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at MiP2010 ).

Three confocal sections (bottom to top: red, green
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World Health Worries by Odra Noel, London . MiPArt Gallery , OROBOROS,
Innsbruck , Austria (Bioblast 2012 ).

The world is worried about health. This map provides a high level view of the
human tissues where major health concerns are, at the beginning of the XXI
Century.

Most developed and developing countries have cardiovascular diseases as
their main cause o  f death. North America struggles with obesity (adipose tissue),
with the harmful effects of alcohol (hepatic tissue) represented in Alaska.
Europe, with its ageing population, has a heavy load of neurodegenerative and
psychiatric conditions (neurones). The Middle East and a good portion of the Far
East have to deal with cardiovascular conditions (represented by cardiac
muscle), while a wave of diabetes expands over the rest of the Far East and the
Pacific (pancreatic acinus tissue). Australia struggles with high levels of digestive
track cancers (intestinal villi). Africa is the place where communicable diseases
(infectious and parasitic diseases) are serious serial killers (represented by
blood: erythrocytes and white blood cells). South America has its fai r share of
cardiac problems and diabetes, but also infectious diseases, particularly
respiratory infections (lung tissue).

As curiosities, hidden among the tissues are several mitochondria, a key to
the future understanding and research into health and age ing. Greenland, with
its very small population highlights a male infertility concern (sperm), and the
only visible artery of the composition is right in the heart of Amazonia.

Based on data on causes of death and burden of disease (World Health
Organisatio n, public website. Data from 2008, accessed October 2012).

Bioblast 2012: Mitochondrial Competence. Mito chondr Physiol Network 17.12: 96 pp.
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Cl Complex | , NADH:ubiquinone oxidoreductase ; ClI -linked substr ate state .
Cll Complex Il , succinate:ubiquinone oxidoreductase ; Cll -linked substrate
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Cl+ll Cl plus CII linked substrate state with convergent electron transfer at
the Q -junction .
Clll Complex Il , ubiquinol:cytochrome ¢ reductase .
Clv Complex IV , cytochrome c oxidase ; CIV -linked substrate state.
Ccv Complex V , ATP synthase .
ETS, E Electron transfer system ; ETS state ; ETS capacity .
Joz Oxygen flux , respiration expressed as moles per second per unit system
size, e.g. per volume, per m g protein, or per m g wet weight (size -
specific quantity).
l o2 Oxygen flow , respiration expressed per system, e.g. per cell (10 ® cells),
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Comparative  MiP2013 - Opening

What is mitochondrial physiology T why
comparative  ?

Erich Gnaiger
D Swarovski Research Lab, Dept Visceral, Transplant Thoracic Surgery,
Medical Univ Innsbruck; OROBOROS INSTRUMENTS, Innsbruck, Austria T
erich.gnaiger@oroboros.at

How mitochondria work

10 years after setting the foundations of the Mitochondrial Physiology Society (MiP2003,

Schrécken, Austria) our search continues as to what mitochondrial physiology is.

Mitochondrial physi ol ogy is the study of Ahow mitochondria w
Ani mal physiology is the st u-dsgys thé titié bf a extbmokbymal s wor k

Knut Schmidt -Nielsen. Comparative physiology derives its fascination from the diversity

of form and function. Organ ismic variation is studied in diverse environments and in

extremes of physiological performance, with explosive activities and high power output in

short bursts or  endurance over prolonged periods of time with high efficiency. Diversity is

nat ur e 6 s e and tha subject of comparative physiology. The famous August Krogh

principle 1 Krogh received the Nobel Prizein1920 -i s frequentl| y Forafarged [ 1, 2]

number of problems there will be some animal of choice or a few such animals on which

it can b e most conveniently studied. 0 This principle was firbyt for mu
another Nobel laureate who received the Prize in 1953 for the metabolic cycle that carries

his name, Sir Hans Krebs [3,4]. This direct link between one of the most famous

mitochon drial biochemists and the August Krogh principle that fiepitomized the very

essence of comparative physiology 0 [2] immediately raises the question: Why was

comparative mitochondrial physiology not established some 30to 40 years ago?

The world as a laborat ory 1 the Kjell Johansen principle

In comparative mitochondrial physiology two disciplines converge which were not in
immediate  conceptual and methodological contact: bioenergetics and comparative
physiology. Ladd Prosser divided physiology into cellular physiology, physiology of special
groups and comparative physiology, noting for the first category that fiat the cellular level
all organisms have more in common than in difference 0 [5]. Accordingly, the physiology
and biochemistry of the cell and the bioen ergetics of the mitochondrion are focused
primarily on unifying principles: the genetic code, the protonmotive force. If there is little
variation in the way how mitochondria work, if muscle from horse to mouse simply
fibuilds more mitochondria of the same kind & upon increased energy demand [6], then
diversity is missing  as an essential substrate  for a comparative science to develop. If the
same bricks are used for building libraries and garages, then there is little interest in
compar ison of bricks. Taking the world as a laboratory [2] mitochondrial diversity is
discovered along with conserved traits : Sir John Walker (Nobel Prize 1997) unravels
unity and diversity in Generating the fuel of life (page 8). A paradigm change in
mitochondrial physiology comesto light (Kjell Johansen Memorial Session, Al ; page 9).
Peter Hochachka and his students, colleagues and competitors brought biochemistry
into comparative physiology. The influential book by Peter Hochachka and George
Somero ( 1% ed 1973 ; [7]) reviews mitoc  hondrial respiration in the global size range from
the molecule cytochrome c oxidase to Gaia, and explores exotic animals living in exotic
places and adapted to extreme conditions of temperature, hydrogen sul fide
concentrations or metabolic shutdown ( Session A2). These are excellent examples of the
Kjell Johansen principle : filf those species are from Cleveland, choose another problem 0
(Roy Weber, personal communication; A1-01) or #fif you can study an organism in
Cleveland, study something else 0 [8]. The tox ic hydrogen sul fide in the extreme habitat
of hydrothermal vents was discovered as a substrate for mitochondrial respiration [77 .
The pathways were elucidated further i n | ess & e x o tailigced mitachandria dnd
the intertidal lugworm [9] . Today we discuss mt -respiratory control by H  ,S in mammalian
cells from the extreme environment of the alimentary tract or in the setting of the
intensive care unit ( Session B 1).

Comparative Mitochondrial Physiology i MiP2013 www.mitophysiology.org
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Comparative and environmental MiP

Temperature and hypoxia stand out as prominent chap ters in the work of Kjell Johansen
and Peter Hochachka . These important topics ar e large ly ignored in mitochondrial
bioenergetics, when respiration or ROS production of mitochondria from rat, mouse or

human tissues is studied at room temperature or 30 °C ( without discussing hypothermia
in homeotherms ) or at atmospheric oxygen levels (without concern of hyperoxia relative
to intracellular po, [10]) . Current discussions on the mitochondrial free radical theory of
aging (Session C3 ) rely strongly on comparativ e studies o f nematodes, insects, birds and
mammals [11]. Naked mole rats with a 25 -30 years maximum life span are compared
with mice (3 -4 years). The naked mole rat lives in its burrows in Kenya in a natural
thermostat with a core body temperature of about 30 °C [2]. Keep this in mind when
selecting the temperature in your next experiment on mammalian mitochondria.
Experimental temperature comes to mind as a hot MiP challenge for ectothermic species
experiencing a global experiment of climate change (  Session A3).

Mitochondrial respiratory control - from unity to diversity

The diversity of mt  -respiratory control currently discovered in different species, tissues
and cell types is  both exciting and disturbing. Disturbing because we have not developed
a unifyi ng hypothesis to understand the differential adaptive advantages of the diverse
tissue - and species -specific patterns of mitochondrial respiratory control, of variations in
ROS production, supercomplex formation and very generally differences in mitochondr ial
form and function. This presents a challenge to mitochondrial physiology to operate in
the intellectual framework of comparative physiology [12].

One lesson of comparative mitochondrial physiology is straightforward, appears to be
simple and important , hence cannot be emphasized enough : If you are interested in
humans, study humans and compare . If you want to know about mitochondrial function
in heart, study heart and compare

fiMitochondrial functional diversity will represent a gold mine for mitochondr ial
physiology, to learn more about mitochondrial function, mitochondrial health and
disecase0 [ 13]. Three years | ater this promise is put
milestone linking comparative concepts with mitochondrial physiology and patholo ay

(Section C ), even if important contributions [14] are missing at a small conference? An

energized international mitochondrial network is at work with fission and fusion,
excitement, efficiency and high potential to bring comparative mitochondrial physio logy
[15] to the forefront as a driving force in mitochondrial research and medicine.

1. Krogh A (1929) The progress of physiology. Science 70: 200 1 204.

2. Johansen K (1987) The August Krogh lecture: The world as a laboratory. Physiological insights from nature's
experiments. In: Advances in physiological research (McLennan H, Ledsome JR, Mcintosh CHS, Jones DR,
eds). Plenum Publishing Corporation: 377 -396.

3. Krebs HA (1975) The August Krogh Principle: "For many problems there is an animal on which it can be
most conveniently studied". J Exp Zool 194: 221 -226.

4. Joergensen CB (2001) August Krogh and Claude Bernard on basic principles in experimental physiology.
BioScience 51: 59 -61.

5. Prosser CL, Brown FA 1961. Comparative animal physiology. Saunders. 2 " ed.

6. Weibel ER, Taylor CR, Hoppeler H (1991) The concept of symmorphosis: a testable hypothesis of structure -
function relationship. Proc Natl Acad Sci U S A 88: 10357 -10361.

7. Hochachka PW, Somero GN (2002) Biochemical adaptation: mechanism and process in physiological

evolution. Oxford Univ Press, New York: 466 pp.

8. Somero G, Suarez RK (2005) Peter Hochachka: Adventures in biochemical adaptation. Annu Rev Physiol 67:
25-37.

9. Hildebrandt TM, Grieshaber MK (2008) Three enzymatic activities catalyze t he oxidation of sulfide to
thiosulfate in mammalian and invertebrate mitochondria. FEBS J 275: 3352 -3356.

10. Gnaiger E, Méndez G, Hand SC (2000) High phosphorylation efficiency and depression of uncoupled
respiration in mitochondria under hypoxia. Proc Na tlAcad SciU S A 97:11080  -11085.

11. Bratic A, Larsson NG (2013) The role of mitochondria in aging. J Clin Invest 123: 951 -957.

12.Somero GN (2000) Unity in diversity: a perspective on the methods, contributions, and future of
comparative physiology. An  nu Rev Physiol 62: 927  -937.

13. Gnaiger E (2010) Seven years Mitochondrial Physiology Soc iety and a welcome to MiP2010: Bioblasts 1 the
aliens with permanent residence in our cells. Mitochondr Physiol Network 15.06: 25  -28.

14. Mdaller M, Mentel M, van Helle  mond JJ, Henze K, Woehle C, Gould SB, Yu RY, van der Giezen M, Tielens AG,
Martin WF (2012) Biochemistry and evolution of anaerobic energy metabolism in eukaryotes. Microbiol Mol
Biol Rev 76: 444 -495.

15. The Mitochondrial Physiology Map i MiPMap: http://www.bioblast.at/index.php/MiPMap
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MiP2013
Keynot e Lecture

Professor
SirJohn E  Walker

Generating the fuel of life.
Walker John E

Medical Research Council Mitochondrial
Biology Unit, Hills Road, Cam  bridge, UK.
- john.walker@mrc -mbu.cam.ac.uk

The lecture will be devoted to the topic
of how the biological world supplies itself
with energy to make biology work, and
what medical consequences ensue when

the energy supply chain in our bodies is damaged or defective. We derive our energy

from sunlight, which, via photosynthesis in green plants, provides high energy

components in the foods that we ingest. We harvest t}
(oxidising) the high energy components, releasing cellu lar energy in a controlled way to

generate the fuel of life, in the form of the molecule known as adenosine triphosphate (or
ATP for short). The key steps in this process take place in the mitochondria inside the

cells that make up our tissues. They serve as biological Apower stations
millions of tiny molecular turbines, the ATP synthase, that rotate rather like man -made

turbines churning out the cellular fuel in massive quantities, which is then delivered to all

parts of our bodies to provide the energy to make them function. Each of us makes and

expends about 60 kg of this fuel every day of our lives. Defects in the fuel supply process

are increasingly being recognised as important components of complex human diseases
such as cancer, neurodeg eneration and neuromuscular diseases, and they may also be
part of the process of ageing.

The ATP synthases found in mitochondria eubacteria and chloroplasts have many
common features. Their overall architectures are similar, and they all consist of two
rotary motors linked by a stator and a flexible rotor. When rotation of the membrane
bound rotor is driven by proton motive force, the direction of rotation ensures that ATP is
made from ADP and phosphate in the globular catalytic domain. When ATP serves a s the
source of energy and is hydrolysed in the catalytic domain, the rotor turns in the
opposite sense and protons are pumped outwards through the membrane domain, and
away from the catalytic domain. The lecture will describe the common features of their
catalytic mechanisms. However, the ATP synthase from mitochondria, eubacteria and
chloroplasts differ most fundamentally in the energy cost that is paid to make each ATP
molecule. The most efficient ATP synthase is found in the mitochondria from multicellu lar
animals. The ATP synthases in unicellular organisms, and chloroplasts, pay various higher
costs that seem to reflect the supply of available energy in the biological niches that they
inhabit. The ATP synthases also differ significantly in the way they are regulated.
Eubacteria have evolved a range of mechanisms of regulation, and the chloroplast
enzyme is rendered inactive by a redox mechanism in the hours darkness. Mitochondria
contain an inhibitor protein, IF 1, that inhibits ATP hydrolysis but not
ATP synthesis. Its in vitro mechanism has been studied in great
detail, but its in vivo role is mysterious, and suppression of
expression of the protein appears not to influence respiration.

In mitochondria the ATP synth ase is organised in rows of dim ers
alon g the edges of the cristae, and as will be discussed, it has been
suggested that the permeability transition pore involved in apoptosis
resides in the dimeric enzyme.

Comparative Mitochondrial Physiology T MiP2013 www.mitophysiology.org
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Kjell Johansen 20 Sep 1932 i 4 Mar 1987

Scan by Roy Weber from the portrait in the se minar room,
Zoophysiology, Department of Bioscience, Aarhus University. The
photograph was published in the Aarhus University 1987 Yearbook.

In this context | cannot help recalling a discussion | overheard years ago in the Arctic
between Larry Irving and some fellow physiologists. The discussion got heated when
Larry Irving refused to recognize the white laboratory rat as an animal. He argued that

the white rat with food and water ad libitum and a thermostatted cage placed in a
regulated light -dark cycle f or literally thousands of generations could and should not
qualify as an animal. | think Irving won the discussion [1] T and Kjell was right [2].

Beija flor is Q_A '
very much alive i -

Kjell Johansen
Viking and Physiologist

the Power of Life
5

1. Johansen K (1987) The August Krogh Lecture: The world as a laboratory. Physiological insights from
nature's experiments. In: Advances in physiological research (McLennan H, Ledsome JR, McIntosh CHS,
Jones DR, eds). Plenum Publishing Corporation: 377 -396.

2. Martin B, Ji S, Maudsley S, Mattson MP (2010) AControl o | aboratory rodents are metabol
matters. Proc Natl Acad Sci U S A 107: 6127 -6133.
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A 1 MiP comparative  : Oxygen delivery and
muscle OXPHOS

Kjell Johansen Memorial Session

Kjell Johansen lecture

Al-01 Hemoglobins: m olecular adaptations
safeguarding mitochondrial O 2 supply.
Weber R oy E

Zoophysiology, Dept Bioscience, Aarhus University, Denmark. -
roy.weber@biology.au.dk

Vertebrate hemoglobins (Hb) are exquisitely designed to transport O > from
the respiratory organs to the tissues, there by safeguarding mitochondrial O > supply and
aerobic metabolism in the face of wide and independent variations in O , tensions and
temperature at the sites for loading and unloading of O 2 [1-3].

In transporting O, vertebrate Hbs (composed of 2 U and 2 a globin chains) switch
between the T (tense, low O »-affinity, deoxygenated) structure that predominates in the
tissues, and the R (relaxed, high - affinity, oxygenated) structure that predominates in the
lungs and gills. The T-R shift is basic to cooperativity b etween the O ,-binding heme
groups that increases O, (un)loading for a given change in O, tension - and is reflected in
the sigmoid shape of O, binding curves. Hb disvivo O, binding properties are a product
of its intrinsic O , affinity and its interaction with red cell allosteric effectors that
decreases Hb -0, affinity by stabilizing the T -structure. Apart from protons and CO > (that
faciltate O, unl oading in the acid +feiffercead)vitdhheslkee efiBelt or
chloride ions and organic phosphat es [ATP in lower vertebrates, IPP (inositol
pentaphosphate) in birds and DPG (diphosphoglycerate) in mammals]. The interaction
with effectors varies between and within individual species and plays a key role in
adjusting O, transport in response to changes in environmental conditions, metabolic
requirements, and mode of life. The decrease in Hb -0, affinity with rising temperature
mandated by the exothermic nature of heme oxygenation, enhances O , unloading in
warm tissues that require more O », but may become  maladaptive 1 and thus commonly
is reduced - in regional heterothermic species where it may hamper O » unloading (in cold
extremities of arctic mammals) or cause excessive O » release (in warm muscles, brains
or eyes of fast -swimming fish).

Based on case st udies (Hbs from estivating fish, fast -swimming gamefish, high -
altitude Andean frogs, geese that scale the Himalayas, Rocky Mountain Deer mice and Hb
recreated from extinct mammoths [4 -6]) the treatise analyses the molecular
mechani sms f or Hbring mitochdndrial O n , sugply under stressful conditions -
illustrating the key significance of molecular interactions to understanding physiological

ecology.

1. Johansen K, Weber RE (1976) On the adaptability of haemoglobin function to environmental conditio ns. In
Spencer Davies P (ed): Perspectives in Experimental Biology, Vol 1, Zoology. Oxford, Pergamon Press: 219 -
234.

2. Weber RE, Fago A (2004) Functional adaptation and its molecular basis in vertebrate hemoglobins,
neuroglobins an d cytoglobins. Respir Physi ol Neurobiol 144: 141 -159.

3. Mairbaurl H, Weber RE (2012) Oxygen transport by hemoglobin. Compr Physiol 2: 1463 -1489.

4. Weber RE (2007) High -altitude adaptations in vertebrate hemoglobins. Respir Physiol Neurobiol 158: 132 -
142.

5. Storz JF, Runck AM, Sabatino SJ, Kelly JK, Ferrand N, Moriyama H, Weber RE, Fago A (2009) Evolutionary
and functional insights into the mechanism underlying high -altitude adaptation of deer mouse hemoglobin.
Proc Natl Acad Sci U S A 144: 14450 -14455.

6. Weber RE, Campbell KL (2011) Temperat ure dependence of haemoglobin -oxygen affinity in heterothermic
vertebrates: mechanisms and biological significance. Acta Physiol 202: 549 -562.
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Al -02  Mitochondrial adaptations to hypoxia in high -
altitude birds and mammals.
Scott Graham R, Mahalingam S, McClella nd GB
Dept Biology, McMaster University, Hamilton, ON, Canada .-
scottg2@mcmaster.ca

The hypoxic and cold environment at high altitudes requires endothermic
animals to sustain high rates of O » consumption for both locomotion and thermogenesis
while facing a diminished O , supply. We are examining the mitochondrial mechanisms of
genotypic adaptation and phenotypic plasticity that help maintain ATP supply during
hypoxia in high -altitude birds and mammals. Respiratory capacity, cytochrome oxidase
activity, pho sphorylation efficiency, oxygen kinetics, and several other variables were
measured in mitochondria isolated from the flight muscle of bar -headed geese and the
hindlimb muscle of highland deer mice, and each were compared to closely -related
lowland taxa. O ur results suggest that several mitochondrial adaptations, coupled with
enhanced mitochondrial O, supply, contribute to performance in hypoxia.

Supported by NSERC of Canada.

Comparative muscle mitochondrial physiology

of the northern elephant seal.
Chicco Adam J *?, Le CH *?, Schlater A 3, Kanatous S *

itochondrial Physiology Laboratory, Dept Health and Exercise Science;

ell and Molecular Biology Program; ®Dept Biology, Colorado State

iversity, Fort Collins, CO, USA. - adam.chicco@colostate.edu

e Northern Elephant seal (  Mirounga angustirostis; E-seal) is known for

pacity for diving in cold water to hunt for up to 2 hours without
rr E -seal muscle contains very large quantities of myoglobin, which
helps to maintai n muscle po, prior to and during long dives, but the muscle mitochondrial
respiratory phenotype of this species has not been characterized. Ongoing studies in our
lab have sought to understand the effects of species, sex and environment on muscle
mitochond rial function in E -seals by performing high resolution respirometry (HRR) on
samples obtained from individuals at various stages of their life cycle, compared to data
obtained from human vastus lateralis muscle biopsies in our laboratory. Seal biopsies
wer e taken from the primary swimming muscle ( M. longissimus dorsi ) with a 6 mm
biopsy cannula and stored on ice -cold BIOPS (0 -4 days) prior to being saponin
permeabilized for HRR using a variety of SUIT protocols on an Oroboros Oxygraph -2k.
Compared to fibers  from young adult humans, young adult E -seal fibers exhibit ~50%
lower mass -specific values of maximal ETF+CI and CII -linked OXPHOS and ETS capacity,
with trends for higher values in male vs. female E -seals. Despite this, OXPHOS rates with
palmitoylcarniti ne+malate (PalM) were similar in E -Seals and humans, with a trend for
higher rates in female vs. male seals. Respiratory adenylate control ratios ( P/Ly) with
PalM and pyruvate+malate are similar between seals and humans, with trends for higher
values in ma le vs. female seals. ETF+Cl OXPHOS flux normalized to ETS capacity ( P/E) is
also similar in seals and humans, but tends to be higher in female vs. male seals.
Interestingly, despite similar values of LEAK respiration in the absence of adenylates
(Ln), E -seal fibers consistently exhibit 50 -80% higher indices of ClII -linked oligomycin -
induced LEAK respiration normalized to OXPHOS or ETS capacities ( Lomy/ E and Lomy/P)
compared to humans, indicating a much greater capacity for LEAK respiration in the
presence of adenylates. Respiratory LEAK indices are greater in female vs. male seals,
despite similar  P/Ly and higher P/E values. Notably, data from newborn E -seal pups show
markedly higher mass -specific OXPHOS and ETS capacities and lower indices of LEAK
compared t 0 young adults, with values similar to those seen in adult humans, suggesting
a strong environmental and/or developmental component to the differences seen in
adults.
Taken together, our studies indicate that E -Seals maintain a high capacity for fatty
acid oxidation and phosphorylation control of respiration despite a lower overall OXPHOS
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