the time of the exposure (Farrell and Richards 2009). Hypoxic levels are therefore 

challenging to classify and need to be defined within a context. For the purpose of this thesis, 

I will only focus on cellular hypoxia triggered by a deficiency in O2 delivery (i.e. not a chronic 

exposition to hypoxic levels, such as life at high altitude). This can be caused naturally by 

hypoxic exposure where an animal is an oxy-conformer, and cannot longer sustain O2 delivery 

to tissues (Webster and Charlotte 1975), or pathologically with ischemic insult (Lambotte 

1977). 

 

Figure 6. The hypoxic cascade. Figure taken from Boutilier and ST-Pierre, 2000. 
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1.3.1. Depletion of energy stores 

O2 diffuses from the environment into the blood from alveoli of terrestrial vertebrate lungs, 

the gills of mature marine vertebrates or passive cutaneous diffusion. O2 transport and diffusion 

is generally facilitated by the presence of haemoglobin, which carries 98% of the total blood 

O2 and at a concentration that can be regulated by the organism (Kaufman and Dhamoon 2018). 

In vertebrates, the arterial blood PO2 ranges from ~5 kPa in fish to ~13.3 kPa in mammals 

(including humans) and ~18 kPa in birds (Schulte, Kunter et al. 2015). In the capillaries, the 

haemoglobin affinity to O2 is no longer sufficient to retain O2 and it is unloaded to freely diffuse 

to the proximal cells. Cellular PO2 is around 2.5 kPa, and may fall below 1 kPa at the 

mitochondrion (Gnaiger, Lassnig et al. 1998), although this PO2 estimate may be 

underestimated (Mik 2013). CCO has a low KM (i.e. high affinity) for O2 and therefore changes 

in PO2 should have little effect on mitochondrial function (Krab, Kempe et al. 2011). 

Since electrons can no longer be transported to O2 in anoxia, ∆p cannot be maintained 

(Sanderson, Reynolds et al. 2013). With the loss in membrane potential, the ATPF0-F1 appears 

to reverse, and therefore acts as a proton pump, which may transiently add to the maintenance 

of ∆p. This consumes substantial amounts of ATP and rapidly depletes energy stores 

(Chinopoulos, Gerencser et al. 2010, Pham, Loiselle et al. 2014, Power, Pearson et al. 2014). 

While O2 delivery to mitochondria diminishes in hypoxia, and electron transfer within the ETS 

and OxPhos rates fail to be sustained, ATP production from mitochondria decreases (Lambotte 

1977). Energy demands for ion balance homeostasis of cells may require increases in anaerobic 

ATP production. Phosphocreatine within muscle and neuronal tissues can also donate a 

phosphate to ADP and rapidly buffer local energy imbalance in a thermodynamically 

favourable manner (Kitzenberg, Colgan et al. 2016). However, while the initiation of this 

pathway is almost instantaneous, phosphocreatine stores exhaust only a few seconds after 

recruitment (Bogdanis, Nevill et al. 1996). 

Adenylate kinase is another single-enzyme pathway that temporarily buffers ATP levels with 

the conversion of two ADPs to an ATP and AMP (Zeleznikar, Dzeja et al. 1995). These two 

enzymes parallel the main anaerobic ATP producing pathway of glycolysis. Glycolysis is ~15 

fold less efficient than aerobic metabolism (Zeleznikar, Dzeja et al. 1995, Lutz and Nilsson 

1997), and while providing a support for ATP maintenance, enhanced and prolonged glycolytic 

rates mediate a rapid depletion of carbohydrate stores and the accumulation of waste products 
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(discussed in chapter 3). For example, ischemic brain of hypoxia-sensitive species can only 

function for ~15 min on anoxia (Barros 2013). 

1.3.2. Metabolic acidosis: 

In hypoxic or anoxic conditions, O2 becomes limiting and OxPhos ATP production is 

compromised. Under these conditions, vertebrate cells increase anaerobic metabolism 

activities, and as hypoxia continues, glycolysis may become limited by substrate availability 

and diminished ATP production mediates rapid depletion of ATP stores (Pamenter 2014). Each 

ATP hydrolysed mediates the release of one proton H+ (Wilson 1988) and acts in conjunction 

with glycolysis in the accumulation of metabolic intermediates and end products (Azarias, 

Perreten et al. 2011), and metabolic acidosis (Robergs, Ghiasvand et al. 2004). Although 

contentious, lactate is thought to be oxidised by neurones (Quistorff, Secher et al. 2008, 

Gallagher, Carpenter et al. 2009, Barros 2013, Riske, Thomas et al. 2017) and also participates 

to intracellular acidosis (reviewed in Kraut and Madias 2014). In the ischemic brain, up to 60% 

of glucose can be metabolised to lactate (Teixeira, Santos et al. 2008, Dienel 2012) and its 

accumulation has been shown to associate with hypercarbia and acidosis (Rehncrona 1985, 

Katsura, Ekholm et al. 1992). 

In most vertebrates, acidosis rapidly occurs and compromises brain function within minutes of 

anoxia (Katsura, Ekholm et al. 1991), and this promotes irreversible cellular damage 

(Rehncrona and Kagstrom 1983, Rehncrona 1985, Rehncrona 1985). Intracellular acidosis 

affects various cellular functions as the protonation of any chemical entities relies in part on 

surrounding pH (Talley and Alexov 2010). Intracellular acidosis enhances lipid peroxidation 

(Siesjo, Bendek et al. 1985), protein denaturation (Kraig and Wagner 1987), and alters DNA 

stabilisation, membrane conductance and muscle contraction (Roos and Boron 1981, Putnam 

2012). It can also alter mitochondrial respiration (Hillered, Ernster et al. 1984, Pileggi, Hedges 

et al. 2018) induce excess ROS release from mitochondria (Selivanov, Zeak et al. 2008), and 

below pH 6.8 acidosis inhibits the hydrolytic role of the ATPF0-F1 in isolated myelin vesicles 

(Ravera, Panfoli et al. 2009). 

Cells benefit from pH buffering capacities that can protect the intracellular compartment to a 

certain extent. Most physiological pH buffering is from the bicarbonate system, CO2/HCO3
-, 

or where CO2 is exhaled from the lungs, excreted in urine under its natural form, or utilised for 

ammonia clearance (Vaughan-Jones and Spitzer 2002, Krieg, Taghavi et al. 2014). Intracellular 

HCO3
-is regulated by the Cl-/ HCO3

- antiport, which is dependent on Na+ balance and PCO2 
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(Madshus 1988). A second mechanism is the active extrusion of proton or weak acids from the 

cell, although this only shifts acidosis to an extracellular compartment for excretion (this 

includes lysosomes that maintain pH as low as 4 U) (Madshus 1988). Finally, peptides 

carnosine and anserine, which contain histidine-imidazole and many proteins are also major 

intracellular buffers, which at high intracellular concentrations buffer metabolic acidosis 

(Lancha Junior, Painelli Vde et al. 2015). 

1.4. Hypoxia tolerance in aquatic vertebrates 

Hypoxia-tolerance arose from the diversification of habitat occupation by aerial, terrestrial 

and aquatic organisms that are accustomed to episodic and/or frequent hypoxic or anoxic 

exposure. Oxygen content in an aquatic environment is dictated by water salinity, temperature, 

spatial flow (mixing), photosynthesis and respiration rates (Lushchak and Bagnyukova 2006). 

Since O2 diffuses only 1/10,000 as fast in water relative to in the atmosphere, hypoxia rapidly 

occurs when respiration exceeds O2 production and diffusion rates. Therefore, relative to 

terrestrial species, marine organisms are constantly exposed to fluctuating O2 concentrations 

and present interesting models to explore hypoxia-tolerance. 

As the environmental PO2 decreases, aquatic organism can adapt some behavioural responses 

to extract more O2. Escape behaviour and seeking for normoxic areas in the water column may 

be one of the most obvious means to avoid hypoxia, however some species cannot move in 

environments such as estuaries, and rock-pools at low tide (Richards 2011). These restricted 

environments may be particularly variable as overnight resident algae cease to photosynthesise 

and solely respire, and can become hypoxic and approach anoxia. Some fish have developed 

different behavioural strategies such as aquatic surface respiration, commonly used by catfish, 

gobies, sculpins, gourami, sticklebacks or the mummichog. Some teleost species also use air-

breathing, which consist in locking an air bubble in the gill allowing the diffusion of O2 into 

the blood circulation, which in effect is a simple lung (Chapman, Chapman et al. 2002, Bickler 

and Buck 2007). Fanning behaviour has also been observed for gobies and clownfish, which 

create a continuous water flow around eggs (Meunier, White et al. 2013). 

Aquatic species that do not display such traits, or cannot access the surface, or have poor dermal 

gas diffusion appear to have developed physiological adaptations that permit survival in 

hypoxia. Hypoxia-tolerant species have solved this problem at different scales. In order to meet 

O2 demands, an organism may regulate oxygen through increasing O2 supply (by releasing 

more red-blood cells, altering haemoglobin affinities and increasing ventilation and blood flow 
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etc.), or conforming to low O2 and suppressing metabolism and enduring hypoxia (Chapman 

and McKenzie 2009). Elevated ventilation rates coupled with a greater blood-O2 binding (e.g. 

through erythrocyte cell volume and ATP or GTP regulation, and Hb isoforms) and O2 delivery 

(greater cardiac output and diffusion to the tissues), and therefore equilibrate the balance to a 

certain PO2 threshold, below which all species become oxy-conformers.  

At the organismal level, hypoxia-tolerant species appear to share a similar response of 

bradycardia (slowed heart rate) at a threshold determined as Pcrit (critical oxygen tension at 

which the organism cannot make physiological adjustments that sustain its normoxic metabolic 

rate) (Gamperl and Driedzic 2009). Pcrit is a useful indicator for estimating hypoxia tolerance 

across species (Speers-Roesch, Mandic et al. 2013) that do not undergo metabolic depression 

(Wood 2018). Species with a low Pcrit appear to tolerate hypoxic or anoxic events better than 

species displaying physiological adjustments at higher PO2. However, there is contention on 

this point as some hypoxia tolerant species may respond by suppressing metabolism at 

relatively high PO2 (Wood 2018). Bradycardia likely saves ATP stores in the heart, but also 

allows a greater diffusion time for O2 into the myocardium and other tissues (Speers-Roesch, 

Sandblom et al. 2010). Stroke volume and cardiac output however, varies among vertebrates 

and hypoxia-tolerant species. While the hypoxic crucian carp and hibernating squirrel may 

decrease cerebral blood flow (Larson, Drew et al. 2014), it has been demonstrated that the HT 

epaulette shark can maintain a constant cerebral blood flow (Renshaw and Dyson 1999) despite 

depressing ventilation (Routley, Nilsson et al. 2002). Although oxy-conformation is evident at 

the systemic level these species survive under prolonged hypoxia and have likely developed 

adaptations at the tissue, cellular and subcellular levels. 

The most extreme anoxia-tolerant vertebrate currently known is the freshwater turtle 

(Chrysemys picta) that can survive impressively up to four months of dormancy when trapped 

in frozen lakes (Jackson, Herbert et al. 1984). To do so, the turtle enters metabolic suppression 

and drastically supresses ATP consumption rates by 94% relative to the active state 

(Hochachka, Buck et al. 1996). In normoxic turtle brain, the Na+ / K+ ATPase consumes around 

19 µmol.g-1.h-1 ATP to maintain neuronal ion balance but this drops down to ~5 µmol.g-1.h-1 

ATP in the anoxic brain and along with the suppression of other ATP demands, adenylate 

turnover is relatively well maintained (Hochachka, Buck et al. 1996). The crucian carp 

(Carassius carassius) and its cousin the goldfish (Carassius auratus), also enter metabolic 

suppression and can sustain months or hours, respectively (Johansson, Nilsson et al. 1995, 

Bickler and Buck 2007). While these species benefit from cold temperatures, which slows 
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enzymatic activity and metabolism in general, metabolic suppression also occurs in some 

species that live at higher temperatures, approaching those of mammals (Nilsson and Renshaw 

2004). The epaulette shark (Hemiscillium ocellatum) lives on the reef platforms of Northern 

Australia and Southern Indo-Pacific, which frequently hold hypoxic and anoxic water at 

nocturnal low tides (Nilsson and Renshaw 2004). More details of the epaulette and a close 

anoxia-tolerant relative shark, the grey carpet shark (Chiloscyllium punctatum) are presented 

in Chapter 5. 

To maintain a certain ATP production level, anoxia-tolerant species appear to share high 

glycogen stores that sustain glycolysis for extensive periods of hypoxia or anoxia (Bickler and 

Buck 2007). Preconditioning to hypoxia also appears to increase glycogen storage and 

degradation (Cox, Sandblom et al. 2011, Galli, Lau et al. 2013, Mandic, Speers-Roesch et al. 

2013, Larson, Drew et al. 2014). Problematically, sustained anaerobic pathways leads to the 

accumulation of lactate, which may have deleterious effects (as discussed above). To our 

knowledge, there have only been a few evolutionary solutions for dealing with excess lactate 

and associated “acidosis”. The freshwater turtle (Chrysemys picta) displays a remarkable 

mechanism, where during prolonged anoxia in the cold, lactate and calcium reach high levels 

in blood. At these concentrations, both compounds spontaneously form the complex calcium-

lactate. Lactate is taken up and bound to calcium by the freshwater turtle shell and skeleton, 

and this decreases free levels of these compounds and permits continued glycolysis (Jackson 

2004). On reoxygenation the energy of released lactate can be re-harnessed (Sun, Li et al. 

2017).  

The crucian carp (Carassius carassius) and the goldfish (Carassius auratus) also avoid 

lactate accumulation through its decarboxylation to ethanol. Brain lactate is exported to red 

hypaxial swimming muscles where it is oxidised to pyruvate, imported into mitochondria and 

converted into ethanol due to a mutation in pyruvate dehydrogenase. Ethanol can then be 

released at an energetic loss through the gills into the surrounding water (Lutz and Nilsson 

1997, Mandic, Lau et al. 2008). With some of the highest glycogen stores, Carassius can 

sustain weeks of anoxia and avoids extreme cellular acidosis. 

Although the hypoxia and anoxia-tolerance of the species described above are 

undisputedly impressive, the lack of truly comparable sensitive species does not allow for 

resolution as to whether hypoxia-tolerance emerged from a common ancestor or from 

independently evolved adaptation. The best way to reveal physiological adaptations in an 
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evolutionary contexts relies on the comparison of phylogenetically closely related species 

through the comparative method (Pagel 1997). In aquatic vertebrates, only the sculpin 

(superfamily Cottoidea) is to our knowledge the model that has been most extensively studied 

using a comparative physiology approach, with more than 15 species displaying various 

degrees of hypoxia-tolerance (Richards 2011). Sculpins are small benthic fish belonging to the 

Scorpaeniformes order and are therefore likely to be predisposed to have low metabolic rates. 

Sculpins occupy the nearshore environment with species inhabiting the subtidal zone, which 

varies in oxygenation, and species inhabiting the intertidal zone are also subject to the ebb and 

flow of tides and exposed to drastic PO2 fluctuations (Richards 2011). As predicted, 

behavioural and physiological traits correlate with hypoxia-tolerance. Intertidal sculpin species 

display a lower critical oxygen tension (Pcrit), which correlates with delayed loss of equilibrium 

(LOE) (Mandic, Speers-Roesch et al. 2013). The gill surface areas of most of the intertidal 

species are greater relative to subtidal species, along with higher O2 carrying capacities, which 

allowed the fish to extract more oxygen (Mandic, Sloman et al. 2009). Mitochondria also 

appear to play an important role in the hypoxia-tolerance of sculpin species as the organelle 

displayed a greater O2 affinity, which was partially explained by CCO isoforms having greater 

O2 binding properties (Lau, Mandic et al. 2017).  

1.5. New Zealand triplefin fish as unique model to test hypoxia 

New Zealand triplefin fish (Family Tripterygiidae) are a small carnivorous benthic fish 

characterized by three dorsal fins and varying body scales patterns. They have no swim bladder, 

and adults are generally small, i.e. approximately 4-16 cm although some species may reach 

30 cm long (Fricke 1994). Tripterygiidae consists of 30 genera and around 130 species 

distributed worldwide, with much of this diversity endemic to New Zealand, with 14 genera, 

including 26 genetically closely related nominal species (Feary, Wellenreuther et al. 2009). 

New Zealand triplefin species (“triplefins” for now on) appear to have radiated from a common 

ancestor 12-25 million years ago yet are broadly distributed all around New Zealand (Hickey, 

Lavery et al. 2009). Most triplefins occupy coastal rocky-reefs, with one species, Bellapiscis 

medius, exclusively inhabiting intertidal rock-pools and three species living in deep-abyssal 

waters down to 500 m. Triplefins display high site fidelity (Feary 2006), which consistency 
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with habitat partitioning, makes these species great models to study adaptations related to their 

respective ecophysiologies. 

Adult rocky-reef triplefins feed on small crustaceans and invertebrates they engulf whole. 

While they tend to move in short hops (except for Forsterygion maryannae a paedomorphic 

semi-pelagic species), but can burst swim to a safer area when chased. They appear to mostly 

sit on the substratum, spreading their pectoral fins and ventral rays for support. Doing so, they 

can hold position in surge, facing into the flow (Feary 2006). Triplefins breed in autumn and 

usually spawn after winter, after which they may live up to two to three years (Clements 2006). 

Protected under depressions, boulders or in rock cracks, males maintain nests that can contain 

thousands of eggs of around 1 – 1.5 mm that the male fans until they have hatched (Clements 

2006). 

This thesis focuses on the interspecific differences in how New Zealand triplefin fish, and 

hypoxia tolerant shark brain mitochondria manage, or behave with fluctuating PO2 and 

acidification. Brain was chosen as this is a tissue has a high sensitivity to low PO2.  
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Figure 7. Triplefin fish species used as model for this thesis. The exclusive rockpool Bellapiscis medius (top left), the 
estuarine Forsterygiion capito (top right), the common triplefin, found intertidally and subtidally, F. lapillum (second row), 
the subtidal F. malcomi (bottom left) and F. varium (bottom rights). 
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1.6. Research goals 

The aim of this thesis was to determine if there were brain mitochondrial adaptations in 

intertidal species such as New Zealand triplefin fish, and epaulette sharks, which have evolved 

to avoid hypoxia, and/or reoxygenation. New Zealand triplefin fish species with various 

degrees of hypoxia-tolerance were contrasted to resolve evolutionary adaptations. While 

anoxia-tolerance has been verified in two bamboo shark species, we also tested the 

mitochondrial response to hypoxia in these elasmobranch lineages, which group has survived 

through mass extinction events (including that of the dinosaurs), and explore more recently 

evolved teleost groups such as the triplefin fish. Mitochondrial function was tested in brain 

tissue, as the brain is highly aerobic and sensitive to O2 fluctuations. The thesis is arranged as 

a series of stand-alone studies that have been published or are currently under review in and 

for international journals. 

In Chapter 2, the objective was to verify hypoxia-tolerance in intertidal triplefin fish 

species relative to subtidal species. Tests were undertaken of whether mitochondrial respiration 

and CCO capacity would correlate with markers of hypoxia-tolerance as observed in sculpins. 

Chapter 3 addresses whether lactate-mediated acidosis was better tolerated by hypoxia-

tolerant triplefins, and questions whether extra-mitochondrial protons would support ATP 

production, independently of OxPhos. This was also done in a novel approach of inducing 

progressive acidosis. This chapter has been published as “Acidosis maintains the function of 

brain mitochondria in hypoxia-tolerant Triplefin fish: a strategy to survive acute hypoxic 

exposure?” in Frontiers of Physiology, Dec 2018. 

In Chapter 4, ROS production was assessed post an acute episode of anoxia-

reoxygentaion in vitro and with graded succinate. In this context, I aimed to answer whether 

electrons were better managed in hypoxia-tolerant triplefins. For the first time, this was 

undertaken from a saturated PO2 to anoxia and with consideration of sequential titration of 

mitochondrial substrates. 

Chapter 5 reflected experiments performed in chapter 4, however using a different 

hypoxia-tolerant model. The effect of graded succinate and acute hypoxia-reoxygenation was 

tested in two anoxia-tolerant sharks. This was to compare mitochondrial traits in species that 

have evolved 60 million years ago (Gates, Gorscak et al. 2019), as opposed to the ~2-4 million 

year old group of New Zealand triplefins (Fricke 1994). The chapter is currently published in 
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the Journal of Experimental Biology (JEB) as “Mitochondrial plasticity in the cerebellum of 

two anoxia-tolerant sharks: Contrasting responses to anoxia/reoxygenation”. 

In Chapter 6, I outline the main findings of my thesis and discuss potential linkages 

between traits of mitochondrial function, and suggest future avenues of study. 
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Chapter 2. : Hypoxia-tolerance and 
mitochondrial adaptations in the brain of 
intertidal and subtidal New Zealand 
triplefin fish  



 xxxi 

2.1. Introduction 

Adaptations to hypoxia occur at all biological levels, from behavioural adjustments to 

transcriptomic alterations (A.L. Val 1998). The primary drive centres on oxygen transport from 

the environment through the blood, down to its main consumer at the subcellular level, i.e. 

mitochondria. The mitochondrion oxidises carbon sources and reduces O2 to water in order to 

conserve chemical energy in the form of ATP (Ernster and Schatz 1981, Mitchell 2011). 

Adaptation of mitochondrial structure and function appears to be a key player in hypoxia-

tolerance (reviewed in Pamenter 2014), although these adaptations are not universally shared 

by all hypoxia and anoxia tolerant species (Bickler and Buck 2007, Gorr, Wichmann et al. 

2010, Galli and Richards 2014). 

Some species have developed physiological adaptations to face extreme environments 

such as those with dramatic O2 fluctuations, and represent great natural models (Garland, 

Bennett et al. 2005). However, in an evolutionary context, most organisms studied to unravel 

traits of hypoxia-tolerance have been lacking from truly comparable hypoxia-sensitive 

controls. The best way to reveal physiological adaptations relies on the comparison of 

phylogenetically closely related species (Pagel 1997). The marine fishes known as sculpins 

provides a strong model of hypoxia-tolerance in vertebrates, with more than 15 species having 

graded levels of hypoxia-tolerance depending on the prevalence of environmental hypoxia in 

each species native habitat (Mandic, Todgham et al. 2009). Mitochondrial affinity to oxygen 

also correlated with the hypoxia-tolerance of these fishes and this underlies the importance of 

the organelle in hypoxia-tolerance (Lau, Mandic et al. 2017). 

The New-Zealand triplefin fish (Family Tripterygiidae) group consists of 26 endemic 

species occupying stable normoxic habitats, with three species having evolved to inhabit 

intertidal rockpools that can become hypoxic at low tide (Hickey and Clements 2005, Hilton, 

Wellenreuther et al. 2008, Hilton 2010, McArley, Hickey et al. 2018). While not linked to 

hypoxia, there is some evidence of selective pressure on mitochondrial genes within rockpool 

species relative to subtidal species (Hickey, Lavery et al. 2009), and this suggests that 

mitochondrial function may vary among triplefin species. With this other evolutionary model 
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of hypoxia-tolerance, the aim of this study was to determine whether adaptations of the 

mitochondrial function may have contributed to hypoxia-tolerance in intertidal triplefins. 

First, we assessed the hypoxia-tolerance of the four triplefin species. Rested fish were 

placed in respirometry chambers and measurements of standard metabolic rates from normoxia 

to sever hypoxia (2 kPa) were performed in order to determine Pcrit., the O2 tension at which 

an organism no longer maintains standard metabolic rate. We also assessed the loss of 

equilibrium (LOE) to seek for correlation between both parameters. We predicted that intertidal 

species would display lower Pcrit and delayed LOE relative to the subtidal species. We then 

measured O2 consumption in vitro, in brain homogenate and permeabilised brain, and assessed 

the mitochondrial affinity to O2 (mP50) and O2 catalytic efficiencies (Kcat,app). While 

homogenate preparation accounts for endogenous substrates and relative tissue O2 diffusion, 

that likely better represent respiration occurring in brain in vivo, permeabilised brain allows the 

assessment of maximal mitochondrial respiration in situ. Both preparations conjointly 

informed on O2 consumption at various mitochondrial states and O2 consumption profiles 

assessed here from 20.5 kPa to anoxia. In addition, we also measured CCO activity and 

inhibition-curve mediated by sodium-aside to determine whereas the O2 consuming enzyme 

would be a major determinant of hypoxia-tolerance in triplefin fish species. 

2.2. Material and Methods 

2.2.1. Experimental animals and housing 

The animals used in this study were adult specimens collected from sites on the northeast coast 

of the Auckland region. The rock pool specialist Bellapiscis medius (BM) was caught from 

high intertidal pools using hand nets, while the occasionally intertidal and shallow subtidal 

species Forsterygion lapillum (FL) was caught using minnow traps from nearshore subtidal 

sites (<1m). The deeper dwelling exclusively subtidal specimens F. varium (FV) and F. 

malcomi (FM) were caught with hand nets by divers at a depth of 10-15m. The experiments 

carried out in this study were performed at two research facilities. The fish used in the loss of 

equilibrium trials and mitochondrial assays were housed in a recirculated seawater facility at 

the University of Auckland’s School of Biological Sciences. These fish were held in 30 L tanks 

provided with a constant flow of recirculated seawater (20 ± 1°C, air saturated, 200 μm filtered, 

35 ppt salinity). The fish used for whole animal respirometry were housed at the Leigh Marine 

Laboratory in 30 L flow-through seawater tanks (20 ± 0.5°C, air saturated, 200 μm filtered, 35 

ppt salinity). All fish were acclimated to laboratory conditions for at least 2 weeks prior to the 
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start of experiments and were fed ad libitum on a mixture of shrimp, mussel and fish. Food was 

withheld for a period of 48 h prior to the start of experiments. All capture, housing and 

experimental procedures were performed under the approval of the University of Auckland 

ethic Committee (Approval 001551). 

2.2.2. Whole animal respirometry and determination of critical oxygen tension 

The Pcrit  of each species (N=10 per species) was determined at 20°C using automated 

intermittent stop-flow respirometry (Steffensen 1989) to measure mass-specific O2 

consumption (ṀO2; mg O2 g -1 h -1). The design of the respirometers, general respirometry 

methods and procedure for ṀO2 calculation are described in detail in McArley et al., (2018). 

Pcrit was defined as the oxygen tension where ṀO2 under a progressive hypoxia exposure could 

no longer be maintained above standard metabolic rate (SMR; ṀO2 in a rested post-absorptive 

unfed animal) (Claireaux and Chabot 2016). The protocol for Pcrit determination began with an 

overnight period (~16 h) of respirometry where ṀO2 was assessed repeatedly over 7-8 min 

cycles in undisturbed fish under normoxia. SMR was defined as the mean of the lowest 10% 

of ṀO2 measurements made during the overnight period (Khan, Pether et al. 2014, Norin, Malte 

et al. 2014, McArley, Hickey et al. 2017), which likely corresponded to periods when fish were 

completely inactive as these species are benthic and tend to perch in a stationary position on 

the bottom of the respirometers. ṀO2 measurements were then made at decreasing O2 tensions 

(~15.3, 11.6, 7.4, 6.3, 5.2, 4.2, 3.3, 2.3 and 1.6 kPa) and the required water O2 levels were 

achieved by bubbling nitrogen into the seawater reservoir supplying respirometers. Three 7-8 

min ṀO2 measurements were made at 15.3, 11.6, 7.4, 6.3, 5.2 and 4.2 kPa, and one 7-8 min 

measurement at 3.3, 2.3 and 1.6 kPa. The entire progressive decline in O2 tension was 

completed in ~3 h and the time length of exposure to each O2 tension was the same for each 

species. To estimate Pcrit, SMR and ṀO2 during progressive hypoxic exposure were first mass 

corrected (see below), then plotted against water O2 tension. A linear regression (forced 

through zero) was then established on ṀO2 values that fell below SMR and Pcrit was calculated 

by dividing SMR by the slope of this regression line (i.e. the point where ṀO2 under 

progressive hypoxia could no longer be maintained above SMR; see Fig. 1A) (Schurmann and 

Steffensen 1997, Behrens and Steffensen 2007, Cook, Iftikar et al. 2013, Cumming and Herbert 

2016). 

To account for body mass differences between species the ṀO2 values were standardised 

to the mean body mass of all fish (3.5 g) used for whole animal respirometry. Body mass 
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correction of ṀO2 values was carried out using the standard formula outlined in (Schurmann 

and Steffensen 1997) and a mass scaling exponent of 0.8 (Clarke and Johnston 1999). 

2.2.3. Loss of equilibrium 

Three 48h starved individuals of each species were placed in 40L tanks (total of three) and 

let to recover overnight. Sea water PO2 was monitored using NeoFox-GT sensors (Ocean 

Optics©, Inc). Hypoxia was induced with N2, bubbled to progressively decrease the PO2 until 

1.5 kPa, which was reached in ~30 min and manually stabilised until all fish were processed. 

A clear plastic film was placed over the tank, in contact with water to withdraw access for 

potential aerial respiration. 

While for the Forsterygiion fishes (FL, FV and FM), the loss of equilibrium (LOE) was 

determined when the fish was no longer balanced in the water column after swim burst, BM 

and some FL LOE was determined after the fish was “tipped over” and would not 

spontaneously regain equilibrium. 

While determined by two different methods, the PO2 and the time of LOE was uniformly 

distributed using both methods in FL, and this comforts the relevance in LOE determination 

using our hypoxic induction profile (displayed Fig. 1B). Time and the PO2 at which fish lost 

equilibrium were considered for LOE measurements, which was expressed as s.pKa-1. 

2.2.4. Tissue and mitochondrial respirometry 

All fish were euthanized by section of the spinal cord at the skull. In experiments using 

homogenates, the brain was dissected, and excess blood was removed prior to weighing and 

introduction in tissue respirometry chambers within a maximum of 30 sec. In experiments 

using permeabilised samples, immediately after removal, brains were placed in ice-cold biopsy 

buffer containing (in mM hereon, unless stated) 2.77 CaK2 EGTA, K2 7.23 EGTA, 5.77 Na2 

ATP, 6.56 MgCl2.6H2O, 20 taurine, 15 Na2-phosphocreatine, 20 imidazole, 0.5 DTT, 50 

KMES, 50 sucrose, pH 7.22 at 20°C (Gnaiger, Kuznetsov et al. 2000). Cellular 

permeabilisation was undertaken by the addition of 50 µg.ml-1 freshly prepared saponin and 

left for 30 min of gentle agitation in cell culture plastic plates held on ice. The permeabilised 

tissue was then removed and washed three times for 10 min in ice-cold respiration medium 

(containing 0.5 EGTA, 3 MgCl2.6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 2.5 HEPES, 

30 MES, 160 sucrose, 1 g.l-1 BSA, pH 7.22 at 20°C) prior to its addition in respirometry 
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chambers. Fish were weighed and measured after dissection and the brain proportion was 

calculated relative to body mass. 

Respiration was measured with Oroboros™ O2ks (Innsbruck, Austria). The O2 electrode 

was calibrated from 0-20.46 kPa PO2 (0-100% air saturation, 262 µM dissolved O2 equivalent 

at 20ºC and 101 kPa) prior to respirometry assays. Brains (around ~5 mg homogenate or 

permeabilised) were introduced in the respirometry chambers containing 2 ml respiration 

medium calibrated prior to experiment at 100% O2. After signal stabilisation and the 

measurement of the routine state in brain homogenates, saturated mitochondrial substrates 

(pyruvate, malate, glutamate and succinate) and ADP were added to allow for maximum 

oxidative phosphorylation (OxPhos). The medium was then re-aerated fully and brains were 

left to deplete O2 until anoxia was held for ~5 min and after which re-oxygenation was 

performed. In chambers containing permeabilised brain, oligomycin (5 µM) was added to 

measure respiration attributed to proton leak (Leak), followed by carbonyl cyanide m-

chlorophenyl hydrazone (0.5 µM titration steps until signal stabilisation) to measure the 

maximum O2 consumption capacity of the electron transport system when uncoupled from 

OxPhos. In all assays, cyanide (1 mM) was added to measure non-mitochondrial O2 

consumption, which was then subtracted from raw respiration data. 

2.2.5. Determination of mitochondrial affinity to O2 

Respirometry data was recorded with DatLab software with the minimum smoothing to 

maximise resolution, especially at low PO2. Correction for time response of the electrode was 

also accounted (Gnaiger 2008). Above 2.05 kPa, a moving average of 20 seconds was 

calculated in Excel to lower the signal to noise ratio. The mitochondrial affinity to O2 (mP50) 

was then determined as the PO2 at which the respiration rate is half of maximum OxPhos rate. 

The O2 turnover rate (Kcat,app) was calculated as mP50 / OxPhos. 

2.2.6. CCO capacity and catalytic efficiency 

CCO capacity was assessed using two different methods. In permeabilised brain at 

OxPhos, sodium azide was titrated to gradually inhibit CCO, resulting in a progressive decrease 

in respiration rate, until full CCO inhibition (final concentration of 12 mM). Inhibition dose 

response curves (Hill curves) were fitted with the least-squares method using GraphPad© 

Prism. Secondly, maximum CCO oxidation rates in permeabilised brain were assessed by 

excess electron feeding with N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 0.5 mM) 

and additional ascorbate (2 mM) to minor TMPD auto-oxidation. Background chemical auto-
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oxidation was measured with additional KCN (2 mM) and subtracted to CCO consumption 

rates, which were then normalised by the electron transport system (ETS) capacity determined 

in the uncoupled state described above. 

2.2.7. Statistical analysis 

Statistical analysis was performed with GraphPad© Prism 7. One-way ANOVA or two-

Way ANOVA followed by Turkey’s post-hoc tests were used accordingly to test for 

interactions and differences between species and/or parameters, with a P value chosen at 0.05. 

Mitochondrial respiration from 20.5 kPa to anoxia was fitted to a three-parameters dose-

response curve using the least-squares method and curves for each species were compared 

using the extra-sum of squares F-test to test for shared parameters. Linear regression was used 

to test for correlation between Pcrit-LOE and OxPhos-mP50. 

2.3. Results 

2.3.1. Brain mass 

Overall, the intertidal species were smaller than the subtidal species (Table 1). Notably, 

the brain proportion of the two rockpool species BM and FL was ~1.65 times greater than FV 

and more than two times greater than FM (P<0.05). 

 
Table 1. Anatomical features of the four New Zealand triplefin fish species. Data presented as mean of 14 individuals ± 
s.e.m. Statistical difference tested with one-way ANOVA chosen at P < 0.05 and presented as b, l, v and m for difference to 
B. medius, F. lapillum, F. varium and F. malcomi, respectively. 

 Body length (mm) Body mass (g) Brain/Body mass (mg.g-1) 

B. medius 54.36 ± 4.81lm 2.54 ± 0.29vm 7.3 ± 0.04vm 

F. lapillum 68.57 ± 1.41bm 2.32 ± 0.07vm 7.2 ± 0.02vm 

F. varium 65.00 ± 2.80m 4.01 ± 0.21blm 4.4 ± 0.01blm 

F. malcomi 80.64 ± 2.83blv 6.84 ± 0.25blv 3.4 ± 0.01blv 
 

2.3.2. Hypoxia tolerance of triplefin fish species 

SMR under normoxia was similar among species with the exception of FV having a 

slightly higher resting ṀO2 than BM (P<0.05; Fig. 1A). There were significant differences 

among species in Pcrit (P<0.05). The intertidal specialist BM had a lower Pcrit than all other 
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species and the occasional intertidal occupant FL had a lower Pcrit than the exclusively subtidal 

species FV and FM. There was no difference in Pcrit between FV and FM.  

The two subtidal species could not reach PO2 the two rock-pool species were able to 

tolerate and lost equilibrium at ~2.8±0.2 and 1.8±0.1 kPa for FM and FV, respectively (Fig. 

1.B). While some FL would lose balance around 2 kPa, the most tolerant FL maintained 

equilibrium for ~1.25h at 1.2 kPa. BM tolerated 1.2 kPa with an average time of 1.5h before 

LOE. To account for both time and PO2, we expressed LOE as s.kPa-1 and revealed that BM 

was the most tolerant species to hypoxia (Fig. 1.C). A linear correlation between Pcrit and LOE 

was verified with R2 of 0.92. 

 

 
Figure 8. Metabolic rates and tolerance to hypoxia in triplefin fish species. (A) Standard metabolic rates (SMR) of the 
rock-pool exclusive Bellapiscis medius (BM), the intertidal Forsterygiion lapillum (FL), subtidal F. varium (FV) and F. 
malcomi (FM) were measured in respirometry chamber after at least 16h rest. The O2 tension was then decreased until 2 kPa 
and metabolic rate (MO2) measured, to determine the O2 tension at which metabolism is no longer maintained (Pcrit, represented 
by the coloured line crossing the x axis). Data presented as mean of 10 ± s.e.m. (B) PO2 profile to determine the loss of 
equilibrium (“LOE”) of 9 individuals of each species. (C) To account for the PO2 and the time at which fish lost equilibrium, 
LOE was expressed as s.kPa-1. (D) Linear correlation between Pcrit and LOE was verified for the four triplefins species and 
presented with 95% confidence. Fish species are denoted as BM: Bellapiscis medius, FL: Forsterygion lapillum, FV: F. 
varium, FM: F. malcomi. Data presented as mean of n = 9 individuals ± s.e.m. in (B) and (C). Difference between species 
tested with one-way ANOVA chosen at P<0.05, 0.01 and 0.001 presented as *, ** and ***, respectively. 
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2.3.3. Oxygen kinetics in the brain 

Figure 9. Oxygen kinetics at the cellular level. (A) The mitochondrial respiration was measured in brain homogenates (A1) 
with no added substrates (i.e. only endogenous substrates present; “Routine”) and in the presence of saturated mitochondrial 
substrates (OxPhos). In permeabilised brain (A2) were measured the basal respiration attributed to proton leak (Leak), OxPhos 
and maximum respiration when uncoupled from OxPhos. (B) In air saturated medium and saturated respiratory substrates, 
oxygen consumption was measured in brain homogenate (B1) and permeabilised brain (B2), let to deplete O2 until anoxia. 
The line at 2.05 kPa (10% air saturation) correspond to the level bellow which the O2 tension is likely encountered 
intracellularly. (C) The correlation between affinity to O2 (mP50) and the maximum oxidative respiration rates (OxPhos) is not 
a characteristic of hypoxia tolerance in New Zealand triplefin fishes. Parameters were extracted from the respiration curves in 
(A). Species indicated as “BM”: B. medius, “FL”: F. lapillum, “FV”: F. varium and “FM”: F. varium. (D) Brain homogenates 
of the most hypoxia tolerant species has a higher oxygen turnover rate (Kcat,app) than the two subtidal species. Data are mean 
of 8 and 7 (respectively homogenate and permeabilised) ± s.e.m. Statistical difference in black between species and in blue 
between states chosen at P < .05, .01 and .001 represented as *, ** and *** respectively. 
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Overall, the respiration was higher in the brain of BM relative to the subtidal species FV 

and FM, regardless of preparation or mitochondrial state (P<0.01; Fig. 2A). In brain 

homogenate, Routine respiration was ~31% lower than OxPhos respiration (P<0.01; Fig. 2A). 

In permeabilised brain without added substrates, Leak respiration rates were less than a third 

of OxPhos rates (P<0.01; Fig. 2A), which were however ~20% lower than in brain 

homogenates (P<0.05). In permeabilised brain, only FV and FM benefited of a reserve 

capacity, revealed by lower OxPhos rates relative to uncoupled respiration (P<0.05). 

To cover O2 levels the brain likely encounters in vivo, we then sought to assess O2 

consumption kinetics in vitro in real-time on brain homogenate and permeabilised brain at 

OxPhos state (i.e. without substrate limitation). In brain homogenates, respiration was the 

highest in BM (P<0.001), which retained almost two times higher O2 flux at PO2 < 2.05 kPa 

(Fig. 2B). Respiration in FL was significantly higher at PO2 > 2.05 kPa (P<0.05), however was 

similar to the two subtidal species at PO2 < 2.05 kPa. Similarly, in permeabilised brain, 

respiration was more than 75% higher in the two subtidal species (P>0.001; Fig. 2B), however 

rates were ~30% lower in all species but FL relative to respiration rates in homogenates 

(unshared fitted curves, P<0.0001). 

No difference in mP50 was found between the fish species with no correlation between 

maximum OxPhos respiration (Fig. 2C). However, Kcat,app was higher in the rock-pool BM 

relative to the subtidal species in brain homogenates (P<0.01), but not in permeabilised brain 

despite an apparent trend (Fig. 2D). 

 



 xl 

 

2.3.4. Cytochrome C oxidase 

Comparison of curve-fits revealed unshared inhibition dose responses to sodium azide 

between the CCO of each species of fish (F6,375=7.16; P<0.001; Fig. 3A), despite similar IC50 

(Fig. 3B) and Hill slope (Fig. 3C). While in the Forsterygiion genus, the most hypoxia-tolerant 

FL had the lowest CCO activity (P<0.001; Fig. 3D), it was the highest in the hypoxia-tolerant 

species B. medius (P<0.05). 

2.4. Discussion 

In this study, we aimed to resolve whether differences in hypoxia-tolerance among 

intertidal and subtidal triplefin fish could be explained by differences in brain mitochondrial 

function. We showed that while elevated oxygen affinity and O2 respiration at the 

mitochondrial level correlate with hypoxia-tolerance, it was independent of CCO kinetics. 

2.4.1. Intertidal triplefins have superior hypoxia-tolerance 

While generally utilised to compare hypoxia-tolerance between species, Pcrit has recently 

come under criticism as a reliable marker of hypoxia-tolerance, particularly when used in the 

Figure 10. Cytochrome c oxidase properties in 
brains of triplefin fishes. (A) Graded inhibition 
of brain cytochrome c oxidase was performed with 
the titration of sodium azide in situ. (B) Half 
inhibition (IC50) and (C) cooperativity (Hill slope) 
extracted from (A), with no apparent difference 
between the species of fish. (D) The maximum 
activity of the enzyme in situ was assessed with 
TMPD-ascorbate with correction for auto-
oxidation and expressed as relative to the 
mitochondrial electron transport system capacity 
(ETS). Data presented as mean of 6 individuals ± 
s.e.m. Intertidal fish species are “BM”: B. medius 
and “FL”: F. lapillum, and subtidal species are 
“FV”: F. varium and “FM”: F. varium. 
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absence of other measures such as LOE (Wood 2018). However, in phylogenetically close 

marine species that do not enter metabolic depression, Pcrit appears to be a reliable estimator of 

hypoxia-tolerance (Rogers, Urbina et al. 2016). This has been verified comparing hypoxia-

tolerant in 11 sculpin species, where linear correlation was verified between LOE and Pcrit 

(Mandic, Speers-Roesch et al. 2013). Here, we also demonstrate a linear correlation between 

LOE and Pcrit, of 26 LOE + 3 kPa. This indicates that both parameters may be good indicators 

of hypoxia-tolerant in benthic fishes that do not enter metabolic depression. 

2.4.2. Oxygen utilization is greater in hypoxia-tolerant brain mitochondria 

We then sought to assess the mitochondrial function in brain tissue, as such other 

aerobically active organs, it is vulnerable to damage from anoxic insults (Cervós-Navarro and 

Diemer 1991). Notably, the proportion of brain to body mass in intertidal triplefins was around 

two times greater relative to the two subtidal species (Table 1). Rock-pool species appear to 

have a fine-scale localised nesting area (Feary 2006). Perhaps the greater brain density could 

be attributed to greater memorisation for local mapping. The brain is primarily composed of 

glial cells, among which astrocytes represent ~17% (Panov, Orynbayeva et al. 2014). 

Astrocytes can supply a hypoxic brain with high glycogen stores, which can sustain energy 

demand of a resting brain for about 15 minutes anaerobically (Barros 2013). With bigger 

brains, rock-pool species may benefit from volumetrically greater glycogen stores and this 

likely help to sustain energy levels fuelled for long hypoxic periods. Higher glycogen content 

also appear to be a common trait of other anoxia-tolerant species such as the freshwater turtle 

(Chrysemys picta) and Carassius species (Bickler and Buck 2007). 

Brain of hypoxia-tolerant and hypoxia-sensitive triplefins had similar affinities to O2, as 

revealed by similar mP50 of around 0.10 kPa (Fig. 2C). We note that the least hypoxia-tolerant 

sculpin displayed mP50 of around 0.08 kPa (Lau, Mandic et al. 2017), suggesting a greater 

capacity to extract O2 in sculpin species relative to triplefin fish. Although mitochondria 

function at much higher PO2 in vivo (4 kPa) (Mik, Johannes et al. 2008, Mik 2013) and such 

difference may not be perceivable physiologically. We also note that there was no apparent 

correlation between mP50 and Pcrit in the present study. This differs from sculpin species within 

which linear correlation was observed (Lau, Mandic et al. 2017). However, in both homogenate 

and permeabilised brain, basal O2 consumption (Routine or Leak, respectively) and OxPhos 

were greater in the intertidal hypoxia-tolerant species (Fig. 2.C). Along with greater 

efficiencies to consume O2, given by greater Kcat,app (Fig. 2.D), this suggests greater aerobic 
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ATP production rate efficiencies in hypoxia-tolerant species relative to hypoxia-sensitive 

species. 

This greater ability to consume O2 at the mitochondrial level may be surprising, especially 

in hypoxic environments when O2 would need to be preserved to sustain longer. However, we 

note that fish are exposed to only few hours hypoxia in their environment and may not be 

exposed to prolonged anoxia (McArley, Hickey et al. 2018). The capacity to further use aerobic 

metabolism in an O2 poor environment, ultimately benefits to drastically preserve substrate 

stores and maintain ATP levels. OxPhos is ~15x more efficient than glycolysis when 

converting glucose catalysis to ATP production (Mitchell 2011). Hence, an organism able to 

better extract and utilise O2 will have a consequent advantage over an organism with similar 

ATP demand, but fuelled by anaerobic metabolism. 

2.4.3. Cytochrome c oxidase is not associated with hypoxia-tolerance 

A greater mitochondrial O2 utilisation may reside from multiple adjustments. This includes 

a greater capacity to import and oxidise mitochondrial substrates, a greater electron carriage 

capacity from the different components to the ETS associated or not with greater O2 

consumption via enhanced CCO activity. While no clear correlation between CCO and 

hypoxia-tolerance was apparent, we note that the CCO capacity was higher than ETS capacity, 

which suggests that CCO is not limiting and that ETS regulation likely play a more important 

role in the hypoxia-tolerance of New Zealand triplefins. Notably, dose-inhibition curves were 

unshared between the species (Fig. 3.A). Along with differences in species-specific CCO 

capacities, this presumably implies differences in isoforms, although this was not tested. 

2.5. Conclusion 

Hypoxia-tolerance was verified with lower Pcrit, linearly correlated with a delayed LOE in 

intertidal species that could sustain up to 2h in 20°C sea water at 1.40 kPa. Brain mitochondria 

in hypoxia-tolerant species displayed higher respiration rates than brain of hypoxia-sensitive 

triplefins, even at PO2 mitochondria function in vivo. Although CCO, enzyme at the end of the 

O2 cascade, was not correlated with hypoxia-tolerance, it did not appear to limit O2 

consumption in phosphorylating mitochondria. Despite similar mitochondrial affinity to O2 

between hypoxia-tolerant and hypoxia-sensitive triplefins, the capacity to utilise more O2 in 

hypoxic environments suggests that ATP production may partially be sustained with a greater 

ability to preserve carbohydrate stores in hypoxia-tolerant species, and this may explain how 

intertidal triplefins cope longer in hypoxia. 
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Chapter 3. : Acidosis maintains the 
function of brain mitochondria in 
hypoxia-tolerant Triplefin fish: a 
strategy to survive acute hypoxic 
exposure? 
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N., RENSHAW, G. M. C. & HICKEY, A. J. R. 2019. Acidosis Maintains the Function of Brain 

Mitochondria in Hypoxia-Tolerant Triplefin Fish: A Strategy to Survive Acute Hypoxic Exposure? 
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3.1. The other essential element: the mitochondrion 

In hypoxic or anoxic conditions, O2 becomes limiting and ATP production via 

mitochondrial OxPhos is compromised. To support ATP requirements, vertebrate cells 

increase anaerobic metabolism activities, which is ~15 folds less efficient than the OxPhos. If 

hypoxia is sustained, glycolysis may become substrate limited, and diminishing ATP 

production mediates rapid depletion of ATP stores (Pamenter 2014). ATP hydrolysis mediates 

proton (H+) release (Wilson 1988) alongside the accumulation of metabolic end-products 

(Azarias, Perreten et al. 2011), which contributes to metabolic acidosis (Robergs, Ghiasvand 

et al. 2004). Although lactate is possibly oxidised by neurones (Quistorff, Secher et al. 2008, 

Gallagher, Carpenter et al. 2009, Barros 2013, Riske, Thomas et al. 2017) this requires oxygen, 

and lactate accumulation contributes to intracellular acidosis (reviewed in Kraut and Madias 

2014). In the ischemic brain, up to 60% of glucose can be metabolised to lactate (Teixeira, 

Santos et al. 2008, Dienel 2012), which accumulation has been shown to associate with 

hypercarbia and acidosis (Rehncrona 1985, Katsura, Ekholm et al. 1992). 

Acidosis alters mitochondria respiration in ischemic mammalian brain (Hillered, Ernster 

et al. 1984), enhances brain lipid peroxidation in vitro (Siesjo, Bendek et al. 1985) and 

denatures proteins (Kraig and Wagner 1987). Low pH (< 6.8) also inhibits the hydrolytic role 

of F0F1-ATP synthase in isolated myelin vesicles (Ravera, Panfoli et al. 2009), and acidosis 

generally promotes irreversible cellular damage (Rehncrona and Kagstrom 1983, Rehncrona 

1985, Rehncrona 1985). In most vertebrates, acidosis occurs rapidly and compromises brain 

function within minutes of anoxia (Katsura, Ekholm et al. 1991). Hypoxia tolerant species 

(HTS) however, routinely survive hypoxic or anoxic environments for several hours up to 

months, which make these animals useful model systems to explore adaptations against 

hypoxic damage. 

Adult vertebrates such as the carp (Carassius carassius), its cousin goldfish (C. auratus) 

and the freshwater turtle (Chrysemys picta) have strategies that decrease lactate-mediated 

acidosis (Jackson 2004, Vornanen, Stecyk et al. 2009). Among mammalian hibernators, the 

artic ground squirrel (Spermophilus parryii) suffers little damage from ischemia while torpid 

at body temperatures as low as -3 oC (Barnes 1989, Ma, Zhu et al. 2005). Independently of 

hibernation cycle, normothermic brain slices of the ground squirrel tolerate O2, ATP and 

glucose deprivation (Bhowmick, Moore et al. 2017). However, determining how such 

physiological adaptations to hypoxia evolve is harder to explore. Comparative approaches 
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using multiple phylogenetically related species can provide insights (Pagel 1997) in particular 

if species  range in their tolerances to hypoxia. 

The New Zealand triplefin fish group (Family Tripterygiidae) consists of 26 endemic 

species, most of which occupy stable normoxic habitats and are considered to be hypoxia-

sensitive species (HSS). However, three HTS species are apparent, and these have evolved to 

inhabit the intertidal zone that can become hypoxic at low tide (Hickey and Clements 2005, 

Hilton, Wellenreuther et al. 2008, Hilton 2010, Richards 2011). In our previous work, the 

hypoxia-tolerance of intertidal triplefins, such as Bellapiscis medius show significantly greater 

tolerance to hypoxia with a lower critical O2 pressure (Pcrit), while subtidal species such as 

Forsterygiion varium had significantly higher Pcrit (Hilton, Clements et al. 2010). Moreover, 

the intertidal triplefin species have elevated anaerobic enzymes and pH buffering capacities in 

skeletal muscle (Hickey and Clements 2003), which likely extend energy production and 

prevent from acidic damage. In addition, there appears to have been selective pressures on the 

mitochondria genomes of rock-pool species relative to subtidal species (Hickey, Lavery et al. 

2009), suggesting aerobic metabolic pathways may have been influenced by the stress of life 

in the intertidal zone. 

The close genetic background within this group (Hickey and Clements 2005) make these 

fish a natural model to understand adaptations, such as those to survive hypoxic environments. 

Therefore, we selected four triplefin species with various degrees of hypoxia tolerance. B. 

medius was our exclusive HTS, as this species occupies high rock pools. The more generalist 

species F. lapillum and F. capito yet have a marginally lower tolerance to hypoxia and served 

as intermediates between the HTS and the HSS F. varium occupying stable subtidal waters do 

not typically encounter hypoxia. We hypothesised that intertidal triplefins will show 

mitochondria adaptations commensurate with physiological stressors associated with hypoxia. 

As mitochondria respiration (JO2) regulates the mitochondria membrane potential (∆Ψm) and 

maintains a pH gradient (Mitchell 2011), we tested the influence of lactate mediated acidosis 

on brain mitochondria of triplefin fish, and predicted that mitochondria of HTS would maintain 

function at lower pH compared to HSS. 
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3.2. Material and Methods 

3.2.1. Animal sampling and housing. 

Adult specimens of four triplefin species (5-10 cm) were collected from different sites 

around the greater Auckland region using hand nets and/or minnow traps. Adult B. medius 

were caught from high rock-pools at low tide, F. lapillum and F. capito from rock-pools and 

off piers, and F. varium at 5-10m depth. Individuals were maintained in 30 L tanks (20 fish per 

tank) in recirculating aerated seawater and were fed with a standard mixture of shrimps and 

green-lipped mussels every two days for a two weeks acclimation period prior to experiments 

procedure at 20 ± 1°C. All capture, housing and experimental procedures were performed with 

under the approval from the University of Auckland Ethic Committee (Approval R001551). 

3.2.2. Brain preparation and tissue permeabilization. 

Fish were euthanized by section of the spinal cord at the skull. The brain was immediately 

removed and placed in a modified ice-cold biopsy buffer containing (in mM from hereon unless 

stated) 2.77 CaK2EGTA, 7.23 K2EGTA, 5.77 Na2ATP, 6.56 MgCl2.6H2O, 20 taurine, 15 Na2-

phosphocreatine, 20 imidazole, 0.5 DTT, 50 KMES, 50 sucrose, pH 7.1 at 30°C (Gnaiger, 

Kuznetsov et al. 2000). Cellular permeabilization was undertaken by the addition of 50 µg ml-

1 freshly prepared saponin and 30 min of gentle agitation within cell culture plastic plates held 

on ice. The permeabilized tissue was then removed and washed three times for 10 min ice-cold 

modified MiR05 respiration medium (Kuznetsov, Brandacher et al. 2000) containing 0.5 

EGTA, 3 MgCl2.6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 2.5 HEPES, 30 MES, 160 

sucrose, 1g.l-1 BSA, pH 7.1 at 30°C. Brain tissues were then split longitudinally into two 

halves, blotted dry on filter paper, and weighed before loading into respirometers. 

3.2.3. Mitochondrial isolation from minimal fish brain tissues. 

A miniaturised mitochondria isolation was required to assess the mitochondria swelling. 

Triplefin brain masses varied from only ~8-30 mg of tissue, hence the whole triplefin brain 

was required for mitochondria isolation. The brain was first removed from the skull and gently 

homogenised in 1 ml cold MiR05 by expulsion and suction through a modified 1 ml syringe 

with decreasing gauge needles (16 – 25 gauge). Mitochondrial integrities were better preserved 

with this method compared to other standard homogenisation methods and the small sample 

was also better retained (personal observation). The homogenate (600 µl) was centrifuged at 

300 g for 5 min at 4°C, the supernatant, which contained suspended mitochondria was collected 

and spun at 11,000 g for 10 min. The supernatant and the white lipid ring surrounding the 
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brown mitochondria rich pellet was discarded prior to the addition of 500 µl cold MiR05. The 

last step was repeated twice and isolated mitochondria were then re-suspended in 50 µl ice-

cold MiR05 and were held on ice for one hour to permit recovery before respirometry assays. 

Post to respirometry assay, the medium containing the mitochondria was removed from the 

chambers and stored at -80°C for the ulterior determination of protein concentration. Prior to 

the protein assay, samples were slowly defrosted at 4°C and the protein concentration was 

determined with the Pierce™ BCA Protein Assay Kit as specified by the manufacturer, against 

a BSA standard and modified MiR05 control. 

3.2.4. Acidification protocol optimisation. 

To explore the influence of pH on mitochondria function we chose to titrate lactic acid 

into a modified buffer to induce acidosis. Although acidosis results from ATP hydrolysis, other 

glycolytic and TCA intermediates and CO2 (Roos and Boron 1981), and whether lactate ionises 

to an acid in vivo is contentious (Robergs, Ghiasvand et al. 2004), unbuffered lactate (ULac) 

provides an organic acid without inorganic ions (such as Cl- if HCl were to be used (Selivanov, 

Zeak et al. 2008)). Given the high buffering capacity of typical respiration media (MiR05) 

(Gnaiger, Kuznetsov et al. 2000), we decreased the pH buffering  to mimic the pH changes 

expected in hypoxic brain, which may decrease to an extracellular pH  of 6.3 in ischemic brain 

of non-hyperglycemic vertebrate brain (Katsura, Ekholm et al. 1991, Katsura, Asplund et al. 

1992, Kraut and Madias 2014) and of ~6 in vivo, at least in hyperglycemic mammals (Katsura, 

Ekholm et al. 1991, Katsura, Asplund et al. 1992). Assuming parallel changes in pH, these 

changes should equate to intracellular pH ~5.6-5.5. Therefore, we decreased the HEPES 

concentration to 2.5 mM and used 30 mM MES to buffer at low pH. With this buffer system, 

ULac/or buffered lactate (“BLac”, pH ~7 adjusted with KOH) was titrated to cover 

physiological concentrations (Jokivarsi, Grohn et al. 2007, Witt, Larsen et al. 2017), and the 

pH changes mediated by ULac covered those that occur within vertebrate ischemic brain with 

a decrease 0.048 pH units per mM ULac. The media (or extra-mt pH) was recorded 

simultaneously with respiration and mitochondria membrane potential (∆Ψm) using a solid 

state ISFET electrode (IQ Scientific Instruments) connected to the pX port of the O2k and 

calibrated using a three-point calibration (pH 4, 7 & 10) prior to experiments and allowed a ± 

0.001 pH U sensitivity. Measurements were performed on permeabilized brain and isolated mt, 

and pH buffering capacities were calculated relative to no-sample controls. As lactate is 

oxidised by LDH to produce NADH+ and pyruvate, which is further oxidised by mitochondria 

for oxidative phosphorylation (OxPhos) (Halestrap 1975), it likely alters JO2, ∆Ψm and pH in 
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the presence of other respiratory substrates. Therefore, the influence of pH changes mediated 

by ULac was made relative to BLac controls. A representative trace of the protocol is displayed 

in Fig. 11. 

3.2.5.  Respirometry. 

 
Figure 11. Representative traces of the respirometry protocol. Experiments were conducted with Oroboros™ O2ks on 
isolated mt and permeabilized brain from triplefin fish. The medium pH (top panels, black traces), Volmt (top panels, grey 
traces), mt respiration rates (“JO2”, lower panel, black traces) and mt membrane potential (∆Ψm, lower panels, grey traces) 
are presented in two different graphs. However, a maximum of three parameters (JO2, medium pH and ∆Ψm assessed on 
permeabilized brain; or JO2, medium pH and Volmt assessed on isolated mt) was assessed in a single experiment. Permeabilized 
brain or isolated mt from triplefin fish brain were introduced in the O2k chamber and left to recover and signals to stabilize 
for 20 min. The LEAK state supported by CI (LCI) was mediated by the addition of CI-linked substrates (PMG for pyruvate, 
malate and glutamate) at saturating concentrations. The addition of ADP then activates CI-mediated OXPHOS and the addition 
of saturated succinate (S) allowed the measurement of full OXPHOS capacities with the contribution of both CI and CII. Then, 
NAD+ (75 µM) was added to stimulate extra-mt lactate oxidation into pyruvate. Buffered lactate (control samples) or 
unbuffered lactic acid was then titrated to 30 mM (A and B, respectively). To test for mt coupling, the ATPF0-F1 inhibitor 
oligomycin (Oli) was added to determine the LEAK state (affected or not by pH) followed by the uncoupler CCCP, titrated to 
define the maximum ETS capacity. The ∆Ψm was calculated from the fluorescence signal recorded from a calibrated-safranin 
concentration (up to 2 µM). An increase in safranin concentration corresponds to a decrease in ∆Ψm. Volmt was estimated 
with the absorbance at 525 nm. All experiments were performed at 20ºC with sufficient O2 (between 100-260 µM dissolved 
O2). 

Between 5-12 mg of tissue was placed in respirometer chambers (Oroboros Instrument, 

Innsbruck, Austria) containing 2 ml (or 3.4 ml when extra-mt pH measured to accommodate 

the electrode) oxygen saturated modified-MiR05 (O2 concentration = 290 µM at 20°C and 

101.5 kPa barometric pressure). Two substrate uncoupler inhibitor titration protocols were 

performed. The first assay informed on the lactate-mediated respiration and consisted in the 

sequential addition of NAD+ (75 µM) and BLac (30 mM, pH 7.25) to initiate a leak state 

measurement (LEAK), followed by the addition of ADP (700 µM) to initiate OxPhos. The 

second assay was designed to assess the effect of pH on mitochondria at OxPhos state and 

consisted of the subsequent addition of the NADH2-generating substrates pyruvate (10 mM) 

malate (5 mM) and glutamate (10 mM) to initiate LEAK. OxPhos supported by CI was then 

commenced by the addition of ADP (700 µM). The subsequent addition of 10 mM succinate 
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activated parallel inputs from CI and CII to OxPhos. NAD+ (75 µM) was added to the media 

to avoid cytosolic limitations (i.e. LDH and malate aspartate shuttle, discussed in Kane 2014). 

BLac or ULac was then titrated to a 30 mM final concentration. Then, the F0F1-ATP synthase 

inhibitor oligomycin (2.5µl) was added to place mitochondria into artificial LEAK state. 

Subsequently, respiration was uncoupled from OxPhos using three injections of the 

protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 0.5 µM each) to determine 

the maximal ETS capacity. O2 concentration was maintained above 100 µM to avoid diffusion 

limitation. The protocol was applied on both isolated mitochondria and permeabilised brain, 

however only respiration and ∆Ψm data from permeabilised brains are presented in the main 

manuscript (please refer to supplementary figures for isolated mitochondria respiration data). 

The differences due to changes in pH within the same permeabilized brain in term of JO2, ∆Ψm 

and mitochondria matrix volume (Volmt) were determined by referencing experiments with 

ULac relative to those with BLac. 

3.2.6. Mitochondrial volume (Volmt) dynamics. 

Mitochondria are dynamic organelles and shrink or swell when exposed to variable 

conditions (Cereghetti and Scorrano 2006, Casteilla, Devin et al. 2011, Friedman and Nunnari 

2014). Changes in mitochondria volume (shrinkage or swelling) of isolated mitochondria were 

measured by following changes in absorption at 525 nm, which changes proportionally to the 

volume of the mitochondria matrix (Beavis, Brannan et al. 1985, Garlid and Beavis 1985, Das, 

Parker et al. 2003). Fluorescence sensors (green LED, 525 nm I50 ± 25 nm) were used without 

an emission filter, to follow the light absorption within the O2k. The voltages were recorded 

simultaneously with JO2, ∆Ψm and pH and light absorbance was calculated with: 

Aλ =  − log10
(𝐼𝐼− 𝐷𝐷)
(𝑅𝑅−𝐷𝐷) 𝑊𝑊�  (1) 

Where Aλ corresponds to the total absorbance, I to the sample intensity, D to the dark 

intensity, R to the reference intensity and W to the amount of protein in mg. Changes in 

absorbance ∆Aλ were normalised by Aλ in the OxPhos state to account for the effect of pH on 

phosphorylating mitochondria only and where mitochondria shrinkage and swelling occurs 

when ∆Aλ < 1 and ∆Aλ > 1 respectively. 

3.2.7.  ∆Ψm measurement and calculation. 

Safranin-O was used to estimate ∆Ψm, simultaneously with JO2 and pH measurements on 

permeabilized brain and isolated mt. Safranin is a cationic dye that undergoes a fluorescent 
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quench upon its movement from the intermembrane space (IMS) into anionic sites within the 

mitochondria matrix (Akerman and Wikstrom 1976, Zanotti and Azzone 1980). A near-linear 

correlation between the safranin spectral shift and mitochondrial energised state permits 

estimates of ∆Ψm. As recommended, [Safr]final of 2 µM was chosen for this study 

(Krumschnabel, Eigentler et al. 2014) and the fluorescence signal (Ex/Em 465/587nm) was 

calibrated using a four-step titration (0.5-1-1.5-2 µM) into the O2k chamber prior to 

experiments. Although the signal in control experiments (no sample) was unchanged by the 

addition of different substrates-inhibitors, nor by changes in pH, quenching occurred over time 

(3 nM min-1) and was accounted for in ∆Ψm calculations. ∆Ψm was calculated from the 

recorded concentration of safranin “[Safr]” as per previous work (Pham, Loiselle et al. 2014), 

where: 

∆ψm =  2.3026 × 𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧

 ×  𝐿𝐿𝐿𝐿𝐿𝐿10 �[S𝑎𝑎𝑎𝑎𝑎𝑎]𝑜𝑜𝑜𝑜𝑜𝑜
[𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆]𝑖𝑖𝑖𝑖

� (2) 

Where R is the gas constant, T is the temperature in Kelvin, z the valence state of the ion 

(+1) and F the Faraday constant. While the safranin concentration outside the mitochondria 

“[Safr]out“ corresponds to the calibrated fluorescent signal directly obtained from DatLab7, the 

safranin concentration in the mitochondria matrix “[Safr]in“ is dependent on the Volmt, back-

calculated from OxPhos state, which was assumed to be at -120 mV (Huttemann, Lee et al. 

2008, Perry, Norman et al. 2011). As mitochondria shape is dynamic (Fujii, Nodasaka et al. 

2004, Casteilla, Devin et al. 2011), the Volmt was readjusted at each state following the 

estimation and the integration of the mitochondria swelling or shrinkage (∆Aλ): 

Volmt (µ𝑙𝑙 𝑚𝑚𝑚𝑚−1) =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  × 10−
120
𝐶𝐶𝐶𝐶𝐶𝐶

[𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆]𝑜𝑜𝑜𝑜𝑜𝑜  × 𝑊𝑊
 106  ×  ∆A𝜆𝜆 (3) 

Where Cst corresponds to 2.303 × 𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧

 (58.17 mV) under our conditions, Safr the amount 

of safranin in mitochondria in µmol, [Safr]out the recorded safranin concentration in µM, W the 

amount of tissue in mg and ∆Aλ the change in Volmt (described below). 

3.2.8. Estimation of mitochondrial work to maintain ∆Ψm with additional external 
charges. 

We further estimated the energy required by mitochondria to maintain ∆Ψm as this 

summarises the combined effects of JO2, ∆Ψm and acidosis. The total energy of a closed 

system can be determined by: 

𝐽𝐽 = 𝐶𝐶 .𝑉𝑉 (4) 
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Where J is the derived unit of energy transferred to an amount of work in Joules, C is 

electric charge in Coulombs and V is the electric potential in Volts. A Joule is the work required 

to move an electric charge of 1C against an electric potential of 1V. In this present study, we 

treat mitochondria as a closed system and the respiration rate a measure of the work performed 

by complexes to transfer H+ across the MIM for each O2 reduced against ∆Ψm. Proton pumping 

varies from 12 H+ to 20 H+ per O2 consumed with full support from CII or CI (respectively). 

Therefore, the relative contribution of CI to OxPhos was calculated and total proton pumping 

per O2 determined: 

𝑛𝑛𝐻𝐻+ =  12 + 8 ∗ OxPhos(pyruvate+malate+glutamate)

OxPhos(pyruvate+malate+glutamate+succinate)
  (5) 

The flux of proton was then calculated: 

𝐽𝐽(𝑛𝑛𝐻𝐻+) =  𝐽𝐽𝐽𝐽2 ∗  𝑛𝑛𝐻𝐻+  (6) 

The equation (4) was transposed: 

𝐽𝐽𝑚𝑚𝑚𝑚 =  𝑒𝑒 ∗  𝐽𝐽(𝑛𝑛𝐻𝐻+) ∗  ∆Ψm (7) 

Where e equals the elementary charge constant corresponding for H+ to 96.525 kC mol-1, 

∆Ψm the mitochondria membrane potential expressed in mV and J(nH+) the rate of protons 

passed through the MIM in pmol H+ s-1 mg-1. While other ions contribute to ∆Ψm in vivo, only 

K+ and Cl- ions in our media impact ∆Ψm, and these remain constant relative to the changes in 

H+. 

To better relate mitochondrial work to equation 4, we thought to calculate the amount of 

charge (in Coulomb, “Cadd”) mediated by the decrease in pH (i.e. additional protons), where: 

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 = 10−𝑝𝑝𝑝𝑝 ∗  𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗  𝑁𝑁𝐴𝐴 ∗ 𝐶𝐶𝐻𝐻 (8) 

Where pH is the recorded pH in the chamber, Vchamber is the volume of the respirometry 

chamber (2 ml), NA is the Avogadro constant (6.02.1023) and CH the charge carried by a proton 

(1.602.10-19). 

At stable ∆Ψm, charges moved from the mitochondria matrix to the inter-membrane space 

equates those moved back to the matrix. To better represent the effect Cadd at a given pH onto 

charges flux within mt, Jmt was normalised by Cadd at corresponding pH. 
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3.2.9. ATP production 

ATP production was assessed based on previous work (Chinopoulos, Vajda et al. 2009, 

Pham, Loiselle et al. 2014, Masson, Hedges et al. 2017) in permeabilised brain of the most 

HTS B. medius and the HSS F. varium. Due to the variable properties of the fluorescent dye 

Magnesium Green™ (ThermoFisher Scientific, USA) to acidosis, we performed an experiment 

to assess ATP production at pH 7.25 and pH 6.65, which appears to be the pH at which 

mitochondria function is preserved in HTS but altered in the HSS (Fig. 14). In separated 

experiments, O2k chambers were filled with modified MiR05 and mitochondrial substrates 

(pyruvate, malate, glutamate and succinate) at concentrations described above. This was 

supplemented with 10 mM BLac or ULac to set the medium pH at 7.25 or 6.65 respectively. 

Magnesium Green™ (5µM) was then added and MgCl2 was titrated to calibrate the Mg2+
free in 

the chamber. The equivalent of one permeabilised brain hemisphere was then added to the 

chamber and let to recover for around 15 min. Then, ADP was titrated (3 x 0.5 µM) to calibrate 

the Mg2+
free signal to [ADP]. After 15 min, antimycin A (2.5 µM) was added to block proton 

pumping by the ETS. Once JO2 signal was stable (> 20min), oligomycin (10 nM) was added 

to block mitochondrial ATP synthesis and measure ATP hydrolysis. Data was exported into 

Excel and the rate of ATP was calculated as 

𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 =  [𝐴𝐴𝐴𝐴𝐴𝐴]𝑡𝑡− [𝐴𝐴𝐴𝐴𝐴𝐴]𝑡𝑡−1
𝑡𝑡−𝑡𝑡−1

∗ 𝐶𝐶𝐶𝐶𝐶𝐶 (9) 

Where [ADP]t corresponds to the concentration of ADP at the end of a mitochondria state 

and [ADP]t-1 the ADP concentration at the start of the mitochondria state and t and t-1 the time 

at which corresponding [ADP] where taken. Cst corresponds to the relative difference between 

KDADP and KDATP extracted from (Chinopoulos, Vajda et al. 2009). Then ATP consumption 

rate determined after the addition of oligomycin (JATP < 0), was subtracted to the other state 

to determine the net ATP production rate (JATP > 0) in pmol s-1 mg-1. The PO ratio was 

calculated as 

PO =  𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽2
2

 (10) 

 

3.2.10. Data and statistical analysis. 

Respirometry and simultaneous spectrometry data were extracted from DatLab 7.0 

software. All data were copied and processed in Excel © 2016. GraphPad Prism v7 was used 
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to perform two way-ANOVA to test for the effect of pH between species and the mitochondria 

parameters (JO2, ∆Ψm, Volmt and ATP) within mitochondria states. Two-way ANOVA 

repeated-measures were performed to analyse the effect of BLac, ULac and associated pH 

titrations on the mitochondria parameters between the species of fish. Post hoc tests using 

Turkey’s correction were used for pairwise comparisons and a P value of 0.05 was chosen to 

represent statistical difference. 

3.3. Results 

3.3.1. Mitochondrial pH buffering capacities. 

Permeabilized brain of B. medius had a 4.5-6% (~0.05 pH-unit mg-1) greater buffering 

capacities than the HSS F. varium (P = 0.006; Table 2). Brain tissue pH buffering capacities 

of F. lapillum were similar to those of the more HTS B. medius, while mitochondria of F. 

capito had similar buffering to F. varium. In isolated mitochondria however, only the F. varium 

differed, with a lower pH buffering capacity (P < 0.04), indicating most, but not all, of the 

buffering results from non-mt components. Estimated contributions of mitochondria to brain 

buffering capacities approach ~20% in HTS and 10% in HSS brain. 

Table 2. pH buffering capacities, mitochondrial volume and efficiency of permeabilized tissue and isolated mt from triplefin 
brain. Buffering capacities were calculated relative to controls (no sample) in permeabilised brain and isolated mt at OXPHOS 
state exposed to graded acidosis, mediated by acid lactic titration (0-30 mM, 7.24-5.73 pH equivalent). Results expressed as 
mean (n = 5) ± s.e.m. The mt volume (Volmt) was back-calculated from the membrane potential signal as per described in the 
material and method section, with the assumption that in phosphorylating mt, the membrane potential equates -120 mV. Data 
expressed as mean of n=7 ± s.e.m. Respiratory control ratio (RCR) in both permeabilised and isolated mt and relates to coupling 
efficiencies. Data expressed as mean of 7 ± s.e.m. Significant difference at P < 0.05 from designated species between B. 
medius, F. lapillum, F. capito or F. varium indicated as m, l, c and v, respectively. The difference between sample preparation 
states was chosen at P < 0.05 and indicated as # (all tested with two-way ANOVA with Turkey correction). 

  pH buffering  RCR  
Volmt 

(µl mgpermeabilised brain
-1) 

 

Permeabilised 
(pH-unit mgbrain

-1) 
Isolated mt # 

(pH-unit mgprotein
-1) 

 Permeabilised Isolated mt 

 

OXPHOS 

(at -120 mV) 

B. medius 0.940 ± 0.007 cv 0.193 ± 0.059 v  2.66 ± 0.25 6.64 ± 1.64 #  2.06 ± 0.24 v 
F. 
lapillum 0.929 ± 0.011 v 0.169 ± 0.072 v  3.38 ± 0.51 3.17 ± 1.29 

 
2.09 ± 0.25 v 

F. capito 0.892 ± 0.005 m 0.177 ± 0.028 v  2.42 ± 0.10 1.79 ± 0.10  2.14 ± 0.18 v 

F. varium 0.889 ± 0.008 m 0.089 ± 0.062 mlc  1.94 ± 0.15 6.74 ± 0.73 # 
 

1.53 ± 0.21 mlc 

 

3.3.2. Overall mitochondrial oxygen flux and pH effects on the mitochondrial 
function. 

In phosphorylating mitochondria (presence of sufficient mitochondria substrates and 

ADP), buffered lactate addition did not alter OxPhos JO2 in any species (F10,60 = 0.381, P = 

0.95; Fig. 12.A). However, in the absence of other mitochondria substrates, lactate mediated 
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JO2 in the HTS mitochondria >22% more than in F. varium mitochondria (P < 0.03; Fig. 12.B) 

and F. lapillum JO2 was also 30% greater than B. medius (P < 0.01). 

Figure 12. Mitochondrial respiration rates and the effect of lactate and pH on mitochondrial states. (A) The capacity of lactate 
(30 mM) to fuel LEAK and OXPHOS respirations in the absence of other mitochondrial substrates. (B) Titration of buffered 
lactate (pH 7.25) on mitochondria in OXPHOS state, in the presence of saturating CI and CII substrates (pyruvate, malate, 
glutamate and succinate), ADP and NAD+. In permeabilized brain (C) and isolated mitochondria (D), the respiration attributed 
to OXPHOS was determined with 30 mM buffered lactate. The portion of respiration attributed to proton leak (LEAK) was 
measured with the further addition of oligomycin and the maximum capacity of the electron transport system (ETS) was 
measured as the maximum respiration uncoupled from OXPHOS, reached with the titration of the uncoupler CCCP. 
Experiments were conducted at physiological pH (left panel) and acidic conditions (pH 5.75, right panel) mediated with 30 
mM lactic acid instead of buffered lactate. Hypoxia tolerant species are presented in warm colours while the hypoxia sensitive 
species is presented in blue. Results presented as mean ± s.e.m of n = 7 individuals in (A) and (C) and n = 5 in (B). Significance 
difference between species at P < 0.05; 0.01 or 0.001 indicated as *, **, *** respectively and between pHs (within a 
mitochondrial state) chosen at P < 0.05 and indicated as # (two-way ANOVA and post-hoc test with Turkey correction). 

The JO2 differed among species for permeabilized brain and isolated mitochondria held at 

a physiological pH (species effect F3,48 = 15.8 and F3,72 = 10.5 respectively, P < 0.01; Fig. 12). 

While the LEAK JO2 in permeabilized brain was similar among species (Fig. 12.C), OxPhos 
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and ETS JO2 were greater in B. medius and F. capito relative to F. varium (P < 0.05). No 

difference was observed between F. lapillum and F. capito, which JO2 at both OxPhos and 

ETS states, sat between JO2 of the two other species. All species had greater ETS fluxes than 

OxPhos fluxes (P < 0.02) indicating some limitation of the OxPhos system relative to the ETS, 

and this was further observed in isolated mitochondria (Fig. 12.D). 

In the presence of 30 mM ULac, which mediated a decrease of pH to 5.75, JO2 was similar 

between species and across all states in permeabilized brain (P = 0.26; Fig. 12.C). However, 

while LEAK was increased by ~50% with ULac relative to BLac (F1,6 = 47.4, P < 0.001), ETS 

was significantly decreased by ~50% (F1,6 = 139, P < 0.001). In OxPhos, there was interaction 

between species and pH (F3,18 = 4.35, P = 0.02), mediated by a significant decrease in JO2 in 

B. medius (P = 0.02) only. In isolated mitochondria (Fig. 12.D), acidosis did not affect F. 

capito, but decreased OxPhos and ETS by >50% in all other species (P < 0.05). OxPhos was 

50% lower and ETS was 65% lower in F. capito than in F. varium mitochondria (P = 0.05 and 

0.009, respectively). 

We then assessed the effect of graded acidosis on OxPhos, which overall, mediated a 

contrasted response between the HTS and the HSS (main effect of species F3,18 = 4.42, P = 

0.02; Fig. 13). First, JO2 was gradually decreased in HTS until around pH 6.4 to ~18% relative 

to OxPhosinitial (at pH 7.25, Fig. 13.A). Below pH 6.4, the response was more variable in the 

Forsterygiion genus, whereas JO2 was more stable in B. medius. In F. varium however, JO2 

increased by 12% and was more variable below pH 6.9. JO2 was significantly different between 

B. medius and F. varium below pH 7 (P < 0.01). 

3.3.3. Membrane potential and changes in mitochondrial volume Volmt. 

The Volmt in HTS was 30% higher than F. varium in OxPhos (P < 0.04, Table. 2). Below 

pH 6.9, acidosis mediated swelling in HTS mt, and decreased Volmt in F. varium mitochondria 

(interaction between species and pH of F30,120 = 3.59, P < 0.001; Fig. 13.B). While the Volmt 

increased to around 50% in F. capito and F. lapillum, it decreased by 12% in F. varium, relative 

to Volmt at pH 7.25 (P < 0.04). Differences between B. medius and F. varium were significant 

below pH 6.6 (P < 0.03). 

Using estimates of Volmt dynamics with pH changes, we incorporated Volmt into the Nernst 

equation to better derive the ∆Ψm relative to pH (Fig. 16). Two-way ANOVA revealed an 

interaction between ∆Ψm, species and pH (F30,180 = 3.71, P < 0.001, Fig. 13C). While the main 
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effect of pH was significant for all species (F3,18 = 9.39, P = 0.001), only ∆Ψm at pH 5.75 

(around -100 mV) differed from its original value at pH 7.25 (-120 mV) in the HTS. In contrast, 

∆Ψm in F. varium mitochondria gradually decreased down to around -50 mV at pH 5.75 and 

was significantly lower than ∆Ψm in B. medius mitochondria (P < 0.05 from pH 7). For 

comparison, a ∆Ψm of -110 mV was reached at pH 7 in F. varium and 6.12-6 in the HTS. 

 
 

3.3.4. Energy attributed to sustaining ∆Ψm. 

Combined JO2, ∆Ψm and extra-mt pH data allowed an estimate of the work by 

mitochondria to develop ∆Ψm in OxPhos state in regard to additional positive charges 

mediated by addition of acid (“Cadd”, additional H+) (Fig. 14). Brain mitochondria from F. 

varium showed graded increase in work with Cadd, up to ~50 µJ s-1 mg-1 at 100 µC charges (pH 

6.6 equivalent, Fig. 14.A). In contrast, the remaining species showed a graded decrease in work 

Figure 13. The effect of pH on the 
mitochondrial function. Respiration 
rate (JO2, A), membrane potential 
(∆Ψm, B) and mitochondrial volume 
(Volmt, C) were measured at in the 
presence of saturating mitochondrial 
(mt) substrates and ADP in chambers 
of oximeters at 20°C (see the material 
and method section for more details). 
Buffered lactate (controls, constant 
pH) or unbuffered lactic acid (to 
decrease the medium pH) was then 
titrated in parallel respirometry 
chambers up to 30 mM and the lactate 
acid results were subtracted from the 
lactate results to account for the 
specific effects of pH on the 
mitochondrial parameters. ∆Ψm was 
calculated from the fluorescence of 
safranin-O and with the consideration 
of the change in Volmt, calculated 
with the change in absorbance at 525 
nm. Overall, acidosis mediated a 
contrasted response between the 
hypoxia sensitive species (blue) and 
the hypoxia-tolerant species (warm 
colours), with an inhibition of JO2 
and greater maintenance of ∆Ψm 
induced with mitochondrial swelling 
in HTS. Results presented as mean (n 
= 7) ± s.e.m. For clarity, only the 
difference between F. varium and the 
other species is displayed as *, ** and 
*** for P < 0.05; 0.01 or 0.001 (main 
effect of pH and species tested with 
two-way ANOVA repeated 
measures). 
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down to -50 µJ s-1 mg-1 at ~25 µC (pH 7). We then normalized the mitochondria work by Cadd, 

which represents the use of Cadd against or used to develop ∆Ψm (Fig. 14.B). While internal 

work was maximized in F. varium with the first decrease in pH (from 7.25 to 7.12), Cadd were 

fully used by B. medius to develop ∆Ψm (P = 0.02). Between pH 7.12 – 6.4, internal work was 

further decreased in B. medius (P < 0.04), although increased for F. varium (P < 0.04). Cadd 

was appeared to be utilised by F. lapillum and F. capito mitochondria between pH 7.05-6.6 

and pH 6.9-6.6, respectively (P < 0.05). Progressively, mitochondria work (positive in F. 

varium and negative in HTS) returned to near zero values at approximately pH 6. 

 
Figure 14. Mitochondrial work exposed to external charges loads mediated by acidification. Work is defined here by the 
protons/charges transferred against the mitochondrial membrane potential (∆Ψm). At OXPHOS state, the mitochondrial 
respiration rate was used as proxy for the proton pumping, calculated with the relative contribution of the mitochondrial 
complexes to respiration (between 12 and 20 H+ pumped per O2 consumed). ∆Ψm was accurately calculated accounting for 
mitochondrial volume dynamics and the extra-mt charges were calculated from the measurement of medium pH, adjusted with 
lactic acid titration on permeabilized brain from triplefin fishes. A: Mitochondrial work was then calculated and expressed as 
the mass specific energy (µJ s-1 mg-1) used to transfer protons and plotted against the additional charges (µC) mediated by 
acidosis (additional H+). B: The relative work exercised by mt was then normalized against additional positive charges (Cadd) 
and plotted against the medium pH. Positive values indicate the use of internal energy derived from the ETS to develop the 
∆Ψm against Cadd, whereas negative values represent the portion of Cadd that contributes to ∆Ψm maintenance. While the 
hypoxia sensitive F. varium exerts positive work against acidosis, the other species seem to take advantage of external charges 
to maintain ∆Ψm. Results of n = 7 individuals per species, expressed as mean ± s.e.m. 

3.3.5. ATP production 

Two-way ANOVA revealed an interaction between species and acidosis (F1,10 = 9.01; P = 

0.01; Fig. 15.B) as well as a difference between the two species (F1,10 = 7.8; P = 0.02). While 

ATP production is supressed with acidosis in F. varium, it is increased by ~3.6 fold in B. 

medius. With a simultaneous decrease in JO2 (Fig. 15.A), this significantly increases the P:O 

ratio in B. medius from 1.14 ± 0.36 at pH 7.25 to 4.95 ± 1.67 at pH 6.65 (P = 0.032; Fig. 15.C). 



 lviii 

For F. varium,at pH 6.65 the JO2 trended higher (P = 0.06), while the P:O ratio decreased from 

1.56 ± 0.65 to -0.59 ± 0.43 (P < 0.05). 

 
 

3.4. Discussion 

In the present study, we assessed the mitochondria function across a range of pH down to 

those experienced by hypoxic brain (Katsura, Ekholm et al. 1991, Katsura, Asplund et al. 1992, 

Kraut and Madias 2014, Witt, Larsen et al. 2017). It is the first study to explore these effects 

through pH titration and on a range of species with different tolerance to hypoxia, and it 

revealed significant differences among species that are consistent with species distribution. 

This differs from studies that test mitochondria function with a large variation of pH, as here 

we titrated unbuffered lactic acid sequentially to modulate pH in order to mimic in vivo lactate 

accumulation and associated pH changes. This includes the progressive nature of pH changes 

and the duration of changes. Here, we were able to follow mitochondria respiration, ∆Ψm and 

pH or JO2, Volmt and pH simultaneously. However, as lactate may modulate the mitochondria 

function and is a possible substrate of neurons (Philp, Macdonald et al. 2005, Chen, Mahieu et 

al. 2016, Caruso, Koch et al. 2017), we divided tissues from single brains to provide a control 

Figure 15. Acidosis enhances ATP 
production in brain mitochondria 
of the intertidal species. 
Permeabilised brain hemispheres 
were placed in respiratory chamber 
with mitochondrial substrates 
(described in the method) and 10 mM 
buffered lactate or unbuffered lactic 
acid to set the respiratory medium pH 
at 7.25 or 6.65, respectively. 
Mitochondrial respiration (“JO2”, A) 
was measured simultaneously with 
ATP production (B) using the 
fluorescent probe Mg-Green™. ATP 
consumption was measured with the 
addition of saturated antimycin A and 
oligomycin to block ATP production. 
P:O ratios were then calculated as 
ATP produced per oxygen element 
consumed (C). Data presented as 
scattered plot of 6 individuals and 
mean ± s.e.m. Statistical difference 
presented as * for P < 0.05, tested 
with two-way ANOVA followed by 
Turkey’s post-hoc test. 
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and reference for comparisons between buffered and unbuffered samples. We show that while 

intertidal HTS suppress JO2 they preserve ∆Ψm and ATP production as pH declines. However, 

the ∆Ψm decreased with the suppression of ATP synthesis despite JO2 increases in the subtidal 

species F. varium. We contend that with decreasing pH the HTS mitochondria may harness the 

H+ accumulation to maintain ∆Ψm and ATP synthesis rates. 

3.4.1. Lactate management of triplefin brain mt. 

In the brain, the lactate anion is a putative substrate for aerobic metabolism (Reviewed in 

Barros 2013, Kane 2014). While lactate had little influence on JO2 for any species in the 

presence of other mitochondria substrates (Fig. 12.A), lactate and NAD+ could sustain OxPhos 

at higher rates in the HTS than in F. varium (Fig. 12.B). This indicates a greater capacity for 

lactate oxidation in HTS, which is likely advantageous post-hypoxia (Dienel 2012). 

3.4.2. pH buffering capacities in the brain of triplefin fish. 

Under acidosis, cells rely on bicarbonate and non-bicarbonate buffering capacities (Roos 

and Boron 1981), and despite the low apparent pH buffering capacity of mitochondria 

(Poburko, Santo-Domingo et al. 2011), mitochondria may play a role in the pH regulation when 

required. We measured the overall buffering capacities of permeabilized brain and isolated mt. 

In both preparations, HSS brains displayed a lower buffering capacity than HTS (Table 2). 

Although permeabilized tissue buffering differed only marginally (~5%) across species, 

isolated mitochondria buffering differed by ~2-fold between B. medius and F. varium. The 

mitochondria pH buffering contributes to approximately 17% of the cell pH buffering capacity, 

and while this suggests that some cytosolic components may remain following the 

permeabilisation process, which may significantly buffer pH changes within cells, 

mitochondria also contributes to some pH buffering and protects the mitochondria as well and 

this varies in accordance with hypoxia tolerance. 

Comparison of Volmt also revealed that mitochondria from HTS exposed to acidosis 

swelled by 45% of their initial volume at pH 7.25 (Fig. 13). This dilutes matrix solutes, which 

includes enzymes, substrates and ions including H+. A 1.4-fold swelling of the matrix 

(observed in F. lapillum) should mediate an alkalisation of approximatively 0.15 pH units, 

preventing excess acidification of the mitochondria matrix and would likely assists 

mitochondria pH buffering. In a recent study, acidosis (pH 6.5) mediated mitochondria 

elongation and cristae remodelling (Khacho, Tarabay et al. 2014). While neither pH buffering 

nor Volmt were discussed, these observations accord with an increase in Volmt measured in our 
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study. We note that this is one of the few studies to incorporate estimates of Volmt into estimates 

of ∆Ψm and it has significant effect. One limitation is that the changes in Volmt were measured 

on isolated mitochondria and applied for the calculation of ∆Ψm in permeabilised tissue. Mt 

exhibit a structural network within cells that is disrupted during the isolation process (Picard, 

Taivassalo et al. 2011). The response of isolated mitochondria may therefore differ from the 

response within the cells. Although the mitochondria integrity was similar (RCRs) across 

preparations (Table 2). 

3.4.3. Acidosis mediates contrasted responses in the brain mitochondria of hypoxia-
sensitive and hypoxia-tolerant species. 

Notably in mammalian models, intracellular acidosis has generally been shown to impact 

mitochondria function with some loss of ∆Ψm (Tiefenthaler, Amberger et al. 2001, Bento, 

Fagian et al. 2007) and a partial decrease in JO2 (Hillered, Ernster et al. 1984), putatively 

through CII inhibition (Lemarie, Huc et al. 2011). We observed a significant elevation of JO2 

coincided with a decrease in ∆Ψm in F. varium (Fig. 13). This indicates a loss of OxPhos 

efficiency as pH decreases, thereby decreasing ATP synthesis alongside an elevated O2 

turnover. Moreover, with a substantial drop in ∆Ψm, i.e. below -110 mV the ATPF0-F1 can 

reverse and act as a hydrolase, thereby elevating ATP consumption (Chinopoulos, Gerencser 

et al. 2010). 

In contrast, mitochondria of the remaining HTS decreased JO2 which would appear to be 

deleterious for OxPhos (Hillered, Ernster et al. 1984). However, with these species maintained 

∆Ψm to moderately low pH (Fig. 13). The lesser O2 utilization for ∆Ψm maintenance suggests 

that there is either a decrease in proton leak and/or the [H+] increase in the media (or cytosol) 

diffuses into the intermembrane space, may contribute to maintaining the ∆Ψm. Notably the 

permeability of the mitochondria outer membrane is high (Cooper 2000). 

3.4.4. Mitochondria of hypoxia tolerant species may harness the extra-mt protons to 
maintain function. 

The ∆Ψm represents the repartition of charge, between the mitochondria matrix and the 

intermembrane space and drives, in part, ATP production (Mitchell 1961). ∆Ψm dissipates 

with H+ transfer into the matrix through three “negative fluxes”; 1) Constitutive leak (not 

regulated) results from the basal proton diffusion across the inner mitochondria membrane; 

(Jastroch, Divakaruni et al. 2010, Divakaruni and Brand 2011); 2) Inducible leak (regulated), 

resulting from the proton exchange through proteins (UCPs, ANT, NXHs) (Bernardi 1999, 
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Halestrap 2009) that can be modulated by ROS, fatty acids and GDP (Stuart, Brindle et al. 

1999, Jastroch, Divakaruni et al. 2010, Masson, Hedges et al. 2017); and 3) the proton flux 

used to produce ATP by the F0-F1ATP synthase (Mitchell 2011). These all act in opposition 

to the proton flux transferred by the ETS (Mitchell 2011), or if some of the F0-F1ATP 

synthases have reversed (Chinopoulos, Gerencser et al. 2010). Work by the ETS (i.e. the 

positive transfer of H+) can be estimated by O2 consumption rates and balances these negative 

fluxes to sustain the ∆Ψm. With physiological intracellular pH, the proton gradient (and 

therefore ∆Ψm) that drives ATP production is maintained by the work performed by the ETS. 

In 1966, André Jagendorf manipulated the extra-thylakoid pH of chloroplast vesicles to 

drive ATP synthesis in the dark (Jagendorf and Uribe 1966), confirming Mitchell’s 

chemiosmotic hypothesis (Mitchell 1961) and indicating that ATP synthesis can be mediated 

with the manipulation of pH changes not generated by the ETS. Here, we sought to assess 

whereas pH modulation would partially assist ∆Ψm and ATP synthesis and if this would 

influence the work performed by the ETS (illustrated in Fig. 17.A). 

Modulation of the cytosolic pH (i.e. medium pH in permeabilised tissue) mediated an 

increase of the work performed by the ETS in mitochondria of HSS brains (Fig. 14), associated 

with a decrease in ∆Ψm (Fig. 13.C) and ATP synthesis (Fig.1 5.B). With the dogma that 

acidosis as detrimental to cellular functions, a deleterious effect of acidosis was somewhat 

expected. However, in brain mitochondria of HTS, ∆Ψm was maintained despite a decrease in 

ETS work and ATP production was further increased. This was associated with an elevation of 

P:O ratios that exceeded 2.7. This indicates that extra-mt H+ may participate in the proton 

motive force in phosphorylating mitochondria (illustrated in Fig. 17.B). Such findings are in 

concordance with a recent study, which showed that in mammalian cortical neurones, mild 

acidosis (pH 6.5) mediates mitochondria remodelling and helps to sustain ATP production 

regardless of O2 levels (Khacho, Tarabay et al. 2014). 

3.5. Conclusion 

With the switch to glycolysis and overall increase in ATP hydrolysis, acidosis mediated by 

hypoxia generally impairs mitochondria function of most vertebrates. In this study, we 

demonstrate that brain mitochondria of hypoxia-tolerant intertidal fish species buffer H+ better 

than the subtidal species F. varium. In their natural habitat, as O2 dwindles during nocturnal 

low-tides, intertidal triplefins may turn the problem of acidosis into a solution, and means to 

sustain ATP synthesis. As opposed to the subtidal F. varium, intertidal hypoxia tolerant 
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triplefins appear to take advantage of extra-mt protons that helps for maintenance of ∆Ψm and 

ATP production. Acidosis also partially depresses proton pumping by the ETS and resulted in 

a significant increase in P:O ratio. The increase in mitochondria volume also appears to help 

with ∆Ψm maintenance since this dilutes matrix compounds, including protons. We note that 

a similar process was recently proposed to occur in mammalian cortical neurones (Khacho, 

Tarabay et al. 2014). The partial suppression of JO2 may also slow O2 depletion in a hypoxic 

environment. While the mechanisms underlying the difference between the responses in HSS 

and HTS are yet to be resolved, these species provide natural strategies that have evolved to 

support mitochondria function in the acidifying brain. 

 

 
Figure 16. Effect of unbuffered lactate on the mitochondrial membrane potential (∆Ψm), without (A) or with (B) the 
integration of changes in mt volume. Estimates of mt volume (Volmt) is necessary to calculate ∆Ψm when using cationic dyes. 
However, Volmt is dynamic and alters ion repartition and therefore ∆Ψm. Here, we simultaneously followed Volmt and 
incorporated the relative change to ∆Ψm calculations (see material and method section for more details on the calculation). 
Results presented as mean (n=7) ± s.e.m. 
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Figure 17. Simplified representation of how acidosis may help to maintain the mitochondrial function. (A) ATP 
production relies on the proton motive force ∆p, which in part consists of a proton gradient. In physiological conditions, O2 
consumption reflects “work” performed by the ETS, which is seen here as proton pumping. At a given ∆p, proton pumping 
equally opposed the combined negative proton fluxes (inward), which includes proton leak (constitutive and active) and 
“efficient” flux through the F0-F1-ATP synthase. As O2 becomes limiting, proton pumping decelerates, decreasing ∆p and 
ATP synthesis. However, as ATP hydrolysis rates surpass synthesis rates, protons accumulating in the cytosol may freely 
diffuse to the IMS (Cooper 2000) and these extra-mt protons may contribute to ∆p, independently ETS “work”. (B) In this 
study, triplefin fish brain mitochondria fish were exposed to gradual acidosis, mediated by the titration of lactic acid. Relative 
to control (pH 7.25), mitochondria in the subtidal HSS shrank with decreased pH and increased O2 consumption rates, but 
∆Ψm and ATP production decreased. In contrast, intertidal HTS mitochondria swelled and maintained ∆Ψm with increased 
ATP production rates while O2 consumption rates were decreased. 

Abbreviations: differential pH “∆pH”; electron transport system “ETS”; hypoxia sensitive species “HSS”; hypoxia tolerant 
species “HTS”; inter-membrane space “IMS”; mitochondrial membrane potential “∆Ψm”; monocarboxylate transporter 
“MCT”; oxidative phosphorylation “OXPHOS”; proton motive force “∆p”; tricarboxylic acid cycle “TCA”; voltage dependent 
anion channel “VDAC”.
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brain of hypoxia-tolerant New Zealand triplefin fish”. 
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4.1. Introduction 

By definition oxygen is essential to sustain life for aerobic organisms (Brahimi-Horn and 

Pouyssegur 2007), as it is used to release and convert energy into ATP via the process of 

oxidative phosphorylation (OxPhos) (Mitchell 2011). While over 90% of the O2 consumed by 

an organism is utilised for ATP production by mitochondria, under rare conditions up to 2% of 

the electrons may leak from the mitochondrial electron transport system (ETS) and rapidly 

react with the surrounding O2 to form reactive O2 species (ROS) (Solaini, Baracca et al. 2010). 

ROS may react directly with lipids, proteins, nucleic acids, and nitric oxide and these can 

compromise tissue functions if antioxidant responses and repair processes are overwhelmed, 

or are limiting (Dickinson and Chang 2011). While ROS formation depends on the probability 

of electron leakage, accentuated if the mitochondrial membrane potential is elevated and the 

electron transport system is overly reduced, it is also dependent on the O2 concentration and 

pressure (Scandurra and Gnaiger 2010, Makrecka-Kuka, Krumschnabel et al. 2015). Therefore, 

while O2 is essential for OxPhos, paradoxically it is toxic in excess and when the ETS is 

excessively reduced. 

While electron leakage from mitochondria may occur at numerous sites, it appears to mainly 

occur at the FMN site of complex I (CI), and complex III (CIII), which are respectively, the 

upstream and downstream sites interacting with the Co-Q pool (Turrens, Alexandre et al. 1985, 

Murphy 2009). More recently, complex II (“CII”; or succinate dehydrogenase, SDH) has been 

shown to be involved in a “reverse electron transfer” (RET) on reperfusion (Chouchani, Pell et 

al. 2014). With ischemia the ETS slows and succinate elevates due to a decrease in O2 required 

for its oxidation. Succinate elevates several folds higher than all other tricarboxylic acid cycle 

(TCA) intermediates in all tissues through reversal of succinate dehydrogenase. On reperfusion 

succinate is rapidly oxidised at CII, and the limited coenzyme Q pools become overly reduced 

(QH2). Instead of flowing to CIII, QH2 appears to flow to CI and mediates electron leakage, 

resulting in the production of superoxide, O2.- (Chouchani, Pell et al. 2014). Typically, 

succinate-mediated ROS production is explored experimentally in the presence of rotenone, 

class A CI inhibitor (Degli Esposti 1998). The specific effects of rotenone remain unclear since 

it increases or decreases ROS production dependent on mitochondrial respiration state (Zorov, 

Juhaszova et al. 2014). A representation of the processes described above are summarised in 

Figure 18. 

While much attention has been placed on the role of succinate and mitochondrial ROS release 

in clinical contexts (Pell, Chouchani et al. 2016), the implications of ROS production within 
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organs of animals frequently exposed to ”natural ischemia-reoxygenation”, or at least hypoxia-

reoxygenation, warrants investigation as these animals may have circumvented issues or 

buffered mitochondria from oxidative stressors (Pfleger, He et al. 2015, Pell, Chouchani et al. 

2016, Tretter, Patocs et al. 2016, Valls-Lacalle, Barba et al. 2016, Wijermars, Schaapherder et 

al. 2016, Andrienko, Pasdois et al. 2017). Relative to terrestrial species, fish are more prone to 

varying O2 levels and associated oxidative stress (Lushchak and Bagnyukova 2006). In the 

intertidal zone, stagnant rock-pool water can reach near anoxic levels at night, but they can 

also rise to 300% O2 saturation on sunny summer days when photosynthesis is active (Richards 

2011, McArley, Hickey et al. 2018). Therefore, intertidal fish are frequently exposed to both 

hypoxia and hyperoxia in their natural environment. While there are only a few studies that 

have explored mitochondrial ROS production in fish tissues exposed to hypoxia (Hickey, 

Renshaw et al. 2012, Du, Mahalingam et al. 2016, Zeng, Wang et al. 2016, Pelster, Wood et 

al. 2018), we have found only one study exploring hyperoxic oxidative stress in fish, the 

Atlantic cod (Gadus morhua), which was exposed to O2 at 200% air saturation (Karlsson, Heier 

et al. 2011), and this is a demersal species. We note that elevated PO2 also elevates 

mitochondrial ROS formation (Makrecka-Kuka, Krumschnabel et al. 2015), and that in these 

experiments, ROS production was assessed at an initial PO2 that is significantly higher than 

that occurring at the cellular level under normoxia. 
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Here, we aimed to determine the ROS production at a broad PO2 range in hypoxia-tolerant and 

sensitive species (HTS and HSS respectively) of fish, and whether succinate and anoxia-

reoxygenation (AR) modulate the ROS formation. Intertidal New Zealand triplefin fish 

(Tripterygiidae family) frequently experience episodes of hypoxia-reoxygenation in their 

ecological niches (McArley, Hickey et al. 2018). They also experience hyperoxia with PO2 

levels exceeding 200% air saturation in rock-pool during sunny summer days (McArley, 

Hickey et al. 2018) , and this likely increases intracellular PO2 and the likelihood of ROS 

formation (Karlsson, Heier et al. 2011). The close phylogenetic background of the 26 endemic 

species (Hickey and Clements 2005) make these fish a great model to understand adaptations, 

such as those to survive hypoxic and hyperoxic environments (Hickey, Lavery et al. 2009). 

Here we use brain, a tissue that is highly dependent on aerobic metabolism, to compare 

mitochondrial respiration and ROS production of three intertidal HTS to a subtidal hypoxia-

Figure 18. Mitochondrial electron transport 
system and electron transfer. With sufficient 
substrate and O2, mitochondrial substrates are 
metabolised to reduced equivalents, which are 
oxidised by either complex I (“CI”) or complex II 
(“CII”). As a result, electrons are stripped and 
directed though the electron transport system to O2. 
The free energy released from this transfer is then 
coupled to oxidative phosphorylation “OxPhos” and 
ATP production, or dissipated as proton leak, or 
“Leak”. Electrons may leak from the electron 
transfer system and mediate the production of 
reactive oxygen species “ROS”. Post an anoxic 
event, accumulated succinate is highly reduced by 
CII and saturates the electron transfer at its site. This 
likely mediates a back-transfer of electrons to CI 
that increases electron leakage and ROS production. 
ROS likely mediate damage to membranes, which 
may increase Leak. Excess ROS production may be 
prevented using CI inhibitor such as rotenone that 
blocks electron transfer at the Q-site of CI. 
Rotenone hence supposedly decreases electron 
leakage and associated ROS production, however it 
blocks the electron transfer from CI to the electron 
transfer system, which significantly decreases 
OxPhos and ATP production. We note that without 
competition for the Q-pool, CII may have a greater 
contribution to the electron transfer system. 
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sensitive species. We test how ROS production changes with gradual accumulation/titration of 

succinate, a substrate that accumulates in hypoxia in vertebrates (Chouchani, Pell et al. 2014), 

and we tested the effects of anoxia-reoxygenation in vitro and ROS production in the contexts 

of O2 concentration, from a relative hyperoxia to anoxia. 

4.2. Material and methods 

4.2.1. Animal sampling and housing 

Four triplefin fish species with various degrees of hypoxia tolerance were chosen for 

this study. The exclusively intertidal Bellapiscis medius was the most hypoxia-tolerant species 

and was caught in exposed rock-pools at low tide. Two “intermediate” species Forsterygion 

lapillum and F. capito, occupy intertidal waters and can be found in low rock-pools and sub-

tidally (> 5 m) and were caught in exposed rock-pools at low tide and off estuarine piers. The 

most hypoxia sensitive F. varium occupies subtidal waters and was caught while scuba diving. 

Adult specimens were housed in flow through aerated sea water (20ºC) and fed with mixture 

of shrimp and green lipped mussels for at least two weeks. Animal capture, handling and 

experimental procedures were approved by the University of Auckland Ethics Committee 

(R001551). 

4.2.2. Brain sampling and permeabilisation process 

Fish were euthanized by sectioning the spinal cord and the whole brain was quickly 

dissected and placed in ice-cold preservation media (in mM: 2.77 CaK2EGTA, 7.23 K2EGTA, 

5.77 Na2ATP, 6.56 MgCl2.6H2O, 20 taurine, 15 Na2 phosphocreatine, 20 imidazole, 0.5 DTT, 

50 KMES, and 30 Sucrose, pH 7.24 at 20°C). Cellular permeabilisation was undertaken with 

the addition of 50 µg ml-1 freshly prepared saponin and gentle shaken for 30 min at 4ºC. The 

brain sections were then transferred into three subsequent ice-cold respiration medium baths 

(0.5 EGTA, 3 MgCl2.6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 2.5 HEPES, 30 MES, 

160 sucrose, 1g.l-1 BSA, pH 7.24 at 20°C) and mixed gently at 4ºC for 10 min. Sections of 

brain were then blotted dry and weighed prior to use for respiration assays. 

4.2.3. Respirometry and ROS assays 

Oroboros™ oxygraphs (Innsbruck, Austria) were used for the simultaneous 

measurement of the mitochondrial respiration and ROS production (Hickey, Renshaw et al. 

2012). Oxygen sensors were calibrated prior to each experimental procedure to account for the 

instrumental and chemical background flux (including time-response of the electrode near 

anoxia). Around 5 mg of freshly permeabilised triplefin brain was introduced into the 



 lxix 

respirometry chambers containing respiration medium at 20ºC (261.9 µM O2 = 20.5 kPa PO2 

at 101.5 kPa barometric pressure). Assays consisted of the sequential addition of substrates, 

inhibitors and uncoupler to inform on the mitochondrial respiration, ROS production and 

therefore electron leakage at (i) decreasing PO2, (ii) post anoxia-reoxygenation in the chamber, 

(iii) that mediated by either complex I or II (CI and CII, respectively) in the absence or presence 

of rotenone, and (iv) that mediated by graded succinate. Assays are detailed in Table 3. 

Experiments were designed so the applied condition and control were run on samples from the 

same individual. O2 fluxes attributed to oxidative phosphorylation (OxPhos) were measured in 

the presence of saturated pyruvate (10 mM), malate (5 mM), glutamate (10 mM), succinate (10 

mM) and ADP (1 mM). Samples were left to deplete O2 until anoxia was reached, held for 20 

min and then reoxygenated (up to ~ 240 µM O2 = 18.8 kPa PO2). Control groups were run in a 

parallel chamber and held with sufficient O2 for the same length of time. Respiration that was 

not attributable to OxPhos, i.e. proton leak (Leak) was measured with the addition of the ATPF0-

F1 synthase inhibitor oligomycin (2.5 µM) and the adenylate translocase inhibitor carboxy-

atractyloside (0.75 mM). Potassium cyanide (1 mM) was then added to account for residual O2 

consumption (yet insignificant). 
Table 3. Respirometry assays employed to assess the effect of anoxia-reoxygenation, graded succinate and complex 
contribution on the mitochondrial respiration and ROS production in permeabilised brain of New Zealand triplefin fish species. 
For each assay (1, 2 and 3), freshly permeabilised brain was partitioned equally between control and experimental chambers 
containing fully aerated respiration medium thermostated at 20ºC. Mitochondrial respiration and ROS production were 
measured simultaneously using Oroboros™ O2k. P: pyruvate; G: glutamate; ADP: adenosine diphosphate; CCCP: carbonyl 
cyanide m-chlorophenyl hydrazone; KCN: potassium cyanide. 

  Assay 1 (Fig. 2&3)  Assay 2 (Fig. 4)  Assay 3 (Fig. 5) 

State  Control Experimental    + Rotenone  Control Experimental 
Leak 

 PMG + succinate PMG + succinate  PMG Succinate Succinate  PMG PMG 
OxPhos 

 ADP ADP  ADP ADP ADP  ADP ADP 

   20min anoxia  Succinate PMG PMG    20min anoxia 

   Reoxygenation        Reoxygenation 

          Succinate titration Succinate titration 
Leak 

 
Oligomycin 
c-atractyloside 

Oligomycin 
c-atractyloside      

Oligomycin 
c-atractyloside 

Oligomycin 
c-atractyloside 

Uncoupled 
 CCCP CCCP      CCCP CCCP 

Resting O2 

consumption  KCN KCN  KCN KCN KCN  KCN KCN 

 

The maximum contribution of CI and CII to respiration, ROS production and electron leakage 

was assessed in multiple settings. Firstly, with saturating CI substrates (pyruvate, malate and 

glutamate) + ADP. The additive effect of CII (“+CII”) was then measured following the 

addition of saturating succinate. Net CII contribution to OxPhos was then assessed in separated 
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assays with saturating succinate + ADP, with or without the CI inhibitor rotenone (0.5 µM), 

and additional CI (“+CI”) was then mediated by the addition of the CI substrates stated above. 

The contributions of accumulating succinate to ROS production was also measured in different 

settings.  Succinate was first titrated in the absence of additional CI substrates and ADP (to 

mimic ischaemic depletion of adenylates). Respiration and ROS production were then also 

measured in the presence of saturating CI substrates and ADP. In this setting, succinate was 

titrated (0-10 mM) in samples exposed to an episode of anoxia reoxygenation (AR), while 

controls were held with sufficient O2 (such as described above) to simulate and explore the 

effects of anoxia-reoxygenation. 

4.2.4. Data and statistical analysis 

As ROS production is dependent on the O2 availability (Scandurra and Gnaiger 2010, 

Makrecka-Kuka, Krumschnabel et al. 2015), the dependence of ROS for O2 at Leak and 

OxPhos states was calculated for each sample. Linear correlations between the ROS production 

and PO2 were apparent with no difference detected among species (P > 0.53) and there was 

also no effect of AR (P > 0.40). There was however a stronger effect in Leak state (ROS = 

0.02±0.006 PO2 + 2.71±0.98) relative to the OxPhos state (ROS = 0.012±0.005 PO2 + 

1.38±0.75; F1,5 = 60; P < 0.001). Therefore, the dependence of PO2 was then used to correct 

the ROS data in defined states (i.e. Leak or OxPhos) for a specific PO2 (Fig. 20B, 21B & 22B). 

ROS production can also be expressed as the portion of electrons not directed to O2 reduction, 

i.e. a loss of efficiency to convert the electrical gradient to proton pumping. We therefore 

calculated the relative portion of electron leakage by normalising the ROS production by the 

respiration rate (as ROS / respiration). 

For succinate titration assays, agonist dose response (three parameters) curves were fitted (least 

squares method) and maximum respiration mediated by succinate and mitochondrial affinity 

to succinate (aKM,S) were extracted and compared (extra sum-of-squares F test) using 

GraphPad Prism. The catalytic efficiency (Kcat,S; in s-1 mg-1) was calculated as maximum 

respiration divided by aKM,S. 

Respiration rates and ROS production were recorded from the calibrated signal in DatLab v7.1 

and processed in Excel. GraphPad Prism 7 was used for curve fitting and statistical analysis. 

Three-way ANOVA was first employed to assess the interaction effect of AR, succinate and 

species. Since no clear interaction was found, two-way ANOVA repeated measures was 

employed followed by Turkey’s post-hoc tests were applied to assess (i) the effect of PO2 and 

(ii) graded succinate on the mitochondrial respiration, and test for differences among species 
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in ROS production, and electron leakage. Two-way ANOVAs followed by Turkey’s post-hoc 

tests were performed to test for the effect of AR and test for the complex contribution on the 

ROS production and electron leakage between species. Non-linear models fitted with the least 

squared method were compared to find the best fit, and extracted parameters were compared 

between species using the extra-sum-of-squares F test. Significance differences were 

determined at P <0.05. All data are presented as mean ± s.e.m of 6 individuals. 
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4.3. Results 

4.3.1. The effect of the oxygen tension on the mitochondrial function. 

 

Figure 19. The dependence of the oxygen consumption, reactive oxygen species production and electron leakage to decreasing 
oxygen tension (PO2). In permeabilised brain of four triplefin fish species with various degree of hypoxia tolerance, 
mitochondrial respiration (A), ROS production (B) and electron leakage (C) were assessed at decreasing PO2 to anoxia. Data 
are presented as mean ± s.e.m. of 6 individuals of the rockpool species B. medius (red), the intertidal species F. lapillum 
(orange) and F. capito (yellow) and the subtidal species. F. varium (blue). In (C), PO2 was logged to appreciate the increase 
in electron leakage near anoxia. Data presented as mean ± s.e.m. (plain and dashed line, respectively). The difference between 
species was chosen at P < 0.05 or 0.001 and indicated in black as * or *** (respectively), tested with two-way ANOVA 
repeated measures followed by Turkey’s post-hoc test. 

 

To determine whether the PO2 at which permeabilised brain were held in vitro affects 

O2 flux, ROS production and the electron leakage, three parameters were measured in samples 

as they depleted O2. At air saturation, the three intertidal species had greater respiration rates 

than the subtidal species F. varium (Fig. 19A, P < 0.001). As O2 was depleted below 12 kPa, 

O2 flux of the two “mid-tidal” species matched those of F. varium, with B. medius sustaining 

higher O2 flux at lower PO2 (< 2.05 kPa). 

The ROS dependence on O2 from 20.5-2.1 kPa PO2 fitted a linear regression (Fig. 19B, F1,543 

= 0.196, P < 0.05). In this range, the ROS production was greater in F. varium than the three 

HTS (unshared slope and intercept; F6,22 = 32.82, P < 0.0001). However, at a PO2 mitochondria 

most likely function in vivo under normoxia (i.e. PO2 < 2.05 kPa), the ROS dependence on PO2 

fitted a three-parameter dose-response (P < 0.005), and did not differ among species (P = 0.48). 

The portion of electrons directed to ROS production (i.e. ROS / respiration) was similar 

similarly and stable among species until 5% air saturation (Fig. 19C). However, on 

approaching anoxia (PO2 < 0.02 kPa), electron leakage in F. varium increased ~5-fold and was 

higher than for the other intertidal species (P < 0.001). 
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4.3.2. Anoxia-reoxygenation impacts mitochondrial function regardless of hypoxia-
tolerance 

The subtidal species F. varium had the lowest OxPhos flux at PO2 above 15.4 kPa, 

below which no difference in respiration was apparent among species (Fig. 20A). Following 

AR, OxPhos respiration decreased for the HTS and matched this in F. varium such that they 

were similar among species. No differences among species were observed for Leak state flux 

(Fig. 20B). 

In Leak and OxPhos states, ROS production was assessed at various PO2 in control groups and 

groups exposed to AR. We therefore could account for the influence of altered PO2 on ROS 

production (Fig 23), and ROS production was higher from mitochondria in the Leak state than 

mitochondria in the OxPhos state (Fig. 20B; F1,5 = 60; P < 0.001). In control-non-AR samples, 

ROS production in OxPhos state was ~2 times higher in F. varium than the other species, 

however no significant differences were apparent among species in the Leak state. Exposure 

to AR in vitro did not affect ROS production in the OxPhos state, however ROS production 

decreased in the Leak state for all species relative to prior to AR (main effect of F3,15 = 1.2, P 

= 0.02). 

Electron leakage was similar among species in the presence of sufficient elevated O2 (i.e. PO2 

> 2.04 kPa; Fig. 19C & Fig. 20C). However, electron leakage significantly increased 

approaching anoxia in F. varium only, and was significantly greater than the other species at 

0.01% PO2 (Fig 19C). Following AR, electron leakage decreased in F. lapillum only (P < 

0.001) and was lower than the other species (P < 0.05; Fig. 20C). 
 
Table 1. The mitochondrial affinity for succinate is lower in the hypoxia-tolerant species. Succinate was titrated on 
permeabilised brain of the four triplefin fish species in the absence of other substrates (Leak), in the presence of mitochondrial 
substrates (OxPhos) and brain exposed to an event of anoxia-reoxygenation (OxPhos post-AR). Agonist vs. response (three 
parameters) curves were fitted (least squares method) and maximum respiration mediated by succinate and succinate affinity 
(aKM,S) were extracted and compared (extra sum-of-squares F test) using GraphPad Prism. The catalytic efficiency (Kcat,S) was 
calculated as maximum respiration divided by aKM,S. One-way ANOVAs were used to test for statistical differences, chosen 
at P < 0.05 and displayed as “*” for the difference between species and as “#” for the difference between states. 

 
Maximum respiration (pmol 
O2 .s-1 .mg-1)  

aKM,S (mM  succinate) 
 

Kcat,S (s-1 mg-1) 

Species Leak OxPhos OxPhos post-AR 
 

Leak OxPhos OxPhos 
post-AR  

Leak OxPhos OxPhos 
post-AR 

B. 
medius 

1.7 ± 
0.3# 8.9 ± 3.2 6.4 ± 1.0 

 
2.0 ± 
0.9# 

13.5 ± 
7.7 3.4 ± 1.4# 

 
1.2 ± 
0.1 

1.0 ± 
0.2 2.2 ± 0.7# 

F. 
lapillum 

1.9 ± 
0.1# 5.0 ± 1.5 7.5 ± 0.9 

 
1.4 ± 
0.3# 

5.8 ± 
4.0 4.4 ± 1.4 

 
1.7 ± 
0.8 

1.2 ± 
0.5 2.0 ± 0.5# 

F. 
capito 

1.8 ± 
0.2# 10.0 ± 3.5 8.0 ± 0.9 

 
1.6 ± 
0.4# 

11.6 ± 
6.8 3.4 ± 1.0# 

 
1.2 ± 
0.3 

1.5 ± 
0.5 3.0 ± 0.8# 

F. 
varium 

2.0 ± 
0.1 2.8 ± 0.6* 2.9 ± 0.4* 

 
1.3 ± 
0.2 

1.1 ± 
1.1* 0.5 ± 0.3* 

 
1.3 ± 
0.2 

4.1 ± 
1.4* 10.3 ± 4.0*# 
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4.3.3. Mitochondrial complexes contribution to 
ROS production and to electron leakage 

We assessed the contribution of either 

CI or CII linked pathways and their respective 

additive effects (“+CI” and “+CII”) to 

respiration, ROS production and to electron 

leakage (Fig. 21). With CI substrates and ADP 

(Fig. 21 left panels), F. varium had the lowest 

respiration and the highest ROS production (P 

< 0.04). While the addition of saturating 

succinate (+CII) mediated an increase in 

respiration in all species (P < 0.001), it did not 

affect the ROS production, which remained 

highest in F. varium. 

Experiments commencing with saturating 

succinate and ADP (Fig. 21 central panels) 

respiration was similar across species. 

However, ROS production was highest in F. 

lapillum and F. capito relative to B. medius and 

F. varium (P < 0.01). The subsequent addition of CI substrates (“+CI”) mediated a significant 

Figure 20. Exposure to anoxia-reoxygenation (AR) in 
vitro does not affect the ROS production. The effect of 
AR on the mitochondrial respiration (A), the ROS 
production (B) and the electron leakage (C) were assessed 
on permeabilised brain of the rock-pool species B. medius 
(red), the intertidal species F. lapillum (orange) and F. 
capito (yellow) and the subtidal species F. varium (blue). 
Samples were induced in OxPhos state with saturated 
mitochondrial substrates (pyruvate, malate, glutamate and 
succinate) and ADP and let to deplete the O2 until anoxia, 
held for 20min and followed by rapid reoxygenation 
(“post-AR”). Control groups were held with sufficient O2 
(> 60% air saturation). Once respiration recovered and 
OxPhos rates post-AR measured, Leak state was induced 
by inhibition of the ATPF0-F1 with olygomycin. (D) 
Respiratory control ration (RCR) were then calculated (as 
OxPhos / Leak) to appreciate the coupling of respiration to 
OxPhos. Data are presented as mean ± of 6 individuals ± 
s.e.m. Statistical difference tested with two-way ANOVA 
repeated measures followed by Turkey’s post-hoc test and 
presented in black for the difference between species, and 
blue for the effect of AR, as *, ** and *** for P < 0.05, 
0.001 and 0.0001, respectively. 
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increase in respiration in all species (P < 0.001), and enhanced electron leakage in F. varium 

only (P < 0.001). ROS production remained the highest in F. lapillum and was the lowest in B. 

medius (P = 0.01). 

 

Figure 21. The contribution of the mitochondrial complex I (CI) and complex II (CII) to respiration and electron leakage for 
ROS formation. In permeabilised brain of four triplefin fish species, mitochondrial respiration (A) and ROS production (B) 
were measured simultaneously in three different settings. Firstly, with ADP and CI substrates (pyruvate, malate and glutamate; 
“CI”), and subsequently, additional succinate (“+CII”; left panel). Secondly, with ADP and CII substrate (“CII”) and 
subsequently, additional CI substrates (“+CI”). Finally, the latter was repeated in the presence of the CI inhibitor rotenone. 
(C) The electron leakage was calculated as ROS per O2 consumed. (D) Graphical representation of the results. The flux of 
electron supported by CI or CII is represented in black. A portion of this flux not directed to respiration, electron leak (orange), 
is directed to ROS production. Since CII product supposedly further contributes to feeding CI, this was represented in dash. 
We note that the origin of electron leakage is here arbitrary. Data in A, B&C are presented as mean of 6 individuals ± s.e.m. 
Statistical difference tested with two-way ANOVA repeated measures followed by Turkey’s post-hoc test and presented in 
black for the difference between species, and blue for the effect of the additional complex, as *, ** and *** for P < 0.05, 0.01 
and 0.001, respectively. 

 

We note that CII only (i.e. without CI substrates) mediated higher electron leakage and ROS 

production than when respiration was already partially fuelled by CI (P < 0.05). The 

comparisons among pathways and their additive effects to ROS production revealed that while 

+CI and CI had similar production rates, +CII was lower than CII in all species of fish (P < 

0.05; Fig. 20A). 

With rotenone (Fig. 21 right panels), respiration rates fuelled by CII were halved relative to 

without rotenone (P < 0.001), yet remained the highest in F. varium relative to the HTS (P < 
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0.001). Electron leakage was 75% higher in F. lapillum relative to F. varium (Fig. 21C; P < 

0.05). While addition of CI substrates did not affect respiration, they increased electron leakage 

and ROS production in all fish species (P < 0.01), which were 2-fold higher in F. lapillum 

relative to B. medius and F. varium. 

4.3.4. The role of succinate concentration 

Mitochondrial respiration and ROS production were measured with increasing 

succinate concentrations (Fig. 22). Overall, mitochondrial respiration was the lowest at Leak 

state (Fig. 21A & Table 3; P < 0.001) and there were no differences among species (Table 3). 

In the OxPhos state, the three HTS had higher succinate supported respiration rates (Fig. 21A; 

P < 0.05) and higher affinities (i.e. lower aKM,S) for succinate relative to F. varium (Table 3; 

P < 0.001). However, the catalytic efficiency was four time higher in F. varium relative to the 

HTS (P < 0.001). Exposure to AR significantly decreased OxPhos O2 flux in the three HTS (P 

< 0.001), and two-way ANOVA revealed interactions with succinate concentration (F63,315 = 

3.39; P < 0.001). While exposure to AR did not affect maximum respiration nor aKM,S in F. 

varium, it decreased the apparent aKM,S and O2 flux in the three HTS (P < 0.001). AR also 

doubled Kcat,S in all species, with F. varium maintain the highest catalytic rate (10.3 s-1 mg-1 as 

opposed to an average of ~2.5 s-1 mg-1 in HTS; P < 0.001; Table 3). 

Succinate mediated ROS production (Fig. 22B) and electron leak (Fig. 22C) were higher in 

the Leak state in all species (P < 0.001). While in OxPhos, succinate mediated a slight increase 

in ROS production associated with an increase in electron leakage in F. varium, succinate 

decreased ROS production in B. medius. Above 0.5 mM succinate, ROS production remained 

unchanged in all species. AR did not affect the specific ROS production nor the electron leak, 

independently of succinate concentration (Fig. 22B & 22C). 
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Figure 22. Succinate supported respiration but not ROS production is supressed post to anoxia-reoxygenation (AR) in 
hypoxia-tolerant triplefin fishes. Mitochondrial respiration (A), ROS production (B) and electron leakage (C) were assessed 
on permeabilised brain in Leak (endogenous substrates, no ADP nor other substrates added), OxPhos controls (additional ADP 
and other substrates) and OxPhos post an event of anoxia-reoxygenation (“post-AR”) with graded succinate. Data are presented 
as the means of 6 individuals ± s.e.m. Warmer colours represent a greater hypoxia-tolerance. Statistical difference tested with 
two-way ANOVA repeated measures followed by Turkey’s post-hoc test and presented in black for the difference between 
species within a state, and blue for the difference between state within the same species, as *** for P < 0.001. 

4.4. Discussion 

As with other aerobic tissues mitochondria within brain are the main O2 consumers and 

likely are significant sources of ROS in particular if oxidising succinate has accumulated 

following anoxia. Much attention has been focused on mitochondrial function in mammalian 

models in hypoxia or following anoxia, yet their physiological role in other vertebrates such as 

fish, has been much less explored. Moreover, interpretations of ROS production are often 

criticised from the perspective that most cells function at low PO2, and many experiments are 

conducted at elevated PO2 where ROS production is elevated and likely overestimated 

(Makrecka-Kuka, Krumschnabel et al. 2015). This current study reveals that below 2.05 kPa 

(i.e. intracellular PO2), ROS production was similar among triplefin species, despite a higher 

rate of electron leakage in the hypoxia-sensitive species. However, in hyperoxia, combined CI-

linked substrates and succinate oxidation mediates less ROS in the brain of hypoxia-tolerant 

triplefins in vitro, including below 2 mM succinate, concentration that anoxic fish encounter 

in vivo (Johnston and Bernard 1983). HTS also had higher mitochondrial respiratory capacities 

relative to the hypoxia-sensitive fish on the cusp of anoxia, and electron transfer was more 

efficiently directed to respiration and not to ROS production. These findings suggest that New 



 lxxviii 

Zealand hypoxia-tolerant fish benefit from more efficient mitochondria that may help to sustain 

repeated hypoxic episodes, and likely avoid oxidative damage on approaching anoxia, upon re-

oxygenation and in hyperoxic conditions. 

4.4.1. The ROS dependence on PO2 

As ROS production is dependent on O2 tension (discussed in Makrecka-Kuka, 

Krumschnabel et al. 2015), we assessed the influence of PO2 on ROS production and found a 

positive correlation between the ROS production and PO2 within the range of 4.7-22 kPa (Fig. 

23). However, mitochondrial respiration state (i.e. Leak or OxPhos) affected this O2 

dependence. The binding kinetics of electrons to O2 in O2
.- formation are dependent O2 

availability and transience of electrons in the ETS, which elevated reduction through 

hyperpolarisation of mitochondria, increases this transience, and potentiates electron leakage 

from the ETS to form ROS (Korshunov, Skulachev et al. 1997, Murphy 2009, Aon, Cortassa 

et al. 2010) (Fig. 19). Here, increased electron leakage was achieved in vitro through elevating 

substrate and O2 levels, and through decreasing ADP levels (i.e. Leak state), which doubles the 

ROS production relative to the OxPhos state (Fig. 23). 

 

Paradoxically, hypoxia has been suggested to potentiate mitochondrial ROS production (Guzy 

and Schumacker 2006, Murphy 2012, Zuo, Shiah et al. 2013). This mechanism is not clear in 

our data and others and has been critically discussed (Scandurra and Gnaiger 2010). In another 

study, ROS production measured with Amplex-Red™ assays, shows a linear relationship with 

PO2, in the range between 64.6-4.3 kPa PO2 (Grivennikova, Kareyeva et al. 2018). In this 

present study, ROS measurements were performed in real time from ~20.5 to 0 kPa PO2, with 

more than 27,500 data points recorded between 4.3-0 kPa PO2 (Fig. 19B), range within which 

mitochondria function within cells (Biro 2013). Within this range, the ROS-PO2 relationship 

was better modelled using a three-parameter dose-response relationship (P < 0.02), which also 

do not support a potentiation of ROS production with the onset of hypoxia. However, the 

portion of electrons directed to ROS production (i.e. those not flowing to respiration) increased 

four-fold under 0.01 kPa PO2, i.e. near anoxia (Fig. 19C). Although mitochondria are less 

likely to be exposed to such low oxygen tensions in most normoxic vertebrates (Palacios-

Callender, Quintero et al. 2004, Benamar, Rolletschek et al. 2008), low PO2 is likely reached 

in tissues of animals exposed to periods of environmental or functional hypoxia-anoxia 

(Hickey, Renshaw et al. 2012, Bundgaard, James et al. 2018), or pathologically in ischemic 

tissues exposed for at least several minutes (Chan 2001, Bainbridge, Tachtsidis et al. 2014). 
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We note that the amount of ROS produced by triplefin brain is small relative to other tissues, 

such as the heart of Wrasse species which produce ~25-fold more ROS (Iftikar and Hickey 

2013). To our knowledge ROS production near anoxia has not yet been assessed in a range of 

species with varying tolerances to hypoxia. We conclude that the increased electron leakage 

near anoxia is likely due to the hyper-reduction of mitochondria, since substrate levels were 

high and O2 limiting. 

4.4.2. Intertidal triplefins produce less ROS than the subtidal species in a saturated 
medium. 

Few studies have explored ROS production in fishes. Lower ROS levels were observed 

in isolated liver mitochondria of killifish (Fundulus heteroclitus) acclimatised for a month to 

hypoxia or intermitted hypoxia (Du, Mahalingam et al. 2016) and permeabilised ventricle 

fibres of the anoxia-tolerant epaulette shark (Hemiscyllum ocellatum) also depressed ROS 

release (Hickey, Renshaw et al. 2012). To our knowledge only those two studies have assessed 

ROS production in vitro in contexts of hypoxia tolerance in fish species. This present work 

shows that the intertidal triplefin species produced less ROS when phosphorylating in a fully 

aerated medium, which is likely hyperoxic for mitochondria in vivo. 

The three HTS of triplefin fish displayed lower CI mediated ROS production relative to the 

HSS. A similar trait has been observed liver and skeletal muscle from a mammalian hypoxia-

tolerant model, the ground squirrel, Ictidomys tridecemlineatus (Brown, Chung et al. 2012). It 

was also observed in heart mitochondria of the anoxia-tolerant turtle (Trachemys scripta), 

which lowered ROS production from CI was in part shown to be mediated by modification of 

specific residues within CI through S-nitrosylation (Bundgaard, James et al. 2018). 

Such findings have mainly been assessed in vitro with O2 concentrations above those that 

mitochondria would likely experience in vivo. This apparent experimental artefact has been 

discussed by Zenteno-Savin et al. (2002) who reported that aortic rings of diving seals, a model 

for ischemia-reperfusion and hypoxia tolerance, generated more ROS than tissues from pigs 

(Zenteno-Savin, Clayton-Hernandez et al. 2002). In this present study HTS generated less ROS 

than HSS at high PO2. This indicates that excess mitochondrial ROS production may be 

prevented in HTS triplefins, which occupy rock pools that can become hyperoxic on sunny 

days. Although ROS production was similar across species at lower PO2 where mitochondria 

likely function in vivo (i.e. PO2 < 2.05 kPa), electron leakage near anoxia was greatest in the 

hypoxia sensitive species, indicating a better management of electrons in respiratory chains of 

the three more hypoxia tolerant species. 
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4.4.3. Species specific response to anoxia-reoxygenation 

While complete O2 deprivation may not be experienced in the brain of rock-pool 

triplefin fish, as anoxia does not appear to occur in rock pools (McArley, Hickey et al. 2018), 

we assessed the effect of 20 minutes anoxia in vitro. This time generally triggers mitochondria 

damage (Rouslin 1983). Unexpectedly, on reoxygenation OxPhos rates decreased in all HTS, 

and matched F. varium (Fig. 20B). Therefore, some damage may have occurred in HTS brain 

mitochondria following AR. However, Leak respiration rates were less affected and the RCR 

remained the highest in the truly intertidal species B. medius indicating greater stability of the 

inner mitochondrial membranes in this species. Exposure to AR decreased the electron leakage 

in the intertidal species of the Forsterygion genus, however B. medius had a similar response 

than F. varium. From these data, it appears that the response of the species within the 

Fortserygion genus follow a trend that correlates with hypoxia tolerance. However, the most 

HTS B. medius, species and phylogenetically more distant (Hickey, Lavery et al. 2009), had a 

response similar than F. varium. In triplefin fish species, the response to AR does not seem to 

be correlated with hypoxia-tolerance but appears to be species specific. 

4.4.4. The role of succinate 

In the absence of CI substrates (Fig. 21 second panel) ROS production was surprisingly 

higher in F. lapillum and F. capito and no difference was apparent between B. medius and F. 

varium. However, with CI substrates present, succinate-mediated ROS was lower in the three 

more HTS relative to F. varium (Fig. 22), indicating that CI substrates and NADH, which 

increases in hypoxia (Garofalo, Cox et al. 1988) suppresses ROS production in the HTS, or 

elevates ROS production in HSS. Notably, with succinate and rotenone, ROS production was 

higher and electron leakage doubled in all species of fish (Fig. 21), and this is an artificial state 

unless CI is damaged to an equivalent state as when poisoned by rotenone. Perhaps these data 

illustrate the importance of mimicking substrates in vivo. 

Following in vitro exposure to AR, the affinity for succinate, which was up to 20-fold higher 

in HTS controls, also decreased in the three HTS, though maximal succinate oxidation rates 

remained unchanged. Mitochondrial “metabolic depression” mediated through suppressed 

succinate oxidation rates has been reported in liver and skeletal muscle of hibernating ground 

squirrels in metabolic suppression during torpor (Brown, Chung et al. 2013), and in hypoxic 

reared, or selected drosophila (Ali, Hsiao et al. 2012). Since in hypoxia-sensitive mammalian 

brain, high succinate oxidation rates and associated elevated ROS production have been shown 

to be key mediators of ischemia-reperfusion injuries (Chouchani, Pell et al. 2014), the partial 
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suppression of succinate oxidation (Table 3) and associated diminished ROS production (Fig. 

22) in hypoxia-tolerant triplefins appear to be a strategy against oxidative stress mediated by 

hypoxia-reoxygenation. 

4.5. Conclusion 

In this study, ROS production was assessed with the consideration of both O2 and 

substrates availability. In this context, we demonstrate that at least at intracellular PO2 that 

likely represent normoxia and hypoxia, decreasing ROS production does not appear to be an 

avoidance strategy for intertidal triplefin fishes. However, using simultaneous measures of 

respiration and ROS production we show that the efficiency of electron transfer is greater in 

HTS when entering anoxia. Moreover, succinate supported efficiencies of ROS production is 

better in HTS, and that this is possibly dependent on substrates that mediate NADH supply. In 

addition, in hyperoxic conditions, intertidal triplefins may avoid oxidative stress with a lower 

ROS production relative to the subtidal species. In ecological contexts, intertidal triplefin fish 

can better manage the hypoxia-reoxygenation and hyperoxia, which occurs in rock pools. 

 

 
Figure 23. The dependence of the ROS production to the oxygen tension. In permeabilised brain, the ROS production 
was measure fluorometrically on mitochondria at OxPhos state (high substrates levels and ADP) and Leak state (inhibition 
of the ATPF0-F1 with olygomycin). Each dot represents the measurement of an individual from the rock-pool species B. 
medius (red), the intertidal species F. lapillum (orange) and F. capito (yellow) and the subtidal species F. varium (blue), 
having experienced an episode of anoxia-reoxygenation (“AR”, empty symbols) and in control groups (“Ctrl”, filled 
symbols). The linear correlation between ROS production and the PO2 at which ROS production was extracted was tested 
with the least squares fit and displayed with 95% confidence intervals. 
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5.1. Introduction 

An adequate and continuous supply of oxygen is fundamental to fuelling vertebrate 

respiration. If the supply of oxygen is severely diminished in mammalian species, survival is 

limited to a few minutes unless they have adaptations to survive deep-sea diving, hibernation 

or stress-induced torpor. In the absence of specialised biochemical and physiological 

readjustments, hypoxia or anoxia can compromise cellular energy supplies, triggering signal 

cascades that result in organ failure and subsequently death. Sub-cellularly, anoxia can result 

in irreversible damage to mitochondria (Javadov 2015, Andrienko, Pasdois et al. 2017) which 

can induce the release cytochrome c, an initiator of cell death by apoptosis (Kinnally, Peixoto 

et al. 2011). Furthermore, majority of cell damage occurs during the re-introduction of normal 

oxygen levels (Kalogeris, Baines et al. 2012). Mitochondrial dysfunction does not always lead 

to cell death, for example, diminished mitochondrial transmembrane potential can be re-

established by 72 hours post-stress (Tuan, Hsu et al. 2008). 

 
In species that evolved their anoxia tolerance at temperatures close to 0°C, the duration of 

extreme anoxia-tolerance can extend to months, because hypothermia slows enzymatic 

reactions, diffusion and energy consuming processes, all of which spare energetic resources 

(Rubinsky 2003). However, the increase in energy consumption associated with increased 

metabolic rates in species adapted to higher temperatures (~20-25°C), diminishes the survival 

time for anoxia-tolerant species to a few days or even hours (Lutz and Nilsson 1997). On 

tropical reef platforms temperatures of up to 35oC  have been observed (Potts and Swart 1984) 

and remarkably some are inhabited by hypoxia and anoxia-tolerant reef sharks that have 

evolved their survival mechanisms in the absence of cold-induced survival mechanisms 

(Nilsson and Renshaw 2004). Only a few fish have evolved survival mechanisms that protect 

them from hypoxia and anoxia in tropical environments, such as: African lakes (Chapman et 

al., 2002), the Amazon (Val 1998, Richards, Wang et al. 2007, Val, Gomes et al. 2015), and 

warm coral reef waters (Renshaw, Kerrisk et al. 2002, Routley, Nilsson et al. 2002, Nilsson 

and Ostlund-Nilsson 2004). Since some of these tropical hypoxia and anoxia-tolerant species 

can survive several hours of hypoxia at mammalian temperatures in contrast to the a few 

minutes that humans are able to tolerate, they make useful experimental models in which to 

examine protective mechanisms. 

The epaulette shark (Hemiscyllium ocellatum) and its close relative the grey carpet shark 

(Chiloscyllium punctatum) represent ancestral vertebrates and are the only elasmobranch 

species reported to tolerate prolonged anoxia or hypoxia at tropical temperatures (Wise, 
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Mulvey et al. 1998, Chapman and Renshaw 2009). The grey carpet shark (CGS) is distributed 

in northern Australian waters and is widely distributed in Indo-West Pacific regions (Dudgeon 

2016) while the epaulette shark (ES) is restricted to northern Australian waters and New Guinea 

(Chapman and Renshaw 2009, Last 2009, Bennett 2015). Both species have been observed on 

reef flats during the day. While the ES has been observed hunting and feeding on reef flats 

during nocturnal hypoxic conditions, it has not been confirmed whether the GCS occupy this 

niche on nocturnal low tides. However, under experimental conditions the GCS can sustain 

around 1h anoxia at 25°C, while the ES routinely survives 2.5h (Renshaw, Kerrisk et al. 2002, 

Routley, Nilsson et al. 2002, Chapman, Harahush et al. 2011). The ES is capable of metabolic 

depression and neuronal hypometabolism in response to diminished oxygen (Mulvey and 

Renshaw 2000, Stenslokken, Milton et al. 2008) through mediators such as adenosine receptors 

(Renshaw et al., 2002). Neuronal hypometabolism and temporary blindness may act to 

diminish the demand for ATP (Mulvey and Renshaw 2000, Stenslokken, Milton et al. 2008). 

The ES increased the production of NO in response to hypoxia, which could enhance oxygen 

delivery (as discussed in Renshaw and Dyson 1999, Nilsson and Renshaw 2004) and depresses 

mitochondrial O2 consumption (Brown 1995, Cooper and Brown 2008). In addition, ES are 

naturally exposed to cycles of nocturnal hypoxia in their natural environment (Nilsson and 

Renshaw 2004), which has been demonstrated pre-condition this species for longer future 

exposures to hypoxia with early entry into ventilatory and metabolic depression (Routley, 

Nilsson et al. 2002). 

In contrast, the GCS maintain their metabolic and ventilation rates, and rapidly increased their 

haematocrit in response to anoxia, most likely via splenic contractions (Chapman and Renshaw 

2009). It was suggested that the O2 from stored red blood cells could be released which would 

ultimately increase the supply of oxygen to metabolically active organs when the O2 supply is 

compromised. 

It has been proposed that oxidative damage originates during re-oxygenation from an increase 

in mitochondria derived reactive oxygen species (“ROS”; illustrated in Fig. 29), potentially 

triggering apoptosis and necrosis (Murphy 2009). While laboratory-based anoxic stress can be 

well tolerated by both shark species (Chapman and Renshaw 2009), there is evidence of re-

oxygenation induced oxidative damage in the ES (Renshaw, Kutek et al. 2012) even though 

the ES produced less reactive species than other elasmobranchs (Hickey, Renshaw et al. 2012). 

In mammals, it has been demonstrated that succinate accumulates in highly metabolic ischemic 

organs (at least in the brain, heart, liver and kidney) as a result of the ischemia induced reversal 

of the succinate dehydrogenase (SDH i.e. mitochondrial complex II or CII) and the partial 
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inhibition of the malate/aspartate shuttle (Chouchani, Pell et al. 2014). Upon reperfusion, 

succinate is oxidised at elevated rates and this drives excess ROS production by the reversal of 

electron flow at complex I (CI) (discussed in Andrienko, Pasdois et al. 2017). This succinate-

induced ROS can cause oxidative damage that alters mitochondrial function (Paradies, 

Petrosillo et al. 2002) (illustrated in Fig. 29). These detrimental effects of reperfusion in the 

presence of excess succinate may be further enhanced at elevated temperatures (De Groot and 

Rauen 2007). 

Intriguingly, the anoxia-tolerant ES displayed greater mitochondria membrane stability after 

an anoxic event than the hypoxia-sensitive shovelnose ray (Aptychotrema rostrata) (Hickey, 

Renshaw et al. 2012). It was proposed that the high mitochondrial membrane stability observed 

in the ES would act to maintain oxidative phosphorylation (Oxphos) efficiency and decrease 

ROS production post-anoxia, which would decrease oxidative damage mediated by re-

oxygenation (Hickey, Renshaw et al. 2012). Although ES heart mitochondria are robust in 

response to an anoxic challenge, the effect of succinate build-up and ROS production on 

mitochondria respiratory complexes and mitochondrial efficiency in other highly metabolic 

tissues such as the brain, have yet to be determined. The cerebellum is one of the most 

vulnerable regions of the brain to damage from a hypoxic insult (Cervós-Navarro and Diemer 

1991). The loss of the righting reflex, controlled by the cerebellum, is the first sign of 

physiological shut down and evidence suggests that such cerebellar shut down acts to conserve 

brain energy charge (Renshaw, Kerrisk et al. 2002). In addition, the ES cerebellum: (i) 

increases the transcription of pro-survival genes in response to recurrent hypoxic 

preconditioning (Rytkonen, Renshaw et al. 2012); and (ii) makes protective proteomic 

readjustments following episodes of either hypoxic or anoxic preconditioning (Dowd, 

Renshaw et al. 2010). It should be noted that cytochrome oxidase levels are significantly 

decreased by exposure to diminished oxygen, representing neuronal hypometabolism (Mulvey 

and Renshaw 2000), which implies that mitochondria turn down ETS activity in response to 

hypoxia. This questions whether cerebellum mitochondria are plastic in their response to 

diminished oxygen and whether they can subsequently recover 

To test whether mitochondrial plasticity is likely to be involved in the tolerance of the ES 

and/or the GCS brain to anoxia, we investigated the tolerance of mitochondria in whole 

preparations from the cerebellum of each species to an acute episode of anoxia/re-oxygenation 

(AR) with and without elevated succinate levels. More specifically, we compared the 

mitochondrial respiratory capacity and the mitochondrial plasticity (readjustment of respiratory 

pathway from CI and CII) in responses to graded levels of exogenous succinate in mitochondria 
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exposed to either AR or maintained with sufficient O2 (controls). Using high resolution 

respirometry, we tested the hypothesis that the cerebellum mitochondria from ES cerebellum 

would be more resilient to AR compared to those from the GCS and that ES mitochondria 

would adjust their respiratory characteristics in response to graded exogenous succinate rather 

than exhibit high CII succinate oxidation rates during reoxygenation. This is the first report 

describing both i) the normal activity of ES and GCS intact mitochondrial population in the 

cerebellum; and ii) their responses to an anoxic challenge followed by re-oxygenation. Both 

experiments were carried out with graded exogenous succinate. 

5.2. Materials and methods 

5.2.1. Animals and housing 

Six sub-adult ES with a mean of 490 ± 83 g were purchased from Cairns Marine 

(Cairns, Australia) while seven sub-adult GCS with a mean of 138 ± 31 g were provided by 

Sea World (Main Beach, Gold Coast, Australia). Sharks were held in 300L tanks containing 

aerated sea water maintained at 22°C and fed daily with fresh raw shrimps. After a week of 

acclimation, sharks were starved for two days prior to euthanasia and the commencement of 

high-performance mitochondrial respirometry. The sharks were measured and weighed post-

euthanasia and the cerebellum was weighed prior to homogenisation. 

5.2.2. Cerebellum preparation 

Tissue homogenates which avoided shear stress, were chosen over other methods of 

preparation (i.e. permeabilised brain or isolated mitochondria) because they retain i) 

mitochondrial integrity; ii) all sub-populations of mitochondrial in situ; and iii) conserve 

potential cellular regulators of mitochondrial function (Kondrashova, Zakharchenko et al. 

2009). However, while including the overall mitochondrial characteristics of different sub-

populations contained in the shark cerebellum, any potential differences in mitochondrial 

density were not assessed. Consequently, the reported difference in respiration rates between 

the two sharks provide information on the overall mitochondrial capacity within a fixed mass 

of shark cerebellum, and is not intended to examine differences between mitochondrial units 

(i.e. adjustments within a mitochondrion). 

 

Sharks were euthanized by the addition of 15 ml of 5% benzocaine, dissolved in ethanol, to 1L 

sea-water for a final dose of 750 mg benzocaine/L. After ventilation ceased, the absence of 

response to fin pinch test and the loss of righting reflex indicated that euthanasia was complete, 
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then the spinal cord was sectioned at the cranio-vertebral junction and sharks were rapidly 

dissected. The cerebellum was rapidly removed and immersed in ice-cold biopsy buffer (in 

mM: 2.77 CaK2EGTA, 7.23 K2EGTA, 5.77 Na2ATP, 6.56 MgCl2.6H2O, 20 taurine, 15 

Na2Phosphocreatine, 20 imidazole, 0.5 DTT, 50 KMES, and 50 Sucrose, pH 7.1 at 30°C) 

(Hickey, Renshaw et al. 2012). Then the cerebellum was gently blotted, to remove excess blood 

and it was weighed into ~150 mg pieces in 800 µl cold MiR05 respiration medium (containing, 

in mM: 0.5 EGTA, 3 MgCl2.6H2O, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 2.5 HEPES, 

700 sucrose and 1g l-1 BSA essentially free fatty acid, pH 7.2 at 22°C). A portion of the diced 

cerebellum was gently homogenised by triturating the small pieces through a 10ml syringe 

with decreasing gauge needles (16-25 gauge) and allowed to recover for an hour in cold MiR05 

prior to use in respirometry experiments. 

5.2.3. Respirometry experiments 

A multiple substrate uncoupler inhibitor protocol (SUIT) was performed to assess the 

effect of AR on: (i) The total proton leak (LTotal) and the inducible proton leak through adenine 

nucleotide translocase (LANT); (ii) complex I (CI) mediated respiration and O2 flux (JO2) 

attributed to OxPhos with and without succinate build-up; (iii) the electron transport system 

(ETS) capacity and (iv) CII capacity (Fig. 24). Electron inputs from either complex I or 

complex II can be assessed in SUIT protocols with the sequential reconstitution of TCA cycle 

pathways by the addition of complex specific substrates. The contribution of each complex to 

ETS reflects putative mitochondrial plasticity because it represents the readjustment of 

convergent electron pathways to OxPhos (detailled in Gnaiger 2014). The addition of succinate 

and rotenone in the absence of CI substrate, mediates oxaloacetate accumulation and further 

competitively inhibits CII (Harris and Manger 1969). In this study, the CII contribution to 

OxPhos was determined by the additive effect of excess succinate to CI-mediated OxPhos 

(with pyruvate, malate and glutamate) because additive electrons flow from CI to the Q-

junction converges according to a NADH+:succinate ratio of at least 4:1 (Gnaiger 2014). 

Whole homogenates from the cerebellum of either GCS or ES (100 µl corresponding to 10-15 

mg tissue) were added to the 2 ml chambers of Oroboros O2ks™ respirometers containing 

aerated MiR05 media at 20°C (261.92 µM O2 at 101.5 kPa barometric pressure). After signal 

stabilisation, 20 min recovery was sufficient to exhaust routine respiration, which remaining 

exhausted respiration was subtracted from the other mitochondrial states. Then, mitochondria 

CI-linked substrates, pyruvate and malate were added at saturated concentrations (10 and 5 

mM respectively) to assess the non-phosphorylating state mediated by CI inputs (LCI). 
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Oxidative phosphorylation supported by pyruvate and malate (PM OxPhos) was then triggered 

by the addition of 700 µM ADP and the additional effect of glutamate on mitochondrial 

respiration was tested by the addition of 10 mM glutamate (CI-Oxphos). To test mitochondrial 

tolerance to anoxia-reoxygenation (AR), mitochondria were allowed to deplete the chamber O2 

then maintained in anoxia for 20 minutes following re-oxygenation (Hickey, Renshaw et al. 

2012), the control group had fully aerated medium. 

 
Figure 24. Representative trace of the substrate uncoupler inhibitor protocol used to measure mitochondrial respiration rates 
(JO2) of cerebellum homogenate from grey carpet sharks and epaulette sharks. Samples were introduced into the 2 ml 
respirometer chambers and were allowed to recover for 20 min. Excess pyruvate, malate and ADP were injected to put 
mitochondria into Complex I (CI) mediated oxidative phosphorylation (PM-Oxphos). The additive effect of glutamate was 
tested by inclusion in the CI substrate addition (CI-Oxphos). The sample was permitted to deplete O2 until anoxia, and a 
reference chamber was maintained between 100-250 µM O2 (trace not shown). The chamber was then re-oxygenated after 20 
min (up to ~220 µM O2 for both control and anoxic groups). The loss in CI mediated JO2 (Loss CI) was calculated by anoxia 
exposure followed by reoxygenation (AR). Succinate was then titrated up to 10 mM to measure the contribution of CII to 
CI+CII-Oxphos (CIIcoupled). At the conclusion of the experiment, oligomycin (Oli) was added to induce mitochondria in total 
Leak state (LTotal) and the contribution of the adenine nucleotide translocase (LANT) was calculated as the difference between 
LTotal and the residual leak (LResidual), which was reached after the addition of the ANT inhibitor carboxy-atractyloside (cAtr). 
Finally, the mitochondria were chemically uncoupled with the titration of CCCP to determine maximum ETS capacities 
(ETSmax). Finally, rotenone was added (Rot, a CI inhibitor) to measure the uncoupled CII capacity (CIIuncoupled). 

 

The amount of tissue in the homogenates (~10-15 mg) was chosen as this permitted anoxic 

levels to be reached within 30-50 min. After acute anoxic exposure, chambers were exposed to 

ambient air to re-oxygenate the media up to ~220 µM O2 and recommence respiration. Once 

CI-Oxphos fluxes post-anoxia were determined, a succinate titration (0-10 mM) was started 

using an automated titration pump to mimic gradual succinate accumulation. To determine the 

contribution of AR to altered mitochondrial function, the control tissues were exposed to 

succinate titration alone in fully aerated medium. Oligomycin was added (Oli, 5 µM) to 

determine total Leak respiration from combined CI and CII inputs (LTotal). The fraction of 

proton leak through the adenine nucleotide translocase (LANT) was then determined as the 

difference between LTotal and the residual leak (LResidual), measured by the addition of carboxy-
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atractyloside (cAtr, 5 µM) to inhibit the ANT. Respiration was then uncoupled from OxPhos 

using three injections of the protonopore carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 

0.5 µM each) to determine the ETS capacity (ETSmax). Then, CII capacity uncoupled from 

OxPhos (CIIuncoupled) was assessed by the addition of the CI inhibitor rotenone (0.5 µM), as this 

represents the maximum capacity of CII to fuel the ETS with electrons, without limitations of 

the phosphorylating system, and without competition for the Q-pool (Gnaiger 2014). A 

representative trace of the SUIT protocol and its corresponding effects on mitochondrial 

respiration is presented in Fig. 24. 

5.2.4. Data and statistical analysis 

Respirometry fluxes were calculated in real-time with DatLab 6.0 software and 

expressed in pmol O2 s-1 mg-1. The data and calculations were transferred to Microsoft Excel 

(Office vs15.38). The complex I contribution to OxPhos was calculated as the difference 

between CI-Oxphos and LCI. The CII respiration coupled to OxPhos (CIIcoupled) was 

calculated as the difference between OxPhos and CI-Oxphos. The respiratory or acceptor 

control ratio (RCR) is a function of OxPhos coupling efficiency of a system (Gnaiger 2014) 

and was calculated by the formula OxPhos/Leak. To estimate whereas damage to ETS may 

affect OxPhos, we calculated the net OxPhos control ratio (nOCR) as (Oxphos - Leak)/ETS. 

Dose response curves for succinate were fitted with the least-squares method using GraphPad 

Prism 7.0. In addition to the maximum respiration rate derived from the addition of succinate 

(CIIcoupled) and the apparent Km (“aKmS”; determined as the succinate concentration at 

which respiration was half of CIIcoupled) the catalytic efficiency of CII (“CIIcat”; proxy for 

enzymatic efficiency, generally represented as Vmax / Km), was also presented and calculated 

as 𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝐾𝐾𝐾𝐾𝑠𝑠⁄ . 

It should be noted that the use of the term “mitochondria”, expressed here, does not refer to 

normalised mitochondrial entities (i.e. if mitochondrial density were established) but denotes 

the all of mitochondrial populations in situ within the cerebellar homogenates. Therefore, 

mitochondrial characteristics interpreted from respiration rates in the present study, yield 

information about the capacity of mitochondria in the overall tissue, which better indicate the 

responses that are likely occur in shark cerebellum in vivo. It cannot be assumed that all of the 

results are directly related to mitochondrial adjustments at the organelle level. The data that 

was used to calculate a number of ratios associated with mitochondrial complexes and leak 

states did not require quantification of mitochondrial density and the discussion of results is 

largely based on these ratios 
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The Shapiro-Wilk test was used to test for normal distributions. SPSS 23.0 or GraphPad Prism 

7.0 were used to perform a student t-test when equality of variances was verified. Two-way 

ANOVA repeated measure and post-hoc with Turkey multiple comparison were performed to 

compare the effect of substrates-inhibitor on mitochondrial states, to compare the effect of AR 

on CI contribution and to compare the additive effect of succinate build-up on mitochondrial 

respiration rates across species. A significant difference was accepted at p < 0.05. 

5.3. Results 

5.3.1. Shark morphology 

Table 2. Morphology of the two anoxia tolerant sharks. Body length, body mass (BM) and the ratio of the cerebellum to 
BM for the two anoxia tolerant shark species, grey carpet shark and the epaulette shark. The mass of the cerebellum was 
normalised to body mass for comparison between species. Results expressed as mean ± s.e. Significant differences between 
species (#) or between control and post-anoxia (*) tested with independent t-tests, p < 0.01). 

 

Sub-adult GCS and ES were used for this study. While the ES had a greater mean body 

mass than GCS (Table 4), the mean proportion of cerebella mass to body mass was greater in 

the GCS than in the ES. Neither length nor mass or sex affected mitochondrial function 

(factorial ANOVA, homogeneity of variance verified with Levene’s test). 

5.3.2. Interspecies comparison of cerebellar mitochondrial respiration in fully 
aerated medium. 

While the stepwise addition of substrates or inhibitors influenced mitochondrial 

respiration (F7,42 = 153, p < 0.001; Fig 25) Turkey post-hoc tests revealed no significant 

differences in leak states (LTotal and LANT) or OxPhos states (CI-Oxphos and OxPhos) between 

these two closely related carpet shark species. However, ES homogenates had a significantly 

higher ETS capacity (ETSmax) per mass tissue than GCS mitochondria (p < 0.001). The ETSmax 

was ~20% and ~75% higher than OxPhos in the GSC and ES, respectively (p < 0.003). 

 Body length (cm) Body mass (g) Cerebellum (mg) /BM (g) 

Grey carpet (6) 53.00 ± 7.57 138.25 ± 30.68 8.58 ± 1.50 * 

Male (2) 56.00 ± 0.01 121.91 ± 19.74 8.01 ± 0.06 

Female (4) 51.00 ± 9.25 

 

143.70 ± 31.72 8.78 ± 1.69 

 

Epaulette (6) 67.17 ± 4.15 * 490.57 ± 82.91 * 1.19 ± 0.13 

Male (3) 68.25 ± 0.25 485.57 ± 68.32 1.24 ± 0.14 

Female (3) 66.63 ± 4.99 495.57 ± 95.03 1.13 ± 0.10 
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Figure 25. Mitochondrial respiration rates in homogenates of the cerebellum from two anoxia-tolerant sharks. In PM-Oxphos, 
there was no difference in respiration rates between grey carpet sharks mitochondria (blue) and epaulette sharks mitochondria 
(red). The addition of excess glutamate to reach CI-Oxphos followed by excess succinate to reach Oxphos state, each mediated 
and increase of ~6 pmol O2 s-1 mg-1 in both species of sharks. The addition of oligomycin to measure total leak (LTotal) decreased 
JO2 similarly in both sharks. Adenosine nucleotide translocase mediated Leak flux (LANT), was also similar in grey carpet and 
epaulette sharks. However, epaulette sharks mitochondria had greater ETS capacity. Refer to the Fig. 1 legend for details on 
the method. Significant difference tested with two-way ANOVA and post-hoc test with Turkey correction indicated as *** at 
p < 0.001. 

5.3.3. Effect of anoxia/reoxygenation on mitochondria complexes in the two closely 
related carpet sharks. 

The overall responses of OxPhos and ETS to AR as well as the contribution of CI and 

CII to OxPhos were analysed and compared for each species. While OxPhos was significantly 

decreased by AR in GCS homogenates (p < 0.001), OxPhos was maintained post AR in ES 

homogenates (p = 0.15; Fig. 26). In response to AR, the ETSmax was significantly decreased in 

both shark species with a decrease of ~31-34% (p < 0.01) relative to the pre-anoxic state (Table 

4). 
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In mitochondria from GCS cerebella, there was a 

significant 31% decrease in CI respiration following AR 

with saturated CI substrates (Fig. 26), which was not 

compensated for by the 2.7-fold increase in the CII contribution to OxPhos (p < 0.001; Fig. 

26). We note that this could account for the significant decrease of CI + CII OxPhos by 26% 

(corresponding to ~4 pmol O2 s-1 mg-1; p = 0.04; Fig. 26). Despite this loss in respiration, RCRs 

and nOCRs were not affected by AR (p > 0.6, Table 2). In contrast, CI mediated respiration 

was unaffected by AR in mitochondria from ES cerebella (Table 4& Fig. 26) and while the 

level of OxPhos respiration was preserved (Fig. 26), RCRs were significantly decreased 

indicating an increase in uncoupled respiration in OxPhos (p = 0.007, Table 4). OxPhos 

capacity was also greater in the ES cerebella following AR with a conserved ~91% capacity 

compared to ~74% in GCS mitochondria (p = 0.05; % Fig. 26). 

The contribution of CII to respiration was also tested in two settings (Table 4), coupled to 

OxPhos (i.e. actual contribution to OxPhos) and uncoupled to OxPhos (full CII capacity to 

contribute to ETS). In GCS homogenates not exposed to AR, CIIcoupled respiration was ~2 pmol 

O2 s-1 mg-1 and accounted for only 21% of CIIuncoupled (p < 0.001). While post AR the CIIcoupled 

increased by ~80% (p = 0.03) and matched CIIuncoupled, CII overall was diminished by 60% (p 

< 0.001). In contrast, CIIcoupled reached its full capacity in ES homogenates not exposed to AR 

Figure 26. Contribution of complex I and 
complex II to Oxphos before and after 
exposure to anoxia/re-oxygenation. (A) 
Absolute respiration rates mediated by 
CI (coloured) and CII (black and white) 
and (B) the relative contributions of each 
complex to Oxphos, in cerebellar 
homogenates of GCS (blue) and ES (red) 
maintained in normoxia (‘Ctrl’, filled) or 
exposed to an episode of 
anoxia/reoxygenation (‘AR’, dashed). 
The CI contribution to respiration was 
determined in the presence of excess CI-
linked substrates (pyruvate, malate and 
glutamate) followed by ADP while the 
CII contribution was calculated by the 
additive effect of succinate on CI-
mediated Oxphos respiration rates. Data 
in (A) represent the absolute respiration 
rates mediated by CI and CII, the sum of 
which corresponds to Oxphos rates and 
expressed in pmol O2 s-1 mg-1. Data in 
(B) correspond to the relative 
contribution of each complexes to 
Oxphos rates in tissue either exposed to 
saturated O2 or exposed to an episode of 
AR. Results are expressed as mean (n = 
6) ± s.e. Significant difference (p < 0.05) 
are indicated as * between treatments 
(Control or AR) or as # between shark 
species (neighbouring histograms). The 
additive effect of both complexes is 
shown as stacked histograms, tested with 
two-way ANOVA test with Turkey 
correction for multiple comparison. 
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and equated CIIuncoupled (~3.5 pmol O2 s-1 mg-1). Post AR however, CIIcoupled flux was decreased 

by 35% and equated to 30% CIIuncoupled only (p = 0.02). 

5.3.4. Apparent proton leak. 

In the normoxic control groups for ES and GCS, the LTotal was similar between species 

(p = 0.65; Fig. 25 & Fig. 27). However, while AR did not affect LTotal in the GCS mt, it 

significantly increased LTotal by ~58% in ES mitochondria (p = 0.02; Fig. 27). There was no 

apparent difference in LANT between the control groups for two species during pre-AR 

respiration (Fig. 27). However, following AR the ES mitochondria showed a significant ~4-

fold increase in LANT (p = 0.035) while LANT was unchanged in the mitochondria of GCS. Since 

the LResidual was similar in both species and not affected by AR (p > 0.5) the increase in LTotal 

in ES mitochondria reflected the increase in LANT. 

 

5.3.5. Effects of titrated exogenous succinate on oxygen flux. 

Both the succinate concentration and exposure to AR influenced CII mediated JO2 

(F3.52, p = 0.015) (Fig. 28). In control groups, the apparent Km to succinate was similar between 

the two species (aKmS ~0.4-0.9 mM). However, the CIIcoupled flux was two-fold higher in ES 

cerebella than in GCS cerebella (p < 0.001). In GCS, the CII fuelled respiration was 

significantly increased post-AR at succinate concentrations above 2 mM (p < 0.05). A Turkey 

post-hoc test revealed that the maximum CII-mediated respiration was significantly increased 

from 0.5 to 2.5 mM succinate in GCS (p < 0.05). Conversely in ES, AR mediated a significant 

decrease in CII fuelled respiration at succinate concentrations above 0.5 mM (p < 0.01), and 

the maximum CII mediated respiration was decreased at succinate concentrations above 2.5 

Figure 27. Mitochondrial respiration attributed 
to proton leak and the contribution of the 
adenine nucleotide translocase (ANT). Two 
components of proton leak were measured in 
cerebellar homogenates from GCS (blue) and ES 
(red) that were either exposed to normoxia (Ctrl) or 
anoxia-reoxygenation (AR). Oligomycin was 
added to put phosphorylating mitochondria into the 
Leak state (LTotal). The portion of proton leak 
though ANT (LANT) was calculated as the 
difference between LTotal and the residual leak 
(LResidual), reached after the addition of carboxy-
atractyloside. Both rates are expressed as pmol O2 
s-1 mg-1 with the relative contribution of LANT to 
LTotal (values below main graph). Results presented 
as mean (n = 6) ± s.e. Significant difference (p < 
0.05) indicated as * between groups (Ctrl and AR) 
and as # between species, tested with independent 
t-tests. 
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mM (controls) or above 2 mM succinate in cerebellar preparations exposed to AR (Fig. 28). 

Exposure to AR increased the apparent Km to succinate in GCS mitochondria (p < 0.001) but 

not in ES mitochondria, in which aKmS was unchanged (Table 2). While aKmS was doubled 

in both species after exposure to AR, the capacity of CII to oxidise succinate CIIcat was 

maintained in GCS compared to their controls, while CIIcat was significantly decreased by 

~35% relative to control groups in ES (p < 0.001; Table 5). 
Table 3. Effects of anoxia/reoxygenation on mitochondrial function in cerebellum homogenates of grey carpet and 
epaulette sharks. The mitochondria in AR homogenates and their controls held with sufficient O2 were uncoupled from 
Oxphos in the presence of rotenone to determine the CII capacity uncoupled from Oxphos. Three parameters of the CII capacity 
coupled to Oxphos were extracted using dose response curves fitted with the least-squared method and the maximum 
respiration rate mediated by succinate (CIIcoupled) and the succinate concentration at which JO2 is half of CII-JO2max (aKmS) 
were extracted using Prism7.0. The CII catalytic efficiency (CIIcat) was then calculated as CIIcoupled divided by aKmS. The 
respiratory control ratios (RCR) is an estimation of mitochondria coupling and was calculated using the formula Oxphos/Leak. 
Net oxidative control ration was calculated as (Oxphos-Leak)/ETSmax and represents the net Oxphos capacity relative to ETS 
capacity. Results are expressed as mean ± s.e. Significant differences (p < 0.05) indicated as (*) between AR and controls or 
as (#) between shark species, tested with independent t-tests. 

 
CIIuncoupl 
(pmol O2 s-1 mg-1) Characteristics of CIIcoupl 

ETSmax  
(pmol O2 s-1 mg-1) RCR nOCR 

    
aKm (mM) CIIcoupl 

(pmol O2 s-1 mg-1) CIIcat       

Grey carpet shark (n = 7)   
 

 

   
Control 

9.1 ± 0.9# 0.42 ± 0.18 2.0 ± 0.4# 4.83 22.0 ± 2.0# 7.9 ± 1.6 0.59 ± 0.02# 

Anoxia/re-oxygenation 
3.8 ± 0.6*# 1.12 ± 0.30* 3.6 ± 0.7*# 3.23 14.6 ± 0.9*# 7.4 ± 1.3* 0.66 ± 0.03*# 

Epaulette shark (n = 7) 
       

Control 
3.2 ± 0.5# 0.90 ± 0.48 4.0 ± 1.1# 4.47 28.5 ± 2.1# 9.7 ± 1.1 0.48 ± 0.04# 

Anoxia/re-oxygenation 
5.5 ± 0.6*# 1.37 ± 0.18 2.6 ± 0.3*# 1.69*# 19.8 ± 1.2*# 4.7 ± 0.7* 0.51 ± 0.03# 

 

 
Figure 28. Comparison of complex II respiration rates mediated by increased succinate levels. In mitochondria at 
normoxia (“ctrl”, solid lines) or exposed to anoxia/re-oxygenation (“AR”, dashed line) in cerebellum of (A) grey carpet sharks 
or (B) epaulette sharks. mitochondria respiration in cerebella homogenates from grey carpet sharks (blue) and epaulette sharks 
(red) was measured in the presence of excess CI substrates (pyruvate, malate and glutamate) and ADP. Then, succinate was 
titrated up to 10 mM so that CII supported JO2 could be measured. The additive effect of succinate on JO2 is here represented 
with dose-response fitted curves extracted using GraphPad Prism with the least squares method. While AR mediated an 
increase in CII respiration in mitochondria from grey carpet sharks, CII respiration was decreased in mitochondria of the 
epaulette sharks. The effect of succinate increments and AR were tested with a two-way ANOVA repeated measure test. 
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5.4. Discussion 

Ultimately, surviving hypoxia or anoxia depends on an animal’s ability to conserve energy 

stores by limiting their ATP demands and/or their ability to produce sufficient ATP despite O2 

limitations and the arrest of OxPhos (Boutilier 2001). Notably, the ES had a smaller cerebellum 

relative to their body mass than the GCS (Table 4). The metabolic scaling theory based on the 

relationship between body mass and metabolic rate (reviewed in Agutter and Wheatley 2004) 

would support the notion that the cerebellum of ES may have lower demands for ATP and 

therefore require less O2 to sustain cerebellar function than the cerebellum of GCS. In addition, 

the ES has the ability to undergo metabolic depression with clear evidence of neuronal 

hypometabolism (Mulvey and Renshaw 2000, Stenslokken, Milton et al. 2008), which most 

likely enables the ES to withstand a longer exposure to limited environmental O2. Although 

both species of carpet sharks are known to survive prolonged anoxia, the sharks displayed 

contrasting physiological responses in response to AR (Chapman and Renshaw 2009). The ex 

vivo data collected in this study revealed that the contrasting mitochondrial plasticity of these 

two species of anoxia tolerant sharks parallels their in vivo physiological responses to anoxia: 

i) the mitochondria from the ES, capable of metabolic depression, decreased it metabolism of 

succinate in response to AR; while ii) the mitochondria from the GCS, which does not enter 

metabolic depression, not only continued to use succinate but also increased the rate of 

succinate metabolism in response to AR  

5.4.1. Mitochondrial integrity with regard to anoxia/re-oxygenation 

Cerebellum of the two carpet sharks displayed similar mitochondrial characteristics 

before exposure to AR in vitro (Fig. 25). While the data was not corrected for any differences 

in mitochondrial density, this finding implies that the cerebellum from both species had the 

same ability to produce ATP after AR. Both sharks had relatively high (reserve) ETS capacity 

(i.e. ETS > OxPhos), indicating that the cerebellum of both sharks can accommodate some 

damage to their ETS without a detrimental effect to OxPhos and ATP production rates. ETS 

damage may occur during reoxygenation because in the presence of O2, electron leakage 

enhances ROS production and damage to lipids within biological membranes and this 

compromises ETS (Paradies, Petrosillo et al. 2002, Musatov and Robinson 2012, Murphy 

2016). We note that the ES cerebellum had a 20% greater ETS capacity than the GCS, which 

is likely to confer a substantial advantage against ROS damage in response to AR, due to the 

maintenance of high coupling and low leak state. 



 xcvi 

While AR decreased ETS by ~30% in both shark species, only the OxPhos rate in GCS 

cerebellum was affected with a 26% decrease. Previous work using permeabilised ES heart 

ventricle fibres, showed a ~20% to ~60% loss of ETS capacity relative to OxPhos following 

an anoxic exposure, with minimal change in OxPhos (Hickey, Renshaw et al. 2012) indicating 

a consistent response to anoxia in ES mitochondrial populations across cerebellum and heart 

tissues. Surprisingly, GCS homogenate respiration was more tightly coupled to OxPhos 

(greater RCR) than the ES homogenate. Furthermore, the net OxPhos ratio suggests similar 

ATP production efficiencies (i.e. similar nOCR) between the sharks. Overall, while OxPhos 

rates were lowered in both species, respiration in GCS was better coupled to OxPhos and hence 

more efficiently directed to ATP production. In contrast, respiration was less coupled to 

OxPhos in ES cerebellum but OxPhos rates were maintained post AR. Taken together, these 

data demonstrate that cerebella mitochondria exposed to AR appeared to experience ETS 

damage in both sharks, however ATP production rates may remain preserved with contrasting 

response between shark species. 

5.4.2. Leak and contribution of the ANT 

Proton leak results from protons dissipating passively or actively across the inner 

mitochondrial membrane without passing through the ATPF0-F1 synthase, and therefore 

mediates a loss in coupling efficiencies of mitochondria (Divakaruni and Brand 2011). The 

total leak (LTotal, mediated with oligomycin) is similar for both species and represents around 

10% of OxPhos rates, which corresponds to levels previously measures in ES heart 

mitochondria (Hickey, Renshaw et al. 2012). Although anoxia followed by reoxygenation did 

not affect total proton leak in the GCS cerebellum, AR significantly increased the total proton 

leak in ES cerebellum to 18% of OxPhos rates. 

While counterintuitive, we note that increased proton leak can be beneficial, as it likely 

prevents elevated ROS production under reduced states (Rolfe and Brand 1997, Ali, Hsiao et 

al. 2012), such as with elevated succinate with anoxia (Chouchani, Pell et al. 2014). Up to a 

third of total proton leakage occurs through the ANT (Brand, Pakay et al. 2005, Azzu, Parker 

et al. 2008). The portion of LTotal attributed to the ANT increased from 43% pre-anoxia to 63% 

after AR in the ES. Similar increases have been observed in rodents displaying enhanced leak 

through the mitochondrial transition pore (and at least in part through the ANT) after repeated 

anoxia re-oxygenation episodes (Navet, Mouithys-Mickalad et al. 2006). 

Proton leak through the ANT may reflect ADP-ATP exchange rates (Chinopoulos, Kiss et al. 

2014). This increase may therefore favour ADP-ATP exchange between mitochondria and the 
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cytosol and restore cytosolic ATP and mitochondria ADP contents (Klingenberg 2008). 

Overexpression of the ANT, via the activation of cell-protective pathways (ERK and AKT), 

has been shown to protect mammalian cardiomyocytes exposed to hypoxia (Winter, Klumpe 

et al. 2016) or oxidative stress (Klumpe, Savvatis et al. 2016). While the specific mechanisms 

of ANT regulation in ES mitochondria were not assessed in this study, elevated leak should 

decrease reverse electron flow, decrease localised O2 concentration and therefore prevent 

increased ROS production (Brookes 2005), and possibly temporarily increasing ATP-ADP 

exchange (Fig. 29). 

5.4.3. Mitochondrial plasticity and complex contribution following AR 

The capacity of CI and CII to feed the ETS with electrons is essential for the OxPhos. 

CI has been shown to be sensitive to anoxia (Rouslin 1983, Paradies, Petrosillo et al. 2004, 

Chen, Camara et al. 2007, Giusti, Converso et al. 2008) and the most sensitive mitochondrial 

complex to ROS damage (Hardy, Clark et al. 1990, McLennan and Degli Esposti 2000, 

Paradies, Petrosillo et al. 2004). In this study, CI contribution was tested prior to and after 

20min anoxia. While the contribution of CI to OxPhos was similar for both species in 

normoxia, in the GCS mitochondria the CI capacity decreased by ~30% following AR (Fig. 

26). The loss of CI JO2 capacity was not fully compensated for by CII and resulted in an overall 

26% loss in OxPhos capacity in the GCS mitochondria. However, the ES mitochondria which 

appeared to have a greater ETS reserve capacity also retained proportionately more CI 

supported flux following AR, despite a suppression in CII flux. Hence, O2 utilisation in ES 

mitochondria is more efficiently transferred to proton pumping, essential for OxPhos. 

In general, enhanced CII activity has been proposed to lead to a greater electron leakage from 

CII post-anoxia (Quinlan, Orr et al. 2012, Zakharchenko, Zakharchenko et al. 2013, Tretter, 

Patocs et al. 2016), which may impact CI capacity through ROS-mediated oxidation of 

cardiolipin (Paradies, Petrosillo et al. 2002). In hypoxia-tolerant drosophila, the suppression of 

CII activity decreased ROS production and was proposed to improve long-term survival in 

hypoxia (Ali, Hsiao et al. 2012). Hence, the data on CII suppression in ES following AR could 

have a role in preventing damage to CI upon reoxygenation (Fig. 29). In contrast, within the 

GCS cerebellum, CII was more sensitive to AR, yet provided a greater contribution to 

respiration than CI. 
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5.4.4. Succinate accumulation 

In normoxic conditions, succinate is better utilised by the ES mitochondria with a 

greater CII contribution to OxPhos than GCS mitochondria (Fig. 26). Following anoxia, 

succinate is oxidised more rapidly by GCS mitochondria with increased apparent CII catalytic 

efficiencies. At high concentration (i.e above 2 mM), which approximate concentrations in 

ischemic mammalian brain (Folbergrova, Ljunggren et al. 1974, Benzi, Arrigoni et al. 1979, 

Benzi, Pastoris et al. 1982), succinate also mediated higher O2 flux in GCS (Fig. 27). As 

enhanced succinate oxidation rates on reoxygenation can trigger reverse electron flow to CI, 

which impairs the mitochondrial function in murine model (Starkov 2005, Chouchani, Pell et 

al. 2014), this may explain why CI capacities were decreased post-AR in the GCS. 

In contrast, the overall mitochondrial succinate oxidation rates in the ES cerebellum were 

lowered in response to AR even with incremented succinate concentrations and this may 

suppress ROS production in the ES cerebellum (Fig. 29). Greater CII catalytic efficiency at 

low succinate concentrations also suggests that succinate is better utilised by ES cerebellum 

than by the GCS, which may prevent its accumulation. The downregulation of succinate 

dehydrogenase activity also occurs within ES rectal glands after hypoxic exposure (Dowd, 

Renshaw et al. 2010), and lowered succinate dehydrogenase has been shown to be protective 

against ischemia-reperfusion injuries in other animal models (Wojtovich and Brookes 2008, 

Ali, Hsiao et al. 2012, Pfleger, He et al. 2015). Succinate oxidation is also depressed in 

hibernating squirrels, which experience reperfusion-like injury on arousal (Brown, Chung et 

al. 2012, Brown, Chung et al. 2013). While this is yet unknown whereas succinate accumulates 

in the cerebellum of the sharks, inhibition of succinate oxidation may reflect the metabolic 

suppression observed in the ES (Renshaw and Dyson 1999, Renshaw, Kerrisk et al. 2002, 

Chapman, Harahush et al. 2011) furthermore it may account for the preconditioning effect 

initiated by a first anoxic exposure which remodelled responses to subsequent insults on a 

cellular level (Dowd, Renshaw et al. 2010, Rytkonen, Renshaw et al. 2012). 
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5.5. Conclusion 

Contrasting responses of the GCS and the ES cerebella to AR with and without elevated 

succinate levels highlight key attributes of mitochondrial plasticity used by two tropical anoxia-

tolerant species. Despite damage reflected by the decrease in ETS capacity post-AR in both 

species, OxPhos rates were not changed in the ES mitochondria and were only marginally 

lower in GCS mitochondria. In this respect, brain mitochondria in these two species are 

Figure 29. Oxygen, proton and adenine 
nucleotide fluxes in the mitochondrial 
electron transport system. In normoxic 
conditions, proton pumping is mediated 
through complex I (CI) and complex II 
(CII) linked systems and the consumption 
of O2. The gradient of proton, more 
concentrated in the inter-membrane space 
(IMS), is utilised by the ATPF0-F1 synthase 
via the process known as oxidative 
phosphorylation (Oxphos) to produce 
ATP. Some protons may leak through the 
membrane or transmembrane proteins, one 
of which being the adenine-nucleotide 
translocase (ANT), which mediates the 
ADP and ATP exchange between the 
matrix and the IMS. The proton leak 
through the ANT (LANT) and other proton 
leakage (residual leak) uncouple 
respiration from Oxphos and this results in 
the loss capacity to produce ATP for a 
given rate of respiration. After an episode 
of anoxia, succinate accumulates and upon 
re-oxygenation, succinate oxidation rate 
accelerates, which mediates an enhanced 
ROS production from CII, but also a 
“reverse electron flow” to CI (Chouchani, 
Pell et al. 2014). This likely affects CI 
stability and results in an overall loss of 
capacity for proton pumping and Oxphos. 
In contrast with most vertebrates, 
mitochondria from the epaulette shark 
(ES) cerebellum somehow decrease 
succinate oxidation rate post-AR and CI 
linked system capacity is maintained. The 
LANT was also increased post-AR and this 
results in the maintenance of Oxphos. The 
results obtained from this study suggests 
that the response of GCS mitochondria sits 
between the re-oxygenation and the ES 
panels. While succinate oxidation rates 
were increased post AR and CI-linked 
system capacity was decreased, the GCS 
maintained Oxphos rates similar to those 
of the ES, with a greater utilisation of O2 
for Oxphos (lower LANT and similar 
LResidual relative to the ES). 



 c 

comparatively more robust than heart mitochondria from the anoxia sensitive shovelnose ray 

(Hickey, Renshaw et al. 2012). 

GCS mitochondria were surprisingly more efficient in directing O2 flux to OxPhos which could 

result in a greater capacity to produce ATP post-AR. A contrasting strategy which would 

maintain ATP levels post-AR was observed in ES mitochondria which had higher active proton 

leak rates associated with higher ADP/ATP exchange rates. Such a strategy would help to 

rapidly restore cytosolic energy stores post-AR. 

The data revealed that CI was more robust to AR in ES cerebellum than in GCS cerebellum 

and that the partial inhibition of CII in the ES may represent the initiation of metabolic 

depression. Furthermore, CII inhibition in the ES would likely prevent reverse electron flow to 

CI. Such inhibition is likely to not only preserve CI integrity but also to limit ROS production 

during AR. 

This study provides insights into the mitochondria physiology and plasticity in the brains of 

two anoxia tolerant tropical species which can tolerate hypoxia at temperatures close to that of 

the mammals. An understanding of how mitochondria plasticity occurs in tropical anoxia 

tolerant species could lead to novel therapeutic strategies to prevent ischemia-reperfusion 

injuries the mammalian brain 
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Chapter 6. Summary and future 
directions 
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6.1. Summary 

At the end of the O2 cascade, mitochondria balance O2 utilisation for life’s energy support 

and paradoxically, death. Various aerobic species can sustain acute exposure to O2 limitation, 

however not without a cost. Hypoxia and anoxia rapidly mediate a cascade of events that 

compromise cell physiology, tissue function and ultimately an organism’s life. However, some 

species occupy habitat frequently exposed to dramatic O2 fluctuations and have evolved 

adaptations to avoid damages from hypoxia-reoxygenation. Using a comparative approach, I 

assessed multiple facets of the mitochondrial function to determine whether mitochondria are 

involved in the hypoxia-tolerance of intertidal triplefin fishes that occupy hypoxic to hyperoxic 

tidal rock-pools of the New Zealand coastline, and anoxia-tolerant sharks occupying anoxic 

lagoons and reef flats of tropical Australian islands. 
 

Tolerance to hypoxia may arise from a multitude of adaptive adjustments, but the interactions 

between subcellular remodelling and hypoxia-tolerance are yet not clearly defined. The 

mitochondrion plays an important role in O2 utilisation and energy release, with adaptive 

modifications occasionally shared among hypoxia-tolerant species. In my second chapter, I 

sought to determine whether mitochondrial adaptations could explain the hypoxia-tolerance of 

intertidal New Zealand triplefin fishes. Using a comparative approach, I chose two intertidal 

triplefin fish (Bellapiscis medius and Forsterygion lapillum) supposedly accustom to hypoxia-

reoxygenation exposures, and two subtidal species (F. varium and F. malcomi), which live in 

stable normoxic waters. Using whole animal respirometry, we verified hypoxia-tolerance in 

the intertidal fish, with delayed loss of equilibrium, linearly and highly correlated (R2=0.92) 

with lower critical O2 tension of O2 consumption rates (Pcrit). I then used high-resolution 

respirometry to assess mitochondrial characteristics in homogenate and permeabilised brain. 

While no correlation was found between mitochondrial O2 binding affinity (mP50) and Pcrit, 

OxPhos and mitochondrial O2 catalytic efficiency were higher in the intertidal species. At the 

end of the O2 cascade, activity of cytochrome c oxidase (CCO) appeared species-specific, with 

the highest rate in B. medius and lowest rates in F. lapillum. Although no correlation to 

hypoxia-tolerance was verified at the enzymatic levels, I showed that greater mitochondrial 

oxidative capacities likely sustain brain energy demand of intertidal triplefins and allows their 

survival in hypoxic rock-pools at low tide. 
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The vertebrate brain is generally very sensitive to acidosis, so a hypoxia-induced decrease in 

pH is likely to have an effect on brain mitochondria. Mitochondrial respiration (JO2) is required 

to generate an electrical gradient (∆Ψm) and a pH gradient to power ATP synthesis, yet the 

impact of pH modulation on brain mitochondrial function has remained largely unexplored, 

even in model organisms typically used in medical research. As intertidal fishes within rock 

pools routinely experience hypoxia and reoxygenation, they would most likely experience 

frequent changes in cellular pH. Hence, in my third chapter I compared four New Zealand 

triplefin fish species ranging from intertidal hypoxia-tolerant species to subtidal hypoxia-

sensitive species. I predicted that the hypoxia-tolerant fish would tolerate acidosis better than 

the hypoxia-sensitive ones in terms of sustaining mitochondrial structure and function. Using 

respirometers coupled to fluorimeters and pH electrodes, I titrated lactic-acid to decrease the 

pH of the media, and simultaneously recorded JO2, ∆Ψm and H+ buffering capacities within 

permeabilized brain and swelling of mitochondria isolated from non-permeabilised brains. I 

then measured ATP synthesis rates in the most hypoxia-tolerant species (Bellapiscus medius) 

and the hypoxia-sensitive (Forsterygion varium) at pH 7.25 and 6.65. Brain mitochondria from 

hypoxia-tolerant species did have greater H+ buffering capacities than mitochondria from the 

hypoxia-sensitive fish (~10 mU pH.mgprotein
-1). Mitochondria from hypoxia-tolerant fish also 

swelled by 40% when exposed to a decrease of 1.5 pH units, and JO2 was depressed by up to 

15%. However, they were able to maintain ∆Ψm near -120 mV.  

This work also was unique in that it accounted for changes in mitochondrial volume, a property 

that has largely been ignored and that alters the estimation of ∆Ψm. I also estimated the work, 

in terms of charges moved across the mitochondrial inner-membrane. These estimates 

suggested that with acidosis, mitochondria from hypoxia-tolerant species may in part harness 

extra-mitochondrial H+ to maintain ∆Ψm, and could therefore support ATP production. This 

was confirmed with elevated ATP synthesis rates and enhanced P:O ratios at pH 6.65 relative 

to pH 7.25. In contrast, mitochondrial volumes and ∆Ψm decreased downward pH 6.9 in 

mitochondria from the hypoxia-sensitive species and paradoxically, JO2 increased (~25%) but 

ATP synthesis and P:O ratios were depressed at pH 6.65. This indicates a loss of coupling in 

the HSS with acidosis. Overall, I showed that the mitochondria of these intertidal fish have 

adaptations that enhance ATP synthesis efficiency under acidic conditions such as those that 

occur in hypoxic or reoxygenated brain. 
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Oxygen is essential for the majority of complex lifeforms however, O2 is paradoxically reactive 

and toxic in excess and also interacts with electrons in the mitochondrial electron transport 

system to form reactive oxygen species (ROS). The latter is dependent on O2 concentration 

and also the mitochondrial complex II substrate succinate, which accumulates in hypoxic 

aerobic tissues such as brain. Intertidal species are repetitively exposed to dramatic O2 

fluctuations and likely have evolved strategies to avoid oxidative damage due to hypoxia, 

reoxygenation and also hyperoxia. Intertidal rock pool fish therefore provide useful models to 

search for adaptions to ranging O2. Mitochondrial ROS production has traditionally been 

assessed in O2 saturated media, and at concentrations where mitochondria likely do not 

typically function in vivo. In my fourth chapter, I evaluated mitochondrial electron leakage and 

ROS production in permeabilised brain of intertidal and subtidal triplefin fish species from 

hyperoxia to anoxia, and assessed the effect of anoxia-reoxygenation and the influence of 

increasing succinate concentrations. At elevated PO2, brains of the intertidal triplefin fish 

released less ROS than subtidal species, however at typical intracellular PO2, net ROS 

production was similar among all species. However, following in vitro anoxia-reoxygenation 

electron transfer mediated by gradual succinate titration was better directed, or more efficiently 

channelled through the ETS to O2, and not to ROS production in brains from the intertidal 

species. Overall, I revealed that intertidal species better manage electrons within the ETS and 

likely avoid oxidative damage in hyperoxic rock-pools on sunny days. 

In the previous chapters, we highlighted the mitochondrial adaptations that triplefin fish species 

have evolved to cope rock-pool O2 fluctuations. Triplefins have evolved from a common 

ancestor that arose 12-25 million years ago. In my fifth chapter, I aimed to answer whether 

some “recent” adaptations observed in triplefins were also carried by “older” hypoxia-tolerant 

species. Two carpet sharks, the epaulette shark (Hemiscyllium ocellatum; ES) and the grey 

carpet shark (Chiloscyllium punctatum; GCS) have evolved for around 150 million years, from 

the Upper Jurassic when the earth was holding twice less O2 than today. While both are tolerant 

to anoxia, the two sharks display different adaptive responses to prolonged anoxia: the ES 

enters into an energy conserving metabolic depression, while the GCS temporarily elevates its 

haematocrit in order to prolonging oxygen delivery and sustain metabolism. 

I used high-resolution respirometry to investigate mitochondrial function in the cerebellum, a 

highly metabolically active organ that is oxygen sensitive and vulnerable to injury after 

anoxia/re-oxygenation anoxia-reoxygenation. I titrated succinate into cerebellar preparations 

in vitro, with or without pre-exposure to anoxia-reoxygenation, and examined the activity of 

mitochondrial complexes. Like most vertebrates, GCS mitochondria significantly increased 
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succinate oxidation rates, with impaired complex I function post- anoxia-reoxygenation. In 

contrast, ES mitochondria inhibited succinate oxidation rates and both complex I and II 

capacities were conserved, resulting in preservation of oxidative phosphorylation capacity post 

anoxia-reoxygenation. In this chapter, I showed that the divergent mitochondrial plasticity 

elicited by elevated succinate post anoxia-reoxygenation parallels the inherently divergent 

physiological adaptations of these animals to prolonged anoxia, namely the absence (GCS) and 

presence of metabolic depression (ES). In addition, the responses exhibited by both sharks 

contrast from the responses observed in triplefin fish species (chapter four), suggesting that 

mitochondrial adaptations involved in hypoxia-tolerance i) differ from those involved in 

tolerance to anoxia, or ii) are not universal to hypoxia-tolerant species but appears 

phylogenetically specific. 

 

 Overall, this work has provided fundamental knowledge on some mitochondrial traits 

that intertidal fish and sharks appeared to have evolved for cheating death when O2 becomes 

limited. In eco-physiological contexts, identification of such adaptations to hypoxia and 

hyperoxia can be used to predict species’ survival capacities in naturally and anthropogenically 

zones currently affected by climate shifts. In a clinical context, understanding the evolution of 

metabolic mechanisms underlying hypoxia and hyperoxia-tolerance in natural systems may 

provide insights on how best to resolve anoxic complications such as those occurring post 

ischemia-reperfusion (i. g. stroke, cardiac arrest, and transplant). 

6.2. Limitations and future directions 

This present work has brought fundamental knowledge on some aspects of the 

mitochondrial function in hypoxia and anoxia tolerant species, and this work is of relevance in 

biomedical contexts. This work has been shared to the general public in the form of published 

articles (chapter three and five), with the remaining chapters yet to be accepted for publication. 

Although the findings that arose are interesting and scientifically relevant, there are limitations 

that must be considered. 

 

Overall, the mitochondrial function was assessed in vitro conditions, with saturating substrates 

and O2. Such conditions may not be strictly representative of the mitochondrial environment 

in vivo, and while this is informative on the maximum mitochondrial capacity, mitochondria 

may not be pushed to such extremes within cells. The use of respirometry has opened the door 

to the assessment of mitochondrial bioenergetics and physiology (Severinghaus and Astrup 



 cvi 

1986). However, it involves tissue/cellular preparation that likely alter mitochondrial function, 

as they are extracted from their host cells, tissues and conditions within the organism (Picard, 

Taivassalo et al. 2011). The assessment of mitochondrial pathways and respiratory control also 

requires the use of mitochondrial substrates directly available to mitochondria, and in 

“unlimited” concentrations that, such as discussed in chapter four, are unlikely reached in vivo 

(Gnaiger 2014). This is required to sustain “constant” flux or apparent steady states. 

Nonetheless, high-resolution respirometry mainly employed in this thesis, is a standard 

procedure, recognised to assess mitochondrial physiology and respiratory controls and suitable 

for comparative physiology studies (Gnaiger 2007, Pesta and Gnaiger 2012), such as those 

presented in this thesis. While this would be a great additive approach, it is to mention that the 

study of mitochondrial physiology within tissue is yet not without issues. In vivo O2 saturation, 

measured by near-infrared or magnetic resonance spectroscopy, and whole body O2 

consumption rates are currently the two approaches available to measure O2 kinetics attributed 

to mitochondrial respiration in vivo, although the challenge remains in how to differentiate O2 

supply and demand rates (Lanza and Nair 2010).  

 

Other characteristics of mitochondrial physiology such as membrane potential (Logan, Pell et 

al. 2016), ATP synthesis (Xu, Close et al. 2016), redox state (Mayevsky and Rogatsky 2007) 

and ROS production (Salin, Auer et al. 2017) can be also be measured in vivo. Although, some 

of these measurements may involve the use of fluorescent dye(s), spin traps (Lanza and Nair 

2009, Lanza and Nair 2010), these invariably interact with the studied compound (i.e ROS) 

and therefore may prevent, quench or exacerbate the compounds effects. As an example, dyes 

used to monitor real-time ROS production may act as anti-oxidants and may prevent oxidative 

damage, or physiological response that would normally occur (Griendling, Touyz et al. 2016). 

Despite these limits, the assessment of mitochondrial function in vivo would undeniably bring 

an additional perspective, more representative of the mitochondrial characteristics and 

response within cells. In the context of mitochondrial adaptations involved in hypoxia-

tolerance, a further study would be to assess the response of mitochondrial populations within 

tissues of animals exposed to O2 fluctuation they would experience within their natural habitat. 

Over the course of this thesis, I used non-invasive spectrophotometry to measure NADH auto-

fluorescence Figure 30, which non-invasively gives estimates of the redox state within cells 

without a probe (Mayevsky 2015). Fish were placed on a holder with a wet cloth and intubated 

with continuous flow of oxygenated sea-water. LEDs at 350-360nm were then used to follow 

fluorescence using an inexpensive USB camera with a UV and 400-450nm band-pass filter. 
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This was placed immediately above a fish’s head and the signal recorded of the fluorescence 

emitted for accumulating reduced nicotinamides (NAD(P)H). Sea-water PO2 was then 

progressively decreased to 7% air saturation, maintained for 30min and fully reoxygenated. 

 

While a change in fluorescence was apparent between states Fig. 30, the overall set-up could 

have been improved, with the amelioration of the photo-sensitivity, wavelength selectivity and 

definition. This study could perhaps be further improved with additional measurements of 

mitochondrial cytochromes and globins, which have absorption spectra that can be detectable 

in vivo (Banaji, Mallet et al. 2008). 

  

Figure 30. In vivo change in redox state of a triplefin 
fish (F. lapillum) exposed to progressive hypoxia (7% 
air saturated water) and reoxygenation.  
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In my third chapter, I assessed the effect of extra-mitochondrial pH on the mitochondrial 

function and discovered that intertidal triplefin (partially) use acidosis to drive ATP synthesis. 

During this study, I came across a problematic involved in ∆Ψm calculation that requires 

measurement of the mitochondrial (volume xlix). Mitochondrial volumes (Volmt) have been 

estimated in set respiration states with the sucrose or mannitol-impermeable space and tritiated 

water (Nicholls, Grav et al. 1972, Cohen, Cheung et al. 1987, Bednarczyk, Barker et al. 2008, 

Casteilla, Devin et al. 2011), or by computer assisted imaging (Perkins, Sun et al. 2009, Peddie 

and Collinson 2014). However, mitochondria are dynamic organelles, and vary in size and 

form, and change differently in different tissues and metabolic states and even have different 

populations in some tissues (e.g. heart) (Benard, Faustin et al. 2006, Woods 2017, Porat-

Shliom, Harding et al. 2019). Physiological conditions alters fusion/fission rates (Ernster and 

Schatz 1981, Cereghetti and Scorrano 2006, Friedman and Nunnari 2014), with changes in 

respiration state (Hackenbrock 1968, Fujii, Nodasaka et al. 2004), ion concentrations (Kristian, 

Gertsch et al. 2000) and metabolic water produced by the reduction of O2 (Casteilla, Devin et 

al. 2011). Mitochondrial K+ channels can also regulate Volmt (Das, Parker et al. 2003, Fujii, 

Nodasaka et al. 2004, Bednarczyk, Barker et al. 2008), and these can open the mitochondrial 

transition pore (mPTP) to swell the matrix compartment (Halestrap 2009). Therefore, Volmt is 

likely dynamic, and alters ∆Ψm. Given the difficulty to assess mitochondrial volume (Peddie 

and Collinson 2014), only few studies have considered changes in mitochondrial volume in 

∆Ψm calculation (Kowaltowski, Cosso et al. 2002, Casteilla, Devin et al. 2011). Others 

assumed mitochondrial volume constant (Chinopoulos, Vajda et al. 2009, Chinopoulos, Kiss 

et al. 2014), with estimates taken from the literature on similar models (Galli, Lau et al. 2013), 

or more surprisingly, taken from a different model and different tissues (Poburko, Santo-

Domingo et al. 2011).  

Using my own data, I noted that error in Volmt estimates can drastically affect ∆Ψm, and this 

may lead to misinterpretation of the data Figure 31. In my third chapter, I calculated Volmt 

knowing the distribution of the dye used to assess ∆Ψm, and made the only assumption that 

∆Ψm equates -120 mV at OxPhos state (Kaim and Dimroth 1999, Huttemann, Lee et al. 2008). 

Changes in Volmt were measured using light scattering/absorption techniques (detailed in 

xlix.). The limitation resides in the fact that changes in Volmt were measured on isolated 

mitochondria, while ∆Ψm was measured in permeabilised brain and while both preparations 

were exposed to the same conditions, the response of isolated mitochondria may differ from in 

response in permeabilised tissues. Indeed, mitochondria function as an active network, as they 
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are in close contact with cytosolic and cytoskeletal elements (Rizzuto, Pinton et al. 1998, 

Friedman and Nunnari 2014). The isolation process disrupts this environment and may also 

select the mitochondrial population(s), in that some mitochondria may be more robust to fast 

centrifuge spins (Picard, Taivassalo et al. 2011). Considering this, we did note that O2 flux 

were similarly affected in both preparations and although mitochondria isolated from triplefin 

brain may have been affected by the isolation process, their response remained similar to these 

within permeabilised brain.  This comforted the scientific relevance of our method employed 

in Chapter 3, and allowed me to propose a new process that considers changes in Volmt to better 

estimate ∆Ψm. 

 

 

Figure 31. Effect of changes in mitochondrial volume (Volmt) on membrane potential (∆Ψm). Model 

calculated from our experiments on mitochondria from B. medius brain. At OxPhos state, ∆Ψm was 

assumed to be at -120mV. This allowed the back-calculation of Volmt, calculated to be equal to 1.4 

µl.mg-1 average. From this, a change in Volmt reports change in ∆Ψm. 

In this same chapter, I demonstrated that mitochondria in intertidal but not subtidal triplefins 

partially harness acidosis and utilise extra-mitochondrial protons to drive ATP synthesis. While 

I showed clear evidence of the contrasted mitochondrial responses between intertidal and 

subtidal species, the specific mechanisms behind the physiology remains unknown. Lactate 

mediated respiration was higher in intertidal species. Lactate, imported by different 

monocarboxylic acid transporter isoforms (MCTs), with different apparent affinities for lactate 

could alter substrate import rates into mitochondria. This could alter NAD+/NADH2 pools and 

therefore respiration rates (Kane 2014). Of all isoforms, MCT2 has the highest affinity to 

lactate and its expression is regulated rapidly (within minutes) of changes of tumour 
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intracellular pH (Caruso, Koch et al. 2017). Caruso et al (2017) have reported evidence of the 

pH-sensitive facilitation of the astrocyte-neurone lactate shuttling. Furthermore, MCT2 present 

in vertebrate neurones has recently been shown to be sensitive to pH, lactate, hypoxia and 

glycolytic substrates in glioblastoma  (Caruso, Koch et al. 2017). Although MCT isoforms have 

not been assessed in this study, we propose that brain mitochondria in intertidal triplefin fish 

may differ in MCT expression and this could alter respiration and swelling of mitochondria, 

and the buffering of cytosolic acidosis. Notably in Saccharomyces cerevisiae exposed to 

acidosis, extra-mitochondrial proton accumulation (i.e. in the cytosol) may increase osmotic 

pressures and trigger mitochondrial shrinkage (Martinez de Maranon, Tourdot-Marechal et al. 

2001), which is a response that was observed in the subtidal species. 

The second mechanism may involve mPTP opening, which mediates direct proton transfer 

from the cytosol to the matrix. Modulations of mPTP is controlled by matrix pH and ∆Ψm 

(Bernardi, Krauskopf et al. 2006). The voltage dependent anion channel (VDAC), which 

contributes to mPTP shows a strong sensitivity to acidosis on the cytosolic side, while the 

matrix side is almost insensitive to changes in pH (Teijido, Rappaport et al. 2014). In intertidal 

fish mitochondria, cytosolic acidosis may more readily trigger VDAC and further mPTP 

opening, allowing protons to diffuse to the matrix and this may actively buffer cytosolic pH. 

Notably, mPTP opening mediates mitochondrial swelling (Bernardi 1999), a response 

observed in brain mitochondria of intertidal triplefins. The opening of mPTP along with the 

inhibition of CI supported JO2 also appears to be protective against ROS production and Ca2+ 

accumulation (Briston, Roberts et al. 2017), both also occurring with hypoxia exposure 

(Javadov 2015). While mitochondrial channel activity has not been assessed in this chapter, 

the response of phosphorylating mitochondria to lactate suggests the involvement of lactate-

mediated regulation in HTS and HSS, which modulates proton conductance in HTS and HSS 

brain. 

 

 Along with lactate, glutamate has also been shown to decrease mitochondrial pH in 

astrocytes (Azarias, Perreten et al. 2011). While glutamate is an amino acid and mitochondrial 

substrate, it is also the most excitatory neurotransmitter in the vertebrate brain (Meldrum 2000) 

and activates neuronal AMPA, NMDA and EAAC receptors (Meldrum 2000). Glutamate is 

normally captured by astrocytes and converted to glutamine, and then transferred as a fuel to 

surrounding neurons (Petroff, Errante et al. 2002). Glutamate can be a useful substrate in 

mitochondria as it may be imported via the ARALAR complex (Ca2+-dependent mitochondrial 
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aspartate-glutamate transporter) and converted into α-keto-glutarate, which is a component of 

the citric acid cycle (Ramos, del Arco et al. 2003). Despite its potential use for energy release 

in brain, the accumulation of glutamate in the synaptic cleft may contribute to brain damage 

occurring after cerebral ischemia (Johnston, Trescher et al. 2001, Schubert and Piasecki 2001, 

Hinzman, Thomas et al. 2010, Mehta, Prabhakar et al. 2013). Glutamate toxicity plays a major 

role in excitotoxicity and is involved in epilepsy, amnesia, anxiety and psychosis (Meldrum 

2000). Glutamate clearance is therefore essential to avoid brain damage. It has been shown that 

the anoxia-tolerant freshwater turtle remodels its brain function by depressing glutamatergic 

neuronal activity (Hogg, Hawrysh et al. 2014). Such metabolic depression has also been 

revealed in the anoxia tolerant Epaulette shark (Dowd, Renshaw et al. 2010), although it 

remains unknown whether glutamate levels are depressed or not.  

 

During my PhD, I assessed some key-components of the mitochondrial glutamate metabolism. 

Unpublished results revealed that, relative to subtidal triplefins, i) glutamate-mediate JO2 were 

greater in HTS Figure 32.A, ii) glutamate dehydrogenase activity Figure 32.B  and iii) 

glutamate levels were lower in the brain of intertidal triplefins exposed to hypoxia Figure 32.C. 

This suggests that intertidal fish have a greater ability to clear glutamate, supposedly in excess 

in hypoxia, and utilise this fuel as a substrate for ATP production. 
 

 
Figure 32. Glutamate metabolism in the brain of four triplefin fish species. A) Mitochondrial 

respiration, B) glutamate dehydrogenase activity and C) glutamate levels in the intertidal species (warm 

colours) and subtidal species (blue colour). Data presented as mean of 8 individuals ± s.e.m. Statistical 

difference tested with one-way ANOVA and represented in APA. 

 

Glutamate accumulation activates AMPA and NMDA receptors allowing the excess entry of 

Na+ and Ca2+ (Sandoval, Gonzalez et al. 2011, Tang and Xing 2013). The raise in intracellular 

[Ca2+] ([Ca2+]i) leads to an ionic imbalance, cellular depolarisation, activation of second 

messenger pathways and the disturbance of other physiological pathways (Berridge, Bootman 
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et al. 1998, Arundine and Tymianski 2004). In neurones, [Ca2+]i fluctuates as its influx depends 

on the electrical activity of the brain, but the resting state modulates [Ca2+]i within the nano- to 

micromolar, with only 0.1% Ca2+ present as a free ion (Carafoli and Lehninger 1971). The 

endoplasmic reticulum is the major Ca2+ store and actively imports the cation when 

concentrations exceed 100 nM (Michalak, Groenendyk et al. 2009). However, mitochondria 

also contribute to Ca2+ regulation/buffering and buffer at around 10-130 nmol.mg-1 of 

mitochondrial protein. At physiological levels (200-500 nM), Ca2+ enhances OxPhos by 

regulating dehydrogenases from the TCA by decreasing their apparent Km but by also 

enhancing pyruvate oxidation at the PDH complex, which helps the maintenance of ∆Ψm 

required for ATP production (Gellerich, Gizatullina et al. 2010). At over ~500 nM 

mitochondria commence Ca2+ buffering (Gellerich, Gizatullina et al. 2012), but [Ca2+]i above 

this appears to lead to pathological states when [Ca2+]i over 1-3µM (Gellerich, Gizatullina et 

al. 2013). In this context, I assessed mitochondrial Ca2+ buffering capacities in the triplefin 

species used in Chapter 3&4. Using Calcium-Green™, I measured free Ca2+ in the chamber of 

the O2k containing MiR05 thermostated at 20°C, and titrated CaCl2 onto 5 mg permeabilised 

triplefin brain. The fluorescence signal was normalised by the mass of wet tissue and plotted 

against control (medium only) Figure 33. 
 

 
Figure 33. Calcium buffering capacities in four triplefin fish species with graded degree of hypoxia-

tolerance. CaCl2 was titrated onto 5 mg permeabilised brain and Magnesium-Green™ was used to track 

changes in Mg2+ free contained in the medium. 

 

From this, no difference was found among the species, as they had similar Ca2+ buffering 

capacities. Taken together with glutamate metabolism, the results suggests that hypoxic Ca2+ 

accumulation is likely avoided by a greater glutamate clearance in the brain of intertidal 

species. 
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In this thesis, we confirmed that the mitochondrial function is likely involved in the 

hypoxia-tolerance of triplefin fish species and anoxia-tolerant sharks, with responses relevant 

to their ecophysiology. The knowledge gained from these studies opens the door to revealing 

other traits of the mitochondrial function to identify the interactions and influence weigh of 

each trait to hypoxia-tolerance in these species. In a clinical context, understanding the 

evolution of metabolic mechanisms underlying hypoxia and hyperoxia-tolerance in natural 

systems may provide insights on how best to resolve anoxic complications (i.e ischemia-

reperfusion injuries). In eco-physiological contexts, identification of hypoxia and hyperoxia-

tolerance strategies can be used to predict species’ survival capacities in naturally and 

anthropogenically oxygen depleted zones. 
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