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Zusammenfassung

Gesundes Altern, Langlebigkeitund steigende Lebenserwartung sind Themen,
die immer bedeutenderwerden. Der Gronlandhai (Somniosus microcephalus) hat
eine Lebenserwartung von mindestens 272 Jahren hat, was ihn zum Wirbeltier mit
der hochsten Lebenserwartung macht. Trotz dessen sind Studien Gber den
Somniosus microcephalus beschranktauf Verbreitung, Lebenszyklus, Verhalten,
Migration, Ern&hrung, Phylogenie, sensorische Fahigkeiten und das mitochondriales
Genom. Forschung zur potenziellen Einzigartigkeit der Organe dieser Spezies
(inklusive Skelettmuskel) und ihrer spezifischen metabolischen Regulation wurden
bishernoch nichtdurchgefihrt.

Deshalb werde ich im Zuge meiner Masterarbeit versuchen Anpassungen der
Skelettmuskulatur des Somniosus microcephalus, zu erforschen. Der Fokus liegt auf
Myosin, dem haufigsten Protein, seiner Funktionalitdt und metabolischen Kraft. Die
Ergebnisse werden mit einem Hai mit normaler Lebenserwartung verglichen
(Kleingefleckter Katzenhai Scyliorhinus canicula, erwartete durchschnittliche
Lebenserwartung von 17 Jahren). Daflir werde ich Muskelgewebe analysieren, und
morphologische Versuche an roten und weil3en Muskeln, sowie
funktionelle/metabolische Versuche (Mant-ATP Chase Experiments), durchfihren.

Diese Masterarbeit wird von Julien Ochala und Robert Seaborne der
Universitdt Kopenhagen, sowie Dea Slade der Universitat Wien betreut. Julien
Ochalaund Robert Seaborne sind fihrende Wissenschaftlerim Bereich der

Muskelphysiologie und der Genomsequenzierung. Die Arbeit wird durchgefuhrtam
Departement fur Biomedizin der Universitat Kopenhagen.



Abstract

Healthy aging, longevity and increasing life expectancy are topics that become
more and more important over time. Interestingly, the Somniosus microcephalus
(Greenland Shark) defies such topics as it can live on average 272 years, which
makes it the world’s longest-lived vertebrate on the planet. Despite its extreme life
expectancy, studies on the Somniosus microcephalus have been limited to its
demographics, life history, behaviour/interactions, movement ecology, diet/trophic
ecology, phylogeny, sensory abilities and mitochondrial genome. Hence, research on
the potential uniqueness of this species organs (including skeletal muscle) and its

specific metabolic regulation have been overlooked.

In line with this, my Master’'s thesis will aim to explore skeletal muscle
adaptations in Somniosus microcephalus, by focussing on the most abundant
protein, myosin, its functionality and metabolic power and by comparing the data to a
shark species with normal life expectancy (small-spotted catshark, lifespan
estimation of 17 years). For that, | will dissect muscle tissue from these vertebrate
animals and will run morphological assays of red and white muscles as well as

functional/metabolic assays (Mant-ATP Chase Experiments).

To achieve this Master’'s project, | will be supervised by Julien Ochala and
Robert Seaborne from the University of Copenhagen, who are leading scientists in
the field of muscle physiology and genome sequencing, as well as Dea Slade from
the University of Vienna. All the work will be run at the Department of Biomedical

sciences at the University of Copenhagen.
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Introduction

Muscles

Muscle structure

Skeletal muscle tissue is largely comprised of assembled muscle cells
(myofibers), as well as other cellularand tissue material, such as connective tissue.
The size of a skeletal muscle is mostly determined by the number and size of
individual myofibers, however fat and connective tissue may lead to an altered ratio
(FORTIN et al., 2014, Javan et al., 2013).

Myofibers are the largest cells in the body (Hansson et al., 2020). They are a
relatively unique type of cell, and, unlike traditional cells, have multiple nuclei
(myonuclei) and are post-mitotic (S. Hikida, 2011). These nuclei are responsible for
protein synthesis control in the region of the muscle, the nuclear domain, and have a
regulated but not constantsize (S. Hikida, 2011). The myonuclear domain theory
proposes that myonuclei are added to muscle fibers when the fiber cross-sectional
area increases (ConceiCAO et al., 2018). Another study proposes that the number of
myonucleiin a fiber segmentis determined by growth signals during development
and hypertrophy. It states that the number of nuclei and a setpoint a determine
cellulardimensions and the number of nuclei scales invariably sub linearly to cell

volume (b < 1), butlinearly to cell surface (b =1) (Hansson et al., 2020).

The protein production in the nuclear domains is normally coordinated, which
leads to similar protein production across the length of the fiber. However, non-
uniformity in the production of contractile properties in adjacent segments sometimes
can occur (Wilkins et al., 2001). Muscle growth, repair and regeneration mostly works
through satellite cells (adult stem cells of skeletal muscle), that are located between
the sarcolemma and the basal lamina (Macaluso and Myburgh, 2012, S. Hikida,
2011). The proliferation and differentiation of these stem cells into new myofibers
occurs after activation through myogenic factors (Bareja et al., 2014). The muscle
structure is shown in figure 1. The epimysium, a layer of connective tissue, surrounds
individual muscles. Muscles are arranged in bundles of grouped myofibers and
surrounded by another layer of connective tissue, the perimysium. Every myofiber is
surrounded by a cell membrane or sarcolemma. The internal myofilamentstructure
and the sarcolemma are physically connected through several proteins. The

connection mostly occurs at the actin proteinsin the thin filament. Lack of, or defunct,



connective proteins may lead to damage of the sarcolemma, muscle weakness, and
atrophy (Frontera and Ochala, 2015).

Skeletal muscle Muscle fibre bundle
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Endomysium

Epimysium
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Figure 1: Skeletal muscle structure. Skeletal muscle is comprised of muscle fiber bundles, comprised of
myofibers/ muscle fibers. Muscles are covered by the epimysium, muscle fiber bundles are covered by the
perimysium and muscle fibers are covered by the endomysium. A skeletal muscle fiber is surrounded by the
sarcolemma, containing sarcoplasm. Each muscle fiber is composed of many myofibrils, having sarcomeres as
contractile units. Created with Procreate, Adobe lllustrator and Biorender.com.

The cytoskeleton determines the shape and length of myofibers and transmits
force generated by the actin-myosin interaction to the extracellular skeleton.
Myofibrils run along the fiber major axis from one end to the other and end with the
myotendinous junction that transfers tension to the tendons. They are a specialized
componentof the cytoskeleton. The cytoskeleton contains several signalling proteins
(Schiaffino and Reggiani, 2011).

Withoutthe water content, single myofibers are comprised of ~80% protein
(contractile, regulatory, cytoskeletal) and ~8% sarcoplasm (Hoppeler et al., 1973).
Myofibers are comprised of myofibrils, containing myofilaments (Frontera and
Ochala, 2015). The contractile machinery of skeletal muscles is comprised of
sarcomeres that form myofibrils. This creates the striated pattern of myofibers
(Schiaffino and Reggiani, 2011). The sarcomere is made up of many proteins that
contribute to excitation-contraction coupling, energy release, and force and power
generation (Ottenheijm and Granzier, 2010). Figure 2 shows the main components of
the striated muscle sarcomere. In each sarcomere thin (actin) and thick (myosin)
filaments overlap. Additionally, the cytoskeleton is formed of transversal structures,

the Z-disc and M-bands and longitudinal filaments composed of the giant proteins



titin and nebulin, running in parallel with thin and thick filaments (Schiaffino and
Reggiani, 2011). Actin and myosin are the most abundant myofilaments (proteins).
They form ~70-80% of the total protein contentof a single myofiber. Myosin is a
motor protein (Frontera and Ochala, 2015). Many contractile and cytoskeletal
proteins exist as multiple isoforms, which leads to different mechanical properties of
the myofibrils in different types of myofibers (Schiaffino and Reggiani, 2011). Myosin,
as well as myosin genesin mammals and humans are described below. Other
important proteins are the regulatory proteins of the calcium-dependenttroponin
complex (troponins C, |, and T), and tropomyosin. They are associated with the actin
filamentand are important in the activation process of myofilamentsliding and force
generation (Frontera and Ochala, 2015). The interaction of actin and myosin
filaments mediate the contractile function of the sarcomere andis controlled by
calciumthrough the troponin-tropomyosin complex. The thin filamentcomponents are
very similarin all myofibers. Actin is the main componentof the thin filaments. a-
skeletal and a-cardiac isoforms of actin exist (Gunning etal., 1983). The Z-disc
provides a mechanical link to transmit force longitudinally between adjacent
sarcomeres and transversally through the extra myofibrillar cytoskeleton to adjacent
myofibrils and costameres. They are also responsible for detecting force and link
tension along the myofibrils through signalling (Pyle and Solaro, 2004). A network of
a-actinin filaments links thin filaments, and binds titin and nebulin (Schiaffino and
Reggiani, 2011). It is known that some molecular components of the sarcomere exist
as multiple isoforms. They are differentially distributed in slow and fast fibers.
Isomers occurring in slow fibers are tropomyosin a-slow, TnC-slow, Tnl-slow, TnT-
slow, myomesin-1 EH, MyHC-1 or B/slow, MyLC-1s, MyLC-2s, MBP-C-slow, Titin
longisoforms, a-actinin-slow, etc.. Isomers that occur in fast fibers are a-actintin-fast,
Tropomyosin- a-fast, TnC-fast, Tnl-fast, TnT-fast, Myomesin-1 and 3, MyHC 2A, 2B
and 2X, MyLC-2f, MyLC-1f/3f, MBP-C-fast, Titin short isoforms, etc.. There are also
some general isoforms, such as actin, Myomesin-1, etc. (Schiaffino and Reggiani,
2011, Luther, 2009).
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Figure 2: Schematic of the striated muscle sarcomere. The thick filament (actin) is shownin orange, the thin
filament(myosin) in blue, Titin is shown in green, and Nebulinin red. Created with Biroender.com.

The sarcoplasm of myofibers contains atransverse tubular system (T-tubule),
the sarcoplasmic reticulum and a mitochondrial network. The amount of these
elements depends largely on the fibertype of myofiber (see ‘myofiber types’). The
inward folded sarcolemma forms the T-tubule system, which conducts the nerve
action potential to the interior of the cell (Jayasinghe and Launikonis, 2013). It isin
contact with the cell exterior and helpsto spread the excitation interval uniformly
throughoutthe myofiber (Frontera and Ochala, 2015). The sarcoplasmic reticulum
stores, releases and reuptakes calcium after activation (Lamboley et al., 2014). The
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) and calsequestrin help to
maintain calcium homeostasis in the sarcoplasmic reticulum (Frontera and Ochala,
2015). Mitochondria generate the energy for muscle actions. They form a three-
dimensional network throughout the cell and need oxygen (Dahl et al., 2015).
Between the mitochondria and the sarcolemma, oxygen is transported. The distance
between these two is important, especially during aerobic exercise. Also in the inter-
myofibrillar space mitochondria are located (Frontera and Ochala, 2015). Stimuli,
such as exercise, neuromuscular pathologies or aging can lead to structural and
functional changes of the muscular elements (Yan et al., 2012). For example aging
that can lead to a fragmented sarcoplasmic reticulum with impaired calcium release
and muscle activation, which can lead to muscle weakness (Weisleder et al., 2006).
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Myofiber types

Historically, until around 1968-1970, mammalian skeletal muscles were
classified as either ‘fast’ or ‘slow’ twitch muscles. Fast ones were the white muscles,
characterized by glycolytic metabolism and specialized for phasic activity, and slow
onesthe red muscles, rich in myoglobin and oxidative enzymes and specialized for
more continuous activity (Needham, 1926). However, fast myofibers are
heterogenous and enzyme histochemical procedures for myosin ATPase led to the
identification of two fiber populations, called type 2A and 2B fibers. Type 1 fibers are
predominantin slow-twitch muscles (Brennerand Eisenberg, 1986, Guth and
Samaha, 1969). 2A and 2B fibers have high levels of glycolytic enzymes. Therefore
the fibers are classified into slow oxidative (type 1), fast-twitch oxidative glycolytic
(2A), and fast-twitch glycolytic fibers (2B) (Peter et al., 1972). Single fiber
microdissection made precise analyses of metabolic properties possible (Essén et
al., 1975, Lowry et al., 1978, Spamer and Pette, 1977). Differentfiber populations
have a wide variation in enzyme activities. 1988-1994, 2X fibers were detected
(Wada M., Schiaffino etal., 1988, Schiaffino etal., 1989) with a resistance to fatigue
intermediate between that of 2A and 2B units (Larsson et al., 1991).
Immunohistochemical and in situ hybridization analyses of muscle sections (DeNardi
et al., 1993, Gorza, 1990) and biochemical and physiological studies of single fibers
(Bottinelli et al., 1994, Pette and Staron, 1990) found the spectrum of fiber types with
pure or hybrid MyHC composition: 1 < 1/2A < 2A < 2A/2X < 2X « 2X/2B < 2B.
The four major fiber types are variously distributed in body muscles of mammals with
varying relative proportions of any fiber type according to species and anatomical site
(Schiaffino etal., 1989). For example, in leg muscles, slow type 1 fibers are more
abundantin the posterior compartment. In many species, type 2 fibers are more
numerous in forelimbs than in hindlimbs. Besides that, humans upper limb muscles
are faster than lower limb muscles (McComas and Thomas, 1968, Harridge et al.,
1996).

Mammalian skeletal muscle- myosin isoforms and fiber types
Myosin heavy chain isoforms are used as a marker for myofiber types, as

described above (Schiaffino and Reggiani, 2011). Mammalian, skeletal muscles
contain four major myosin heavy-chain (MHC)isoforms. MHC | is the “slow” or beta
myosin heavy chain. The fast ones are lla-, lIx- and llb- MHCs. Additionally,

mammalian skeletal muscle also contains myosin lightchains. The MLC isoforms are
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the “slow” MLC1 and the “fast” MLC1f and MLC3f (Schiaffino and Reggiani, 1994). All
sarcomeric myosins are hexamers that consist of two MyHC and two pairs of MyLC
(Schiaffino and Reggiani, 2011). Myosin is the molecular motor of muscle cells.
Sarcomeric myosins are elongated molecules with two globulardomains, heads and
one long filamentous domain, the tail. Each head consists of a NH2-terminal domain
of the MyHC comprised of ~840 amino acids. ATP- and actin-binding sites are
located in the myosin head. The motor domain is able to hydrolyze ATP and generate
force and displace the myosin. Atthe COOH terminus, the head has a long a-helix,
containing two IQ domainsthat bind two MyLCs (one essential and one regulatory
per head). MyHC molecule stretches to an a-helical domain of ~1,100 amino acids,
containing heptad repeat sequences thatform an a-helical coiled coil for heavy chain
dimerization. Through self-assembly, the myosin tails create the “thick” or myosin
filament. On the myosin filament, hundreds of myosin heads are located that are
responsible for force generation and movement. The tail is responsible for
dimerization of the MyHC, thick-filamentassembly, and MyBP aggregation
(Schiaffino and Reggiani, 1994). The MHC isoforms can be differentially distributed in
myofibers, which determines the different myofiber types. Type |, lla, llb and lix fibers
contain the respective MHC only. On the other hand also intermediate hybrid fibers
that contain both beta/slow- and lla-MHC, lla- and IIx-MHC, or lIx- and llb-MHC, exist
(Schiaffino and Reggiani, 1994). The mammalian genomes contains 11

sarcomeric MYH genes, six of them in skeletal muscle, two in cardiac muscle and
three in other muscles, shown in table 1 (Schiaffino and Reggiani, 2011, Rossi et al.,
2010), that are highly conserved in vertebrate evolution and each code for a different
MyHC isoform (Berg et al., 2001). In adult skeletal myofibers, MyHC-2A, MyHC-2X,
and MyHC-2B, coded by MYH2, MYH1, and MYH4 are expressed (Schiaffino, 1996,
Bicer and Reiser, 2004, Timson, 2003). The myosin molecule can also be post
translationally modified (PTM). Phosphorylation is the most well characterised PTM
of the myosin molecule atthe MyLC (Blumenthal etal., 1985) which enhances force
developmentat submaximal calcium concentration (Sweeney and Stull, 1990). The
level of phosphorylation is higherin fastthan slow muscles (Moore and Stull, 1984).
MHCs can be also be glycosylated leading to adjustments of the maximum
shortening velocity and speed of actin filamenttranslocation in in vitro motility assay
(Ramamurthy et al., 1999).
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Table 1: Sarcomeric MYH genes in mammals, corresponding protein products and expression pattern.
Adjusted from (Schiaffino and Reggiani, 2011, Rossietal., 2010).

Gene Protein Expression

MYH1 MyHC-2X Fast 2X fibers

MYH2 MyHC-2A Fast 2A fibers
Skeletal muscle MYH3 MyHC-emb Developing muscle

MYH4 MyHC-2B Fast 2B fibers

MYH8 MyHC-neo Developing muscle

MYH13 MyHC-EO Extraocular muscle

MYHG6 MyHC-a Jaw muscle and
Cardiac muscle heart

MYH7 MyHC-B/slow Slow muscle and

heart

MYH7b* MyHC-slow/tonic Extraocular muscle
Others MYH15 MyHC-15 Extraocular muscle

MYH16 MyHC-M Jaw muscle

Muscle function

Excitation—Contraction Coupling: Physiology of Muscle Activation
To generate muscle force, two processes need to be coordinated through the

excitation-contraction (EC) coupling principle. The nerve stimulus is transmitted to the
triad. After that, calcium gets released by the cisternae of the sarcoplasmic reticulum.
Actin and myosin interact and form cross-bridges. The action potential spreads from
the myofiber membrane to the inside of the muscle cell via the transverse tubular
system, close to the terminal cisternae of the sarcoplasmic reticulum. After a voltage
sensoron the T tubule opens, calciumthatis stored in the sarcoplasmic reticulum
flows inwards (Rebbeck et al., 2014). Through the calcium current, the ryanodine
receptors in the terminal cisternae of the sarcoplasmic reticulum, open and release
calciuminto the sarcoplasm. There, the calcium binds to troponin C on the actin,
which initiates some events that lead to release of the tropomyosin from the active
site on the actin filament. Actin and the head of the myosin molecule can then bind
via the active site on actin. In the myosin head, Adenosine tri-phosphate (ATP) and
ATPase are located. They help with forming a new cross-bridge with actin and
releasing the old one. Then, the actin and myosin filaments are able to slide into
each other and generate force (Frontera and Ochala, 2015). In skeletal muscle,
calciumis used as intracellular messenger. This triggers contractions via binding to
troponin and is also can activate protein phosphorylation or dephosphorylation via
binding to calmodulin, as well as activate proteolysis via calcium-dependent
proteases. Therefore, the concentration of intracellular cytosolic free calcium needs
to be controlled precisely through the SR (Schiaffino and Reggiani, 2011).
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Energy Production and Release
Muscle actions need ATP to provide energy. The metabolic energy pathway

thatis usedto produce and sustain muscle actions is dependenton the duration and
intensity of activities. Common energy pathways in the myofiber are using stores of
ATP and creatine phosphate (CP), anaerobic glycolysis, and oxidative
phosphorylation. Due to the small reserves in myofibers, the ATP and CP energy
pathway is used for high intensity shortduration (few seconds) activities. The
anaerobic glycolysis pathway is responsible for muscle actions lasting for a couple of
minutes. ATP quickly gets produced. However, the end products, such as H* or
lactate, impair muscle function and are associated with muscle fatigue (Frontera and
Ochala, 2015). Oxidative phosphorylation within the mitochondrial network, however,
provides energy for exercises with low intensities over a longer duration (minutes to
hours). Capillaries are ordered in a network and transport oxygen to active myofibers
(Weibel, 2013). These energy pathways overlap, and the contribution of each
pathway depends on the intensity and duration of contraction and movement
(Frontera and Ochala, 2015). Carbohydrates (plasma glucose and muscle glycogen)
and fats (plasma free fatty acids and muscle triglycerides) mainly fuel muscle cells
(Romijn et al., 1993), however, amino acid metabolism contributes in a small fraction
to the total energy production. At high intensities, mostly muscle glycogen stores are
used for muscle actions. At lower intensities and and long duration exercise, mainly
the metabolism of free fatty acids is used to generate muscle energy (Frontera and
Ochala, 2015).

Types of muscle actions
One functional unit of the mammalian skeletal muscle is composed of a motor

neuron and myofibers. Many motor units work together to create movement. Due to
the heterogeneity of myofibers they can create differentmovements as continuous
low-intensity activity, repeated submaximal contractions, or fast and strong maximal
contractions (Schiaffino and Reggiani, 2011). Muscle actions can be classified into
static, dynamic concentric and dynamic eccentric activation of the muscle. Static, or
isometric, muscle action does not create movement in the joint or limb although force
is generated. Dynamic actions need force generation and joint movement and can be
concentric or eccentric, which are normally combined in one movement. In concentric

ones, the muscle gets shortened and origin and insertion come closer together.
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Eccentriconeslengthen the muscle and origin and insertion move away from each
other (Frontera and Ochala, 2015).

Motor neurons and muscle spindles
In mammals, motor units, comprised of a motor neuron and all the innervated

myofibers, build the units of the neuromuscular system. Muscle spindles are
proprioceptive sensory organs that act as stretch -sensitive mechanoreceptors and
detect changes in skeletal muscle length. They consist of a few short and thin
myofibers, intrafusal fibers. Afferent neurons transmitthe signals to the spinal cord,
followed by contractile responses (Schiaffino and Reggiani, 2011). They are
innervated by sensory neurons and by y-motor neurons. Schwann cells wrap the
spindles. Motor neurons and myigureofibers are linked through the neuromuscular
junction (NMJ) that transmits the nerve impulses to the myofibers (Schiaffino and
Reggiani, 2011).

Force Generation and Movement
In 1954, the theory of force generation of myofibers, the sliding filamenttheory, was
published (Huxley and Niedergerke, 1954, Huxley and Hanson, 1954). This theory is
still widely accepted. Individual actin-myosin cross-bridges generate force that is
transmitted longitudinally and laterally within the fiber. When the produced force
reaches the myotendinous junction, tendons, and joints, movement is created
(Frontera and Ochala, 2015). The amount of generated force depends on the degree
of activation by the nervous system, its structure, the muscle size, the space between
myofilaments, the number of actin-myosin cross-bridges, the generated force per
cross-bridge and the interaction between cellular elements (Frontera and Ochala,
2015). The process of generating force in the muscle beginswhen ATP binds to the
myosin head. In the myosin head, an ATPase is positioned that hydrolyzes the ATP
to ADP and Pi. The existing cross-bridge detaches. Thisleads to a movement of the
myosin head and binding to a new actin molecule. When Pi gets released, force is
generated, followed by a conformational change, and a power stroke, which leads to
pushing of the actin filament alongside myosin. The process ends with ADP release
and myosin bound to actin (rigor state). The formed cross-bridges can be of different
strength. ATP-consumption depends on the expressed myosin heavy chain isoforms,
on the number of myosin heads, the fraction of myosin heads forming cross-bridges,
as well as the rate for cross-bridge detachment (Frontera and Ochala, 2015). In

humans, the rate of ATP consumption is the lowest in type | fibers, intermediate in lla
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fibers, and the biggestin lix fibers (Larsson and Moss, 1993). Furthermore, the
generated force is also dependenton biomechanical properties of the
musculoskeletal system, as for example, the length of the muscle or sarcomere.
Besides that, it also depends on the velocity of the movement (Frontera and Ochala,
2015). Also the concentration of calciumin the sarcoplasm and the sensitivity of the
thin filamentinfluence the level of generated force (Frontera and Ochala, 2015). The
relative role of glycolysis and oxidative phosphorylation is differentin slow and fast
muscles. In slow muscles, all the needed ATP is generated by oxidative
mitochondrial processes. In fast muscles, glycolytic processes are needed to
generate ATP rapidly (Ogata and Mori, 1964, Padykula and Gauthier, 1967). Based
on biochemical properties, fibers can be classified as S (slow), FOG (fast oxidative
glycolytic), and FG (fast glycolytic) (Barnard et al., 1971, Peter et al., 1972). In
humans, different fiber types consume ATP at a differentspeed. During maximal
exercise, ATP declines at a different speed in differenthuman muscle fibers. The
mean ATP concentration values at 10s exercise time are O for Type 1 fibers, -10
mmol (kg dm) -1 ATP for Type 2A fibers, and ~-17,5 mmol (kg dm) -1 ATP for type 2A-
2X fibers. At 25s exercise time, the mean ATP concentration are -5 mmol (kg dm) -1
ATP for Type 1 fibers, -15 mmol (kg dm) -1 ATP for Type 2A fibers, and ~-19 mmol
(kg dm) -LATP for type 2A-2X fibers (Schiaffino and Reggiani, 2011, Karatzaferi et
al., 2001).

Muscles and metabolic activities
Dependenton their metabolic activities, myofibers are able to adapt their size

or thickness, internal structure (relative abundance of relevantintracellular
components), and extracellular surroundings (for example capillary density). Fiber
thicknessisinversely related to aerobic oxidative activity or mitochondrial density.
The same fiber type with identical metabolic properties may have differentsize in
differentmuscles (Andersen, 1975, Sjggaard, 1982, Dawson et al., 1987, Acevedo
and Rivero, 2006, Behnke etal., 2003). In humans, type 2 fibers are larger than type
1 fibers (Saltin, 1983). In slow myofibers, the number of capillary vessels surrounding
a myofiber is higher than for fast fibers (Andersen, 1975, Sjggaard, 1982, Dawson et
al., 1987, Acevedo and Rivero, 2006, Behnke etal., 2003). The mitochondrial content
of myofibers varies significantly in relation to fiber type. In human, the mitochondrial
volume is 6% in type 1 fibers, 4.5% in type 2A fibers and 2.3% in type 2X fibers

(Howald et al., 1985). Besides that, the ultrastructure between slow and fast
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myofibers differs (Jackman and Willis, 1996, Gauthier, 1979) as well as their enzyme
activity. Fast fibers have a higher glycogen contentat rest than slow fibers (Greenhaff
et al., 1993, Vgllestad et al., 1984). Intracellular substrate stores can only support the
regeneration of a limited amount of ATP. Therefore, myofiber energy metabolism
depends on the transport of substrate trans-sarcolemma. Fast and slow fibers have
differentcharacteristics in this case. Slow fibers have greater abundance of transport
mechanisms for lactate, glucose, and fatty acids (FA). In slow muscles, lactate and

glucose uptake is about 2-fold greater, and FA transport threefold bigger, than in fast
muscles (Chabowski et al., 2006, Kraegen et al., 1993, Juel and Pilegaard, 1998).

Myosin head conformations- SRX/DRX
Myosin exists in three differentfunctional states in the sarcomere (figure 3A):

The active cycling state of myosin (actin-activated ATP hydrolysis and rapid ATP
turnover time of <1 s), the disordered relaxed (DRX) state (ATP turnover state of
myosin in the absence of actin, very slow ATP turnovertime of <30 s) and the super-
relaxed (SRX) state (ATP turnovertimes of more than 100s). Energy (ATP)
utilization is differentbetween myosin states, as shown in figure 3B and 4. When
muscles contract, myosin states continuously change between the actin-bound state
andthe actin-free DRX state (Nag and Trivedi, 2021). Myosin in the SRX state is held
‘in-reserve’ and in skeletal and cardiac myofibers, ~ 50—-60% of the myosin heads are
in the SRX state (Stewart et al., 2010, Hooijman et al., 2011). Physiological,
pathophysiological, and non-physiological factors can modulate the SRX state of
myosin. In 2010, the new functional SRX state of myosin has been discovered in
rabbit skeletal myofibers (Stewart et al., 2010). It has a 10-fold slower ATP turnover
rate than the non-actin-bound state, the DRX state. The SRX and DRX state existin
a dynamic equilibrium under resting muscle conditions and are thoughtto be
significant contributors to adaptive thermogenesis in skeletal muscle. They can act as
a reserve pool and may be recruited when the cardiac muscle power increases.
Striated muscle contraction is regulated by modulating the myosin DRX«+—SRX state
equilibrium. The ratio of the SRX state can be measured kinetically by following the
release of fluorescent ATP hydrolysis products from myosin. The SRX state has a
very slow release of the ATP hydrolysis products relative to myosin in other states. In
relaxed skeletal muscle, ~50% of the myosin remainsin the SRX state, whereasthe
other 50% are in DRX state (Cooke, 2011, Stewart et al., 2010). With aging, muscle

strength can progressively be lost (dynapenia), which happens more often in post-
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menopausal women than in men of the same age. This occurs independent of
muscle size or the presence of neurological or muscular diseases. Studies on
possible changes of aging and sex on the myosin DRX—SRX state equilibrium or
changes on the properties of the SRX state, have been done. In mice, female
individuals showed significantly faster ATPase cycling time of myosin in both the
DRX and SRX states with age, which mightbe due to the ovarian hormone estradiol,
which isthe key hormonal signal to skeletal muscle in females. This could resultin a
buildup of weakly bound actomyosin complexes, slowing down the cross-bridge
kinetics and leading to increased weakness with age. Another explanation could be a

compensation forthe loss of myofibers through the shifttowards more DRX heads
(Colson etal., 2015, Phungetal., 2018).
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Figure 3: Possible different functional states of myosin. (a) Actin-bound myosins are shownin green. They
are most active and utilize maximum ATP. This myosin state is in equilibrium with an off-actin state, the DRX
state of myosin (orange). It has 100-fold less activity than the actin-interacting form. DRX state myosinsare in
equilibrium with those in the SRX state (red), which has a further 10-fold less activity than the DRX state. The
SRX state of myosin exists in IHM state or non-IHM state. Actin is shown in grey, myosin thick-filamentshaft as
grey cylindrical rod; (b) Energy (ATP) utilization by different myosin states is shown. The ATP turnover rate for the
actin-bound myosin, DRX myosin, and SRX myosin was assumed to be 3 s-1, 0.03 s—1, and 0.003 s-1,
respectively. A standard deviation of 0.1 units was used to generate random Gaussian noise. The simulated
curves were generated using the GraphPad Prism software. (From: (Nag and Trivedi, 2021)).
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Aging

In humans, sex s the strongest predictor of lifespan,and women on average
live longerthan men (Tower, 2017). Countries have differentlife expectancies
possibly due to healthcare expenditures, butalso environmental factors (Bein et al.,
2017). Diseases that are non-communicable are responsible for 63% of all deaths
worldwide, of which three quarters were incurred by individuals over 60 years old
(organization). The highest cause of death worldwide are ischemic heartdisease and
stroke, as determined 2016 with a combined 15.2 million deaths outof 56.9 million
total deaths. Chronic obstructive pulmonary disease, Alzheimer’s disease and other
dementias, lung and tracheal cancers and diabetes are the next high causes, with
another 8.3 million deaths (organization, 2019b). These age-related diseases often
come with prolonged disability and reduced productivity, and a negative financial
impact within families and heavy demands on healthcare systems (organization,
2019a). Therefore, increasing human longevity and extending the period of
health/healthy aging are among the most difficult challenges facing modern medicine.
Due to advancesin medical support, the life expectancy has more than doubled in
the last hundred years and the age group over 85 is the fastest growing across all
age groups (Hill etal., 2016). In industrialized countries the life expectancy of
humans was 30 and 45 years at the beginning of the 20" century. Improvements in
health care, nutrition, and standards of living led to an increase in life expectancy. In
the early 21st century it was suggested that life expectancy would still increase with a
healthy lifestyle (Leonard P. Guarente, 2022). This suggests that besides
environmental conditions, other factors regulate lifespan. The molecular mechanisms
by which longevity has evolved are still mostly unexplained (Guest, 2019). Today, the
aging research is looking for geroprotectors, pharmacological or nutraceutical
compounds that prevent aging. Treatment in animals has already managed to
expand lifespan. Nevertheless, testing the findings on humansis not an option
(Stenvinkel and Shiels, 2019).

Aging can be defined in differentways. Countless theories try to explain how
and why we age, butthe definition of aging/senescence has been uncertain fora
longtime (da Costa et al., 2016). Overall, aging simply refers to the changes that
occur during an organisms’ life-span (Kirkwood, 2005). The rate at which these take
place varies widely (Kirkwood, 2005). This definition also contains changes occurring

through aging, thatdo not affect the individual’s viability. The phenotype is the end
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result of the interaction between genotype and external factors:

[phenotype] = [genotype] + [(diet, lifestyle and environment)] (Anton et al., 2005).
Biogerontologists rather use the term senescence, than aging to differentiate
innocuous changes fromthose leading to increased risk of disease, disability or
death (Dollemore, 2002). In this context senescence is defined as the progressive
deterioration of bodily functions overtime (Goldberger et al., 2002). Human agingis
associated with a loss of complexity in a wide range of physiological processes and
anatomic structures (Goldberger et al., 2002). This includes blood pressure (Kaplan
et al., 1991), stride intervals (Hausdorff etal., 1997, Terrier and Dériaz, 2011),
respiratory cycles (Peng et al., 2002, Schumann etal., 2010), vision (Azemin et al.,
2012), postural dynamics (Manor et al., 2010), decreased fertility and increased risk
or mortality (Chesser, 2015, Lopez-Otin etal., 2013). Aging is defined as the
breakdown of self-organizing systems and reduced ability to adapt to the
environment (Vasto et al., 2010). Explanations of the aging mechanisms have
become unexpectedly complicated. Gerontologists discovered that multiple
processes, at a cellularand molecularlevel, but also on tissues and organ systems,
combining and interacting on many levels, are the basis of the aging process
(Guarente, 2014, Dollemore, 2002). Biochemical mechanisms cause or react to aging
(Yin and Chen, 2005). To completely understand the underlying molecular pathways
of aging, as well as for potential lifespan extending therapeutics, new synthetic and
medicinal chemistry methodologies are yielding small molecule tools (Ostler, 2012).
To better understand how these could contribute, it is important to look at the theories

of aging, as well as why and how we age.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/physiological-process
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-molecule

21

Associated molecular mechanisms

Differentiated human adult cells age via several mechanisms, as for example,
damage to DNA molecules, perturbations in proteostasis, mitochondrial dysfunction,
inappropriate insulin/IGF-1 signalling, and damage resulting from oxidative stress
(Guest, 2019). Most model organisms for aging research with long lifespans have the
capacity to reduce the effects of one or more of these pathways. For aging research
these pathways first needed to be investigated in detail. There are many potential
circulating biomarkers that are associated with aging, longevity and age-related
diseases. These biomarkers are involved in the pathways of calcium homeostasis,
cytoskeleton and hormones, fibrosis, inflammation, mitochondria and apoptosis,
neuromuscularjunction and others. For this project the biomarkers involved in the
cytoskeleton and hormones, neuromuscular junction pathway, as well as the calcium
homeostasis (calreticulin, regucalcin, S100 calcium binding protein B) are the most
interesting ones (Guest, 2019). Most of the pathways were studied in detail in long-
lived rodent and worm mutants. Short- and long-lived species showed differencesin
these pathways, which further helped with understanding longevity. Altogether, this
helped to understand longevity regulation and to potentially maximise the human
lifespan in the future (Guest, 2019).

The Hallmarks of Aging

Findings from short-lived, canonical model organisms, led to a classification
system of the hallmarks of aging (L6pez-Otin et al., 2013), shown in figure 5. The
‘primary” hallmarks describe moleculardamages during the aging process and
comprise genomic instability, telomere attrition, epigenetic alteration, and loss of
proteostasis. “Antagonistic” hallmarks are deregulated nutrient sensing, mitochondrial
dysfunction, and cellular senescence. They have protective and beneficial hormetic
effects at low dose, but detrimental effects at high levels. The ‘Integrative hallmarks’
are composed of stem cell exhaustion and altered intercellular communication,

leading to loss of reserve capacity or resilience (Holtze et al., 2021).
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Figure 5: The Hallmarks of Aging, grouped into three categories. The hallmarks of aging are grouped into
three categories, the primary, antagonistic and integrative hallmarks. Compensatory or antagonistic responses to
the damage initially mitigate the damage, but can potentially become deleterious themselves. Integrative
hallmarks are ultimately responsible for the functional decline associated with aging. Created with Adobe
lllustrator.

Theories of aging

To date, and with the help of model organisms, several theories of aging have
been suggested. These theories refer to different characteristics of these organisms
or the metabolism in general. These characteristics are 1) the growth of organisms,
2) the reproductive strategy, 3) the lifespan and body size correlation, 4) a correlation
between genome size and aging of an organism, 5) mitochondrial oxidative stress

theory and 6) caloric restriction to delay the aging process.

1) Agingis correlated with the growth of organisms. For example fishes which
rapidly grow to a definite size are short-lived, whilst steadily and slowly growing ones,
as sharks, tend to live longer (Goss, 1974, C., 1881).

2) However, also the general reproductive strategy of species can have an
influence on its longevity. A continuum of reproductive strategies can be
distinguished. They range from r, the production of large numbers of offspring
provided with minimal care, to K, the production of few offspring nurtured intensively
(Rushton, 1987). The species are called R- and K-selective species. Species belong
in a continuum between these groups, according to theirlife history traits. These
groups predict, how well animal populations effectively respond to environmental

and/or anthropogenic disturbance (Pianka, 1970, Edwards et al., 2019). Higher order
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vertebrates with extreme longevity, often have K-selected life history traits that
influence the maximum intrinsic population growth rates (rmax), such as slow growth,
late maturity, and relatively low recruitment rates (McCann and Shuter, 1997). These
traits limit the ability of populations to sustain high levels of mortality (Simpfendorfer
and Kyne, 2009, Norse et al., 2012, Musick, 1999, Adams, 1980). Chondrychthian
deep water species show significantly lower rates of population increase, asthe
frequency of K-selected traits become more with increasing depth,in
chondrichthyans (Russell etal., 2011). They also have a heightened vulnerability to
exploitation and incidental mortality relative to their shallow-water counterparts
(Garcia et al., 2008, Simpfendorfer and Kyne, 2009). Most bony fish have a 'R-
selected’ reproductive strategy that is characterised through the production of many
young thatdo not cost much energy and of which only few will survive. The interval
between birth and maturity is short and the potential for the population to recover
from depletion is high, as well as relatively adaptable to environmental changes.
Sharks belong to the species with a ‘K-selected™ reproductive strategy and have only
small numbers of young at a relatively high cost. They are more likely to survive until
adulthood. In this case the offspring is relatively large. Additionally, sharks grow
slowly, which meansthatthey will only be able to produce offspring after some years
(especially the species living in cold, low-energy deep-ocean). Also the gestation
period is long, in some species several years. In general, sharks are long-lived
species that produce small numbers of offspring in their lifetime, which is a good
reproduction strategy for apex predators to maintain a stable population since they
do not have many predators. However, fisheries threaten these species, especially
larger sharks since smaller ones grow more quickly and reach maturity sooner (Ebert
et al., 2021).

3) Furthermore, lifespan and body size are positively related, which explains
63% of the variation in maximum longevity across mammals, birds, amphibians and
reptiles (de Magalhaes et al., 2007, Fushan etal., 2015). Mice and rats are negative
outliers, since they only live half the time than expected (Prothero and Jurgens, 1987,
de Magalhaes et al., 2007). Mammals and birds have the highest correlation, reptiles
slightly lower. In amphibians the correlation is even lower. Longevity is positively
correlated with captivity, nocturnal lifestyle, a low ambienttemperature, poison
defense (Stark and Meiri, 2018). Fish and invertebrates have a similar positive

allometric relationship (Holmet al., 2016).
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4) Besides that, another theory of aging says that longevity of animalsis
determined by genetically preprogrammed manner, in which animals try to avoid
aging (Partridge and Barton, 1993). According to thistheory, there is a correlation
between the size of the genome and the aging process of an organism.
Nevertheless, the aging process is also influenced by external factors, as for example
the breeding structure, environmental conditions, disease and others. One genetical
aspect that affects longevity is the quantity of DNA per cell, or C-value (Monaghan
and Metcalfe, 2000). However, it is unknown how genome size affects phenotype
and longevity. During evolution, DNA steadily accumulated, which led to merely
coincidental cellular and organismal relationships with genome size (Ohno, 1972,
Pagel and Johnstone, 1992). Furthermore, genome size shifts induce directchanges
in cellular parameters, which makes them be selected for (or against) by natural
selection (Roth et al., 1994, Cavalier-Smith, 1982, Vinogradov, 1997). Indirectly, a
bigger genome size, causing slower cell growth and metabolic rate, could lead to a
longer lifespan. The genome size is measured as C-value, is highly variable across
differentspecies and taxa andis independent of organismal complexity or the
number of coding genes(Griffith etal., 2003).

5) Another possible explanation for human aging is the mitochondrial oxidative
stress theory. “The Mitochondrial Free Radical Theory of Aging (MFRTA) proposes
that mitochondrial free radicals, produced as by-products during normal metabolism,
cause oxidative damage. Accordingto MFRTA, the accumulation of this oxidative
damage is the main driving force in the aging process.” (Sanz and Stefanatos, 2008).
According to this theory, short-lived species should be less resistant to oxidative
damage, than long-lived species. This theory is supported by many studies.
However, it is notvalid for all species (Costantini et al., 2017). Negligible or extremely
rapid senescence in mammals can also lead to new targets in human aging, if one
considers that lifespan and aging rates vary across taxa. Greenland sharks, among
other species, such as naked mole rats, the ocean quahog or rockfish, can have
negligible senescence and can therefore be extremely resistance to diseases that
are related to aging. They are thoughtto be extremely stress-resistant due to
maintenance of protein homeostasis and robust mitochondrial functions. Human
health span could for example extended through treatments that target protein
modification or the upregulation of matrix antioxidants (Stenvinkel and Shiels, 2019).

Human aging processes can be arrested through senolytic drugs, as quercetin and
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navitoclax (Patnaik et al., 1994). Overall, three types of senescence exist in fish.
These are rapid senescence, which appearsin eels, killi fish and the pacific salmon,
gradual senescence, which appears in guppy and platy fish, and negligible
senescence, in sturgeons and rockfish (Patnaik et al., 1994). Therefore, it would be
good to also do comparative studies in fish with rapid or negligible senescence
(Mikhailova et al., 2017). The aging process can be retarded in species showing
gradual senescence, through lower environmental temperature and dietary
restriction. Nevertheless, itis unknown why only some species of fish exhibit
negligible senescence (Mikhailova etal., 2017). Cellular, genetic and biochemical
characteristics of slow aging can be studied due to the fact that fish with negligible
senescence exist. Furthermore, muscle extracts from fish with negligible senescence,
such as sturgeon, have protective effects on senescence induced by oxidative stress
(Huaet al., 2015). It would be also interesting to study, if long-lived fish have an
increased capacity to repair DNA damage, protect protein function or have a

continued turnover of tissue (Stenvinkel and Shiels, 2019).

6) Furthermore, since energy excess is the main cause of accelerated agingin
mammals, one of the best ways to delay aging phenotypesin mammals is caloric
restriction without malnutrition (Pifferi etal., 2019, Lian et al., 2018). In humans,
caloric restriction may have adverse effects and reduce the quality of life (Pifferi et
al., 2019). Also drugs could be used to arrest aging by having caloric restriction
mimetic effects (Handschin, 2016). It is believed, that Sirtuins mediate the longevity
effect of calorie restriction. Therefore activators of Sirtuins are an important field of
research. Humans age over a slow and gradual process. Therefore, clinical trials of
anti-senescence drugs (Zhu etal., 2015), nuclear factor erythroid 2-related factor 2
(NRF2)-agonists (Stenvinkel etal., 2021), NAD-dependent deacetylase sirtuin-1
(SIRT1) agonists (Lee et al., 2019) and/or dietary interventions that prolong lifespan
in animals, such as caloric (Pifferi et al., 2019) and methionine (Lee et al., 2016)
restriction, would need to be extremely long (Stenvinkel and Shiels, 2019).

7) Nowadays, Antagonistic Pleiotropy (Williams, 1957, Rose, 1991) is the best
accepted explanation forthe evolution of aging. According to this theory, there are
genes, or evolved patterns of gene expression, for essential elements of individual
fitness, as for example fertility, that are “so closely tied to loss of homeostasis and

self destruction late in life that natural selection has been compelled to accept the
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latter as a necessary cost of the former” (Mitteldorf, 2019). The AP theory resolves
the dilemma of senescence within the context of uncontroversial selection
mechanisms due to individual competition (Mitteldorf, 2017). Senescence has a
conserved genetic basis (Guarente and Kenyon, 2000) although ithas a negative

impact on individual fitness.

Metabolism and aging

The effects of aging and metabolism are linked. However, both are not fully
related via a action and reaction pattern. Low levels of metabolic impairment can
decrease the effects of aging through the stimulation of repair systems (hormesis).
Severe metabolic injury, on the other hand, accelerates aging (Catic, 2018). Besides
that, the ecology and the metabolic rate of organisms are closely linked. The
metabolic rate provides information on behaviour, life history, population dynamics
and trophic impact. For sharks, like the Greenland sharks, it can be measured
through field respirometry (Ste-Marie et al., 2020). The "Field metabolic rate (FMR) is
a holistic measure of metabolism representing the routine energy utilization of a
species living within a specific ecological context, thus providing insight into its
ecology, fitness and resilience to environmental stressors.” (Ste-Marie et al., 2022). It
helps to understand food webs and trophic systems (Ste-Marie et al., 2022). To
understand an organism’s ecology it is important to understand and study its
metabolism, which includes gathers all reactions taking place in the cell of an
organism and are responsible for anabolism and catabolism. Anabolic processes
enable the organism to synthesize organic material, whereas catabolism enablesit to
break down molecules to provide energy. Metabolic studies study locomotion,
growth, feeding rates, as well as activity patterns of organisms (Pinte et al., 2021). As
previously highlighted, skeletal muscle is a major site of energy production and
metabolic activity, processing a number of metabolites and substrates including

glucose, fatty acids and lactate (Schiaffino and Reggiani, 2011).

Substrate is used in aerobic and anaerobic pathways to produce adenosine
triphosphate (ATP) and other metabolic building blocks. In the aerobic pathway ATP
is generated via oxidation of nicotinamide adenine dinucleotide (NADH). In the
anaerobic pathway the ability to maintain ATP production depends on lactate

dehydrogenase oxidizing glycolytic NADH. The aerobic pathway produces more ATP
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per glucose molecule than the anaerobic one butrequires a higher concentration of

oxygen and is slower than the anaerobic pathway (Pinte et al., 2021).

Fast and slow myofibers have differences in their glucose, lactate, and fatty
acid metabolism. The rate and capacity of ATP generation through differenttypes of
metabolism (glycolytic anaerobic or oxidative aerobic) is different. Some enzymes
have similar activity in anaerobic and aerobic metabolism in slow and fast fibers
(Schiaffino and Reggiani, 2011). The activity of some key enzymes is differentin fast
and slow fibers (Vgllestad et al., 1992, Greenhaff etal., 1993). The prevalent steps of
energy generation in fast myofibers are anaerobic glycolysis from glucose to pyruvate
generation (catabolic pathway), in which ATP is generated, and conversion of
pyruvate to lactate by lactate dehydrogenase (LDH) with reoxidation of NADH, or the
rapid oxidation of NADH produced by glycolysis through lactate dehydrogenase
activity and the glycerol-3-phosphate shuttle (Schiaffino and Reggiani, 2011). LDH
isoenzymes distribution varies according to fibertype (Leberer and Pette, 1984, Peter
et al., 1971). In fast fibers there is a tendency for the conversion of pyruvate to
lactate, whereas in slow fibers lactate rather gets converted to pyruvate. For
glycolysis, the biggest amount of glucose comes from trans-sarcolemmal transport in
slow fibers, and from glycogen stores in fast fibers. In slow myofibers the prevalent
metabolic pathways are lactate to pyruvate conversion, and the entering of pyruvate
into the citric acid cycle via the pyruvate dehydrogenase (PDH) complex, which leads
to oxidative phosphorylation (Schiaffino and Reggiani, 2011). Fast fibers have higher
phosphorylase contentand more effective stimulation (Greenhaff etal., 1993).
Furthermore, in human muscles, glycogen decrease is the fastest in type 1 and type
2A fibers and then in type 2X fibers (Gollnick et al., 1974, Vgllestad et al., 1984). In
glycogen resynthesis, phosphofructokinase (PFK) is rate-limiting and has a higher
activity in fast-glycolytic than in slow-oxidative fibers (Spamer and Pette, 1977). Fast
fibers have three additional mechanisms in glycolysis (Schiaffino and Reggiani,
2011).
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Muscles during aging

During aging of an organism, sarcopenia can occur. Sarcopeniais defined as
the loss of muscle mass withoutthe loss of body weightin elder people (Cruz-Jentoft
and Sayer, 2019, Rolland et al., 2011). The muscle atrophies, the cross section of
muscle-fibers can be reduced, and muscle cells die (Kamel, 2003, Welle, 2002).
Muscle size, number and type, as well as strength, can be affected through
sarcopenia (Pascual-Fernandez etal., 2020, Cruz-Jentoftand Sayer, 2019, Rolland
et al., 2011, Welle, 2002, Kamel, 2003). Rosenberg used the term sarcopeniafor the
firsttime (Rosenberg, 1997). He defined it as the loss of lean body mass with aging
(Rosenberg, 1997). The European Working Group on Sarcopeniain Older People
defineditas a lower muscle mass and muscle weakness and/orimpaired muscle
function (Cruz-Jentoftetal., 2010). Due to the number of affected people worldwide,
sarcopeniais a very important topic to investigate. In elder humans, muscle
weakness, atrophy or sarcopeniais one of the main reasons for a decrease in life
guality (Frontera and Ochala, 2015). People suffering from sarcopenia also lose
muscle power (Reid et al., 2014). 40-50% of over 80 year olds, have sarcopenia
(Barbosa-Silva et al., 2016, lannuzzi-Sucich etal., 2002). Men lose more muscle
mass and strength than women, which preferentially occurs in the lower limbs
compared to the upper limbs (Yamada et al., 2014, Frontera et al., 2000a). Sincethe
world population is growing and the life expectancy of humans increases steadily,
sarcopenia grows as a problem. Sarcopeniais characterized by reduction in muscle
size, but more importantis the change in myofiber quality (Frontera et al., 2000b).
Most studies show that older humans have reduced single fiber maximal force for
type | and type Il fibers (Miller and Toth, 2013). Since the gene expression patterns in
the skeletal muscle change overtime, the proteins can be implicated in age-related

processes. Impacted proteins are for example those involved in cellular senescence,
insulin signalling or myogenesis (Tumasian et al., 2021, Dao et al., 2020).

Sarcopenia does nothave any underlying disease and the exact molecular
mechanisms still remain unknown (Christian and Benian, 2020). Nonetheless,
proposed molecular mechanisms explaining the dysfunction are (Frontera and
Ochala, 2015) 1) a reduction in myosin protein content (D'Antona et al., 2003), due to
an aberrated gene transcription of the myostatin gene or a decreased translation and
protein synthesis causing alower myosin concentration per unit of muscle cell area,

and 2) a myofilamentdysfunction through post-translational modifications of myosin
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via oxidation or glycosylation. Through oxidative modification of myosin, the binding
of the myosin head to the actin filamentcan get disrupted and therefore lead to a
reduced number of actin—myosin cross-bridges in the strong-binding state (Moen et
al., 2014). Force and power generation will therefore be limited (Frontera and Ochala,
2015). The remainingfibers thatare not lost during the aging process help to
compensate for age-related differences in fiber size and quality (Frontera et al., 2008,
Reidet al., 2012, Reid et al., 2014).

Skeletal muscles change with age. Mostly, these changes come from
alternated interactions of factors, included in several different pathways. The factors
are involved in the neuromuscular junction, endocrine system, growth factors, muscle
protein turnovers, as well as behaviour- and disease related factors (Curcio et al.,
2016). Sarcopeniais a “multifactorial” pathogenesis and has a multitude of pathways,
with more than one biomarker involved (Lauretani et al., 2014, Santilli, 2014).

The pathophysiology of sarcopenia is comprised of endocrine dysfunctions,
inflammatory conditions, and glucose, glycogen, and lipid metabolism alterations
(Malafarinaetal., 2012, Pedersen and Febbraio, 2012). Muscle-related cytokines
fulfil auto-, para- and endocrine actions between muscle and bone- fatty- and liver
tissue. Furthermore, other factors that favour the developmentof sarcopenia are
chronic diseases, anorexia, obesity, or low physical activity (Biolo et al., 2014,
Sakumaet al., 2015). A series of biomarkers may be foundin tissue and blood

samples of sarcopenia (Kalinkovich and Livshits, 2015).


https://www.sciencedirect.com/topics/medicine-and-dentistry/pathophysiology
https://www.sciencedirect.com/topics/medicine-and-dentistry/endocrine-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipid-metabolism
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The applicability or interest in using other animal species as
models to study successful aging
Model organisms for aging research are chosen for different characteristics of

the species. They have special features according to some hallmarks of aging. There
are traditional model species for aging research, canonical species, and less
common ones, non-canonical species (Holtze et al., 2021). In this chapter the
advantages and disadvantages of using different models, as well as pathways of
interest for aging research that can be studied with them, are discussed. Several
features of species or populations make them interesting for research, as for example
the lifespan, genetic variation within a population orimmortality. Human live more
than 4.5 times longer than expected (Holtze et al., 2021). Knowledge aboutthe

molecular aging mechanisms obtained in canonical model organisms could be
potentially used to elongate it even further (Tacutu et al., 2018).

Different characteristics to choose model organisms for aging research are
(Holtze et al., 2021) 1) species with extreme long lifespans, related to their body size,
mass or in general, as for example ant queens that reach extreme long lifespans (up
to 45 years), compared to their size and to other individuals of the same species
(Giraldo and Traniello, 2014), 2) variable lifespans in different populations within the
same genotype which gives the possibility to look at the underlying mechanisms
leading to longevity within the same genotype. Examples are Chameleons of the
genus Furcifer with highly variable lifespans between 4-5 months and 10 times the
length (Eckhardtet al., 2017, Karsten et al., 2008, Tacutu et al., 2018). Another
interesting feature of species used for aging research is 3) immortality, as for
example the “immortal jellyfish” Turritopsis dohrnii that has immortal features and
undergoes a reverse developmentfrom the medusato the polyp stage in case of
injuries or age weakness due to transdifferentiation, possibly repeatable indefinitely
because itis notintrinsically limited (Piraino et al., 1996).
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Traditional, canonical model species for aging research include the laboratory
mouse (Mus musculus), rat (Rattus norvegicus domestica), the common fruit fly
(Drosophila melanogaster) and the roundworm (Caenorhabditis elegans). Most of
whatwe know today has been established in these species (Holtze et al., 2021).
Canonical species have some common characteristics, they mature rapidly and itis
possible to breed them economically in captivity (Holtze et al., 2021). Advantages of
using these models are the access to strains with known genetic properties, high -
guality genomic and transcriptomic sequencing data, versatile experimental
manipulation capabilities including well-established genome editing tools, as well as
extensive experience in husbandry. Furthermore, they are easy to handle, have short
generation times, normed strains, as well as standardized husbandry, and
information on genomic and transcriptomic sequencing data is known. In these
species the underlying mechanisms of aging can be studied with knock-in and knock-
out models, cell lines comprising embryonic stem cells, and genetic engineering tools
such as CRISPR/Cas systems (Holtze et al., 2021). However, only using a few
model species also comes with some disadvantages: 1) it makes it impossible to gain
a broad and general understanding of mechanisms and biological processes during
aging (Holtze et al., 2021), and 2) itis unclear to what extent information obtained in
short-lived model organisms can be transferred to long-lived species (Holtze et al.,
2021). Flies and nematodes have maximum lifespans of up to a few months (Tacutu
et al., 2018), mice and rats of upto 4 years and zebrafishesupto 5.5 years (Tacutu

et al., 2018), which makes them short-lived species (Holtze et al., 2021).

However, there are also other model organisms to study aging besides the
traditional ones, the non-canonical species. With non-canonical model organisms one
can study relevant mechanisms for extended lifespans thatdo not occurin canonical
ones. The highlighted non-canonical species for example have exceptional lifespans,
an enormous regeneration potential or a remarkable resistance to aging-related
diseases. The mechanisms are the same in canonical and non-canonical species. In
non-canonical ones, various known aging-related signalling pathways have different
weighting. Some intriguing, life-prolonging mechanisms only work in non-canonical
model organisms, which can be advantageous (Holtze et al., 2021). Experimentally
prolonged lifespansin short-lived species often have many side-effects (Folch et al.,
2018) as for example decreased fertility or reduced pathogen resistance (Fontana et

al., 2010). Long-lived species are good models to study aging. They either have long
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lifespans by themselves or elongated lifespans through targeting of molecular
pathways that slow down the aging process (Holtze et al., 2021). Regularly
manipulated lifespan extending effects in short-lived model organisms are for
example the growth hormone/insulin-like growth factor 1 (GH/IGF1) system or the
mechanistic target of rapamycin (nTOR) pathway or sirtuins (Fontana et al., 2010,
Duran-Ortiz et al., 2021, Longo et al., 2015, Pan and Finkel, 2017, Laplante and
Sabatini, 2012, Junnila etal., 2013). Gaining more knowledge in this field, will also
help to contribute to the developmentof interventions forlonger and healthier
lifespansin humans (Holtze et al., 2021). Alternative long-lived model organisms also
can show enhanced DNA repair (extreme long-lived mammals, turtles, and Planaria),
a potential critical factor in longevity, or mitonuclear balance (in mole-rats, bats,
killifishes and clownfishes). Also enhanced proteasome activity is studied, as it
contributes to the long life and health span of two long-lived social mole-rat genera
(Heterocephalus and Fukomys). Impact of oxidative stress and telomere
maintenance on aging are controversial in both, non-canonical species, and
traditional ones (Holtze et al., 2021). Examples for non-canonical model organisms
are the Greenland shark, the short-lived killifish (Nothobranchius furzeri), long-lived
primates (Callithrix jacchus, Cebus imitator, Macaca mulatta), bathyergid mole-rats
(Heterocephalus glaber, Fukomys spp.), bats (Myotis spp.), birds, olms (Proteus

anguinus), turtles, bivalves (Arctica islandica), and potentially non-aging ones such
as Hydra and Planaria.

By currentknowledge, one of the longest lived vertebrates are a species of
shark, Greenland Shark, making it a very interesting model for aging research.Not
many studies have been done on longevity and lifespan in sharks yet. However,
some have been published, as for example a study on the age and growth of the
Scalopped hammerhead shark (Kotas et al., 2011), the minimum longevity of the
lemon shark (Brooks et al., 2016), vertical radiocarbon measurements in white sharks
(Hamady et al., 2014), as well as the age and growth of the tiger shark (Holmes et
al., 2015). Nevertheless, the age at which sharks mature, their growth rates, as well
as their lifespan is unknown for most sharks (Ebert et al., 2021). Also, for some
species itis easier to determine the age of the individuals than for others, depending
on the handling and size of the animal. Age determination in sharks can be done via
several methods (Ebert et al., 2021). The two most common ways to determine the

age of sharks are the analysis of distinct growth rings of vertebrae centra, dorsal fin
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spines and caudal thorns of sharks and the bomb radiocarbon method (Cressey,
2017). The growth ring method works via counting of annually, seasonally or even
less frequentlaid down growth rings. The frequency is unknown which could lead to
underestimation of the actual sharks age since vertebrae sometimes stop growing at
the same time the shark stops to grow (Ebert et al., 2021). Growth rates for sharks
kept in captivity are different from those in the wild, because they are fed freely and
are notexposed to seasonal changes (Ebert et al., 2021). The second method to
determine the age of sharks uses traces of 1950s nuclear-bomb tests to estimate the
age (Cressey, 2017). In vertebrates, the eye lens nucleus is composed of
metabolically inert crystalline proteins. The centre forms during prenatal development
(Lynnerup etal., 2008, Bassnettet al., 2011) andthe tissue retains proteins that are
synthesized at age 0, which is a feature of vertebrates that are difficultto age
(Lynnerup etal., 2008, Bada et al., 1987, George et al., 1999). Radiocarbon (}4C)
levels (percent of modern carbon (pMC)) are used to estimate ages and stable
isotopes 13C and 1°N, to evaluate the carbon source. Depleted 313C and enriched
O™N levelsrepresents a high trophic level. Isotope signatures develop because of the
diet of the sharks mother, not the animal itself (Nielsen et al., 2016). Either vertebrae
or eye lenses are used as time stamps to evaluate the age of marine mammals
(Francis et al., 2007, Campana et al., 2002, Kalish, 1993, Hamady et al., 2014),
testing the periodicity of incrementformation and age (Campana, 2001, Goldman et
al., 2012). Many original life span estimates for sharks have been re-evaluated using
the bomb radiocarbon method and have often been raised (Brooks et al., 2016),
which leads to confusion about how threatened species are (Cressey, 2017). This
method already confirmed that some sharks only reach maturity at an age of 40
years and can live for over 100 years (Ebert et al., 2021). Since the productivity of
populations is negatively correlated with maximum reproductive age, in sharks (Smith
et al., 1998), an increase in the known maximum age within a population therefore

means that is more vulnerable than expected (Brooks et al., 2016).
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The Greenland Sharkis an excellentspeciesto study aging. The biology of
Greenland sharks is described in a separate chapter. It is one of the animals that are
more successful ataging than humans. Itis the longestlived vertebrate species
currently living (Nielsen etal., 2016, Ebert et al., 2021). The life expectancy is even
longerthan the one of the bowhead whale (Balaena mysticetus, estimated longevity
of 211 years) (George et al., 1999). Only the ocean quahog Arctica islandica, lives
longer, with 507 years (Butler etal., 2013). Greenland sharks grow with a slow rate
and (Ebert et al., 2021) it is estimated that Greenland Sharks only reach maturity at
150 years (Nielsen et al., 2016). Nielsen et al. tried to determine the age of
Greenland sharks using radiocarbon dating techniques on eye lens nuclei, as
described above. The oldest animal of this study was nearly 400 years old. The study
suggests a lifespan of at least 272 years for Greenland sharks with more than 500
cm in length. The largest animal (502 cm) was 392 + 120 years old (Nielsen et al.,
2016).
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The shark species

In order to conductthe experiments, we used the Greenland shark
(Somniosus microcephalus) and the small-spotted Catshark (Scyliorhinus canicula).
There are key similarities and differences, as explained later in detail, that make
these shark species interesting to study and relevantfor this thesis. This chapter
covers information aboutthe phylogeny, taxonomy, biology, metabolism, behaviour,
feeding, trophic ecology and distribution of these species.

Phylogenetic classification and taxonomy of sharks

Taxonomy of the cartilaginous fishes- Chondrichthyes
Sharks belong to the taxonomic class of chondrichthyans, cartilaginous fishes

(Ebert et al., 2021). Chondrichthyans are vertebrates which can be divided into two
subclasses, elasmobranchs (Elasmobranchii (‘elasmo’ means plate and ‘branchii’
means gills) (Ebert et al., 2021, Vélez-Zuazo and Agnarsson, 2011), including sharks
and rays) and chimaeras (Holocephali), which had theirlast common ancestor with
the rest of jawed vertebrates around 450 million years ago (Hara et al., 2018). Figure
6 shows a simplified phylogenetic tree of vertebrates, including elasmobranchs and
bony fish. Chondrichthyes fish have a simple cartilaginous internal skeleton. Their
unique features are placoid scales and rows of teeth that are continually replaced.
Main features of sharks are their jaws, nostrils on the underside of the head and
claspers in mature males (Ebert et al., 2021). One other main characteristic of the
Elasmobranchs subclass are the multiple (five to seven gill openings on the head
(Ebert et al., 2021). In 2021 there were 536 valid species of Elasmobranchs known
(Ebert et al., 2021). Chimeras, the second subclass of chondrichthyans, belongtothe
subclass Holocephali (‘holo’: whole, ‘cephali’: head). They have soft gill covers with
one opening on the head protecting four gills (Ebert et al., 2021). Common body
characteristics of sharks are a cylindrical shape (sometimes flattened), five to seven
gill openings on the side of the head and pectoral fins that are not attached to the
head above the gill openings (Ebertet al., 2021). Their vertebral column extendsinto
the top lobe of the large caudal fin, which usually is asymmetrical. They have one or
two dorsal fins. A few species are flattened (Ebert et al., 2021). All living orders of
sharks are shown in figure 6.
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Orders and families of living sharks
Living sharks are classified into nine orders by their topography and general

body features (figure 6). The Greenland Shark (Somniosus microcephalus) belongs
to the order of Squaliformes (dogfish sharks) and the family of Somniosidae (sleeper
sharks). Whereas the small-spotted Catshark (Scyliorhinus canicula) belongsto the
order of Carcharhiniformes (ground sharks) and the family of Scyliorhinidae
(catsharks.) Figure 6 shows the phylogeny of sharks, including the families of the
Greenland shark and small-spotted Catshark (Ebert et al., 2021, Vélez-Zuazo and
Agnarsson, 2011).

Doliodus and other basal forms (Extinct)
Chondrichthyes "_7[ Holocephali
Batoidea
Elasmobranchii AE

Synechodontiformes (Extinct)

Squatiniformes - angelsharks

Selachii —| — Hexanchiformes - frilled and cow sharks

| Pristiophoriformes -sawsharks
{E Squatiniformes - angelsharks

Squaliformes - dogfish sharks

Heterodontiformes - bullhead sharks
Lamniformes - mackerel sharks
Orectolobiformes - carpet sharks
Carachiniformes - groundsharks

—?— Echinorhiniformes — bramble sharks

Figure 6: Phylogenetic tree of chondrichthyes with focus on the orders of sharks. There are 14 living orders
of Chondrichthyan fishes, nine of them are sharks. Sharks belong to the Selachii. The orders of sharks to which
the Greenland shark and the small-spotted Catshark belong, are marked in red. Created with Adobe lllustrator.

Phylogenetic classification and topography of the Greenland shark
The family of Squalidae, dogfish sharks, consists of 135 speciesin six

families. The sleeper sharks (Somniosidae), to which the Greenland shark belongs, is
one of these families (Ebert et al., 2021) with sixteen deep sea benthic and oceanic
species in six genera (Ebert et al., 2021). Greenland Sharks, shown in figure 7A,
have a gigantic, heavy, cylindrical body. They have a short, rounded snout, spear-like
upper teeth and slicing lower teeth with low, bent cusps and high roots. They have
small precaudal fins, and spineless, equal-sized, low dorsal fins with the distance
between the fin bases being equal from the snoutto the first gill slits. They have a
short caudal peduncle. The upperlobe is slightly longerthan the lower lobe. They
have a rough skin with denticles with strong, hook-like, erect cusps. They appear to
be mid-grey to brown in colour, sometimes with transverse dark bands, small dark
spots and blotches, and small lightspots (Ebert et al., 2021). At birth they measure
~40-50cm, and mature males reach ~300cm, females ~450cm, maximum at least
640cm, possibly 756cm (Ebert et al., 2021).
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Phylogenetic classification and topography of the small-spotted
Catshark
The small-spotted catshark Scyliorhinus canicula belongs to the order of

Ground sharks Caracharhiniformes and family of Catsharks Scyliorhinidae (Ebert and
Fowler, 2014). The group of ground sharks is the largest, most diverse and
widespread group of sharks (Ebert et al., 2021). Small-spotted catsharks belong to
the Catsharks, Scyliorhinidae, thatcontain about50 species in seven genera (Ebert
and Fowler, 2014). Small-spotted catshark, Scyliorhinus were known as “sea dogs”
and “dog-fishes” because of theirferocious pack-like feeding behaviour (Soares and
Carvalho, 2019). The lifespan of the species in unknown. However, for a male the
longestrecorded lifespan was 8.6 years and for a female 7 years. Based on growth
estimates the maximum lifespan was estimated with at least 17 years for this species
(Rodriguez-Cabello etal., 2005). They have a large, slender body and greatly
expanded anterior nasal flaps that reach mouth and cover shallow nasoral grooves
(figure 7B). They only have labial furrows on their lower jaw and their second dorsal
is much smaller than theirfirst. Theirbody covered in numerous small, dark spots on
lightbackground, sometimes with scattered white spots (Ebert et al., 2021). At birth
they measure 9-10cm. Mature sharks differin size depending on their habitat. In the
north Atlantic males are 52-56cm in size, females 54-60cm and in the Mediterranean
sea males get 37-40cm long and females 37-47cm. At max males get 65cm, females
71cm, rarely 80cm, and the record is 100cm for this species (Ebert et al., 2021).
Small-spotted catsharks have 40-61 upper teeth and 39-50 lower teeth (Ebert et al.,
2021). Benthic species, such as the small-spotted catshark mostly rest on the seabed
and therefore have an adapted body shape and are less “cigar-shaped” as pelagic
sharks that are faster (Ebert et al., 2021).

A

Figure 7: Appearance of A) the Greenland shark (From: (Ebertetal., 2021) p.191) and B) the small-spotted
catshark. Created with Procreate.
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Distribution

@ Habitat of the Greenland shark
@ Overlapping habitat of both species
Habitat of the small-spotted catshark

Figure 8: Distribution of the Greenland shark of the small-spotted catshark. Habitat of the Greenland shark
is shownin red, overlapping habitatofboth speciesin orange and habitat of the small-spotted catshark is shown
in yellow. Created with BioRender.com and Procreate.

The distribution of the Greenland sharks is shown in figure 8. Greenland
Sharks are distributed in the North Atlantic and Arctic, and occasionally can be found
around Portugal, the Gulf of Mexico and off the Caribbean coast of Colombia (Ebert
et al., 2021). Preferably, they inhabit deep-water and coastal regions of the Arctic and
North Atlantic (Yano et al., 2007). However, they could live everywhere where deep
water temperatures are <5°C (MacNeil et al., 2012) and also have been seen at the
surface and at depthsup to 1,816 m (Porteiro etal., 2017, Herdendorf and Berra,
1995, Campanacetal., 2015). There are regional differencesin the relative
abundance of Greenland Sharks by life stage, size and sex. Adultfemales appear to
be often in southwestern Greenland, Iceland and Newfoundland (Campana et al.,
2015, Nielsen etal., 2014, McMeans et al., 2010, Yano et al., 2007). Juvenile sharks
often occur in inshore and offshore waters (Hussey et al., 2015), especially in
longline, trawl, and camera surveys within Scott Inlet, Baffin Island, and in offshore
waters >1000 m depth (Devine et al., 2018, Fisk et al., 2002, Hussey et al., 2015,
Nielsen et al., 2014, Yano et al., 2007). Greenland shark movements have been
recorded using a variety of telemetry technologies. Vertical movements into shallow
and warmer water coincided with the pre-dawn high tide, as acoustic tracking in the
St.Lawrence Estuary revealed (Gallantet al., 2016). Greenland sharks prefer greater
depths at lower latitudes. They also undergo long-distance horizontal movements,

one individual for example swam 1015km in 125 days (Campana et al., 2015). The
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knowledge on the distribution and population abundances of the Greenland shark are
based on fishery surveys, stock assessments of commercial species, and bycatch
reports from fisheries (Edwards et al., 2019). Greenland sharks that are caughtas
commercial bycatch, are often misidentified for other large shark species for example
the basking shark (Cetorhinus maximus) (Campana et al., 2008, Edwards et al.,
2019). The bycatch is estimated to be 1000 tons/yr in one district in north-western

Greenland alone (Gunnarsdottirand Jgrgensen, 2008, Edwards et al., 2019).

Small-spotted catsharks are distributed in the Northeast Atlantic from Norway
and the British Isles to western Mediterranean, Morocco, Sahara Republic, and
Mauritaniato Senegal, Ivory Coast (figure 8) (Ebert et al., 2021). The small-spotted
catshark is the most common catshark in coastal waters of Europe (Ellis and
Shackley, 1997). The species lives in continental shelves and uppermost slopes on
sandy, coralline, algal, gravel or muddy bottoms. In the northeast Atlantic they mainly
live between 10-100 m depth, whereas they live in up to 400 m depth in the
Mediterranean Sea (Muus et al., 1999) and from 288-780 m in the eastern lonian
Sea (Mytilineou et al., 2005). They are nocturnal and during the day males rest on

the ground and females hide in the shallows, at 0.5-1.5 m depth and in caves and
crevices (Sims etal., 2001, Soares and Carvalho, 2019).

Biology of sharks

first dorsal fin second dorsal fin

precaudal pit
caudal fin
nostT

gill slits/openings anal fin

pelvic fin

pectoral fin

Figure 9: Body features of a shark. Lateral view of a nurse shark. Created with BioRender.com.

A shark’s body has three main sections: head, trunk, and tail (figure 9).
Although these features are constantthere is a great variation in shark size and
shape dependenton habitatand feeding strategy. The body shape of most sharks is
cylindrical. Nonetheless, there can be variations depending on the lifestyle of the
species. Sharks that are hard swimmers have a large, stiff, lower caudal fin lobe.

Sharks do nothave gas-filled swim bladders that would provide them with natural
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buoyancy, as teleost fishes like for example Bluefin tuna or marlins have. Therefore
sharks need very broad pectoral finsto produce liftthat, together with the pelvic fins,
control the angle of pitch, the up and down movement, and prevent falling to the side
(Ebert et al., 2021). The skeleton of sharks is made out of cartilage, which unlike
bone, does notcontain nerves or blood vessels. Cartilage is a strong and flexible
material mostly made out of proteins containing fewer materials than bone. In older
individuals the cartilage can be partly calcified, harder and more similar to bone. This
light, manoeuvrable skeleton assists them with efficientswimming. The skeleton of
sharks consists of only a few individual parts (Ebert et al., 2021).

Feeding of sharks

Most shark species are specialized on food and only eat a small range of prey
animals. Information on which food sharks eat, and whattheir feeding methods are,
can be obtained through examining their teeth. Many sharks have different teeth with
differentroles, for example to hold or crush prey. Sharks have two main hunting
strategies: active searching for prey or the “sitand wait™ strategy [90]p.42.
Ambushing is common in species that lie on the seabed. They lie motionless on the
seabed and wait for their prey to come by [90]p.44. However, sharks have different
feeding strategies. Some species bite outparts of living animals, as for example the
cookiecutter shark, and others ‘ram-feed" as the Basking shark [90]p.42. Several
species feed cooperatively, including the Whitetip Reef Shark, and huntin groups to
capture their prey. Many deep-sea squaloid dogfishes are migratory, in order to find
new food sources in their low productive environment. After capturing and swallowing

their prey, the digestion process in sharks can take a longtime, especially in cold-
blooded species [90]p.45.

The small-spotted catshark feeds on a variety of small, benthic invertebrates,
molluscs, crustaceans, small cephalopods, polychaete worms, and small bony fishes
(Shimose et al., Thollot, 1996, Soares and Carvalho, 2019). They have been found to
feed in shallow prey-rich areas with soft sedimentor areas covered with filamentous
algae (Sims et al., 2006, Soares and Carvalho, 2019). The diet of Greenland sharks
is different. They feed on a diverse range of prey (Leclerc et al., 2012, Yano et al.,
2007, Nielsen etal., 2014, Nielsen, 2017, McMeans et al., 2010) and on benthic and
pelagic species (MacNeil et al., 2012). Their food includes bony and cartilagous

fishes, cephalopods, crustaceans, and other vertebrates, as well as marine mammals
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including seals and small cetaceans (Ebert et al., 2021), and pinniped species, as
well as several groups of invertebrates (molluscs, echinoderms, decapods) (Yano et
al., 2007). Their potential active predation and broad distribution suggests a high
influence on marine food webs, despite their slow metabolism and low consumption
rates. The Greenland sharkis considered as an apex predator with a high trophic
level (Edwards et al., 2019, Nielsen etal., 2014, Ebert et al., 2021). Their high trophic
position has been confirmed by stable isotopes, fatty acids, and biomagnifying
contaminants that show the consumption of diverse prey (McMeans et al., 2010, Fisk
et al., 2002, Hussey et al., 2015). Besides that they are thoughtto be able to undergo

a flexible response to variation in prey availability since they have a geographical
variation in their diet (Nielsen etal., 2014, McMeans et al., 2013).

Metabolism of sharks
Only few studies have focused on the metabolism of elasmobranchs, the
subclass of chondrichthyans to which sharks belong (Hara et al., 2018, Ebert et al.,

2021). In sharks, itis common to classify muscles as red, white and pink, as
described later.

Fatty acid oxidation is limited or absentin cardiac and skeletal muscle of
elasmobranchs. Their energy metabolism rather relies on ketone bodies and amino
acids as oxidative fuelsin these tissues. Similar to other vertebrates, carbohydrates
appear to be utilized as a fuel source in elasmobranchs. They have relatively low
plasma levels of non-esterified fatty acids (NEFA) and plasma levels of the ketone
body 3-hydroxybutyrate as high as those of fasted mammals. This possibly can be
explained by the assumption that fatty acid oxidation in muscle was lost within this
lineage or by the fact that the ancestral metabolic state of fishesinvolves negligible
fatty acid oxidation in muscle (Speers-Roesch and Treberg, 2010). The metabolic
rate (rate at which they use energy, which is closely related to their oxygen
consumption)is closely related to the shark’s swimming speed. The size of a shark’s
heart depends on their level of activeness. For benthic species the average heart
rate lies at 40bpm, whereas fast swimmers have rates around 60-70bpm (Ebert et al.,
2021). Gills extract oxygen from seawater. Oxygen is used during aerobic
metabolism to release energy from glucose, with water and carbon dioxide as by-

products.
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Most studies on metabolism display a lower rate of anaerobic metabolism for
deep-sea elasmobranch than for shallow-water species (Pinte et al., 2021).
Generally, it is difficult to study animals living in the deep-sea since most of them are
dying after capture. Therefore, directly measuring the whole animal metabolism of
deep-sea sharks is nearly impossible. Indirect metabolism measurements for deep-
sea animals can be used instead. Enzyme activity assays are a commonly used
method (Drazen and Seibel, 2007) and can be measured underin vitro conditions. In
combination with other metabolic proxies one can better understand the in vivo
metabolism (Pinte et al., 2021). Also the Greenland shark has a very low field
metabolic rate (Knight, 2022, Ste-Marie et al., 2022). The metabolic rate for
Greenland sharks was calculated in a study that used 30 individuals. They measured
their length, temperature and motion via attached sensors and calculated the
animal’s body mass based on the length. The determined metabolic rate for the
Greenland shark was 21.67+2.30 mg Oz h™1 kg=%84 (h=30; 1-4 day accelerometer
package deployments) in the late summer and 25.48+0.47 mg Oz h 1 kg84 (n=6;
PSATS) over an entire year. In comparison, the metabolic rate of bull sharksis 187—
506 mg O2 h™t kg™86, The determined value for Greenland sharks can be translated
into 164-193g of fish or mammal for an average 224kg shark to be consumed daily
to provide it with that energy. They may also survive periods withouteating (Knight,
2022, Ste-Marie et al., 2022). The low mass-specific metabolic rates of the
Greenland shark are a result of slow growth, long life spans (Nielsen etal., 2016),
and slow swimming speeds (Watanabe et al., 2012). The metabolic rate has also
been shown to be a determinant of life span based on the temperature and body size
(Gillooly et al., 2001). It is also important to measure the metabolic rate and aerobic
and anaerobic scope during resting, swimming and digestion of the Greenland shark
to understand its trophic position in the ecosystem (Edwards et al., 2019). Besides
that it is also important for understanding their survival strategy, as it is necessary to
understand their energy requirements to calculate how much food they need (Ste-
Marie et al., 2022, Knight, 2022).No work has been published on the metabolism of
the small-spotted catshark yet. However, the species is not very active and often

rests on the seabed.

Muscles of sharks
The muscular system of sharks is comprised of myomeres. The anatomical

position of shark’s muscles is shown in figure 10. Many myomeres along each side of
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their body, one per vertebra, form three-dimensionally folded structures with one
main anterior-projecting cone and two posterior-projecting cones (NURSALL, 1956,
Gemballa et al., 2003, Greene, 1913, Alexander,1969). Each myomere spans over
many vertebral segments by nesting of the cones (Shadwick and Goldbogen,
2012). Myofibers of sharks are segmented and are ordered in a characteristic zigzag.
The myofibers are arranged in long bundles, attached to the skin, that run from head
to tail of the shark (Ebert et al., 2021). The skeletal muscle of sharks is comprised of
red and white muscle tissue with different characteristics (figure 10) (Ebert et al.,
2021).

The different colour of red and white musclesin sharks arises from differences
in vascularization and myoglobin content (Kryvi et al., 1981). Slow swimming in
sharks mostly is powered by red fibers, fastor burst swimming by white fibers
(Kryvi and Totland, 1977, Bone, 1978, Shadwick and Goldbogen, 2012). Red
muscles rely on the aerobic metabolism activity (Watanabe et al., 2012, Ryan et al.,
2015). The work of the red muscle is limited by oxygen (Ebert et al., 2021). It is highly
vascularized and contains many mitochondria (Kryvi and Totland, 1977, Bone et al.,
1986, Kryvi and Eide, 1977). It supports slow, continual movements (Watanabe et
al., 2012, Ryan et al., 2015) and can provide more oxygen for aerobic processes
than white muscles (Kryvi and Totland, 1977). White muscle has few blood
capillaries, a lower level of mitochondria and relies on aerobic metabolism in resting
and recovering situations and the anaerobic metabolism in high intensity activities
(Watanabe et al., 2012, Ryan et al., 2015). It supports fast movements (Watanabe et
al., 2012, Ryan et al., 2015). The anaerobic metabolism is important for sharks that
need to suddenly swim at high speeds and use energy at a faster rate than oxygen
can be re-suppliedinto the muscles (Ebert et al., 2021). Activities of aerobic enzymes
are significantly lowerthan in red muscles (Childress and Somero, 1979, Sullivan and
Somero, 1980, Drazen etal., 2011, Condon etal., 2012, Treberg et al., 2003, Pinte
et al., 2021). White muscle cells are larger, have greater myofibrillar content, larger
force and faster contraction velocities. The muscle power output, the product of force
and shortening velocity, is higherthan for red muscle (Bone, 1978). Red and white
myofibers also have differences in the myonuclear contentand gene expression
which could explain the difference of enzyme activities (Moyes et al., 1992).Pink
fibers, which are intermediate are located between red and white muscles (Kryvi and
Totland, 1977, Bone et al., 1986, Kiessling etal., 2006).The proportion of white
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muscle varies between species. Warm blooded sharks have big amounts (Ebert et
al., 2021). Red muscle proportion is significantly differentin different shark species.
The proportion, as well as aerobic enzyme activities are positively related to the
cruise swimming speed of sharks. Sharks with a slow cruise swimming speed have a
lower aerobic metabolic phenotype and less red muscle (Childress and Somero,
1979, Sullivan and Somero, 1980, Drazen et al., 2011, Condon etal., 2012, Treberg
et al., 2003). Besides that, biochemical assays and work loops as force vs. length
curves used to determine the mechanical work of myofibers indicate that red and
white skeletal myofibers both have very slow metabolic capacities and contraction
(twitch) rates (Edwards et al., 2019). This leads to the assumption that they are
unable to sustain high levels of either anaerobic or aerobic muscle contraction for
extended periods (Fisk et al., 2012, MacNeil et al., 2012, Nielsen etal., 2014).

Not much has been published yet on skeletal muscles of sharks, especially
myosin isomers in sharks. In sharks, not many MHC isoforms have been identified
yet. Slow cardiac MHC isoform and fast MHC isoforms 1, 2, 3 and 4 have been
identified for the Great white shark, Carcharodon carcharias. Cardiac MHC 6 alpha
isoform has been identified for Shark mullet, Squalomugil nasutus. Beta cardiac MHC
7 and slow MHC 2 have been identified for the Ghost shark, callorhinchus milii
(UniProt, 2022). Therefore, it was difficultto predict the fiber types and characteristics
of the Greenland shark and the small-spotted catshark. The proportion of myofiber
types in these musclesis unknown. S. canicula, has afive to six times higher mass-

specific power outputin white muscle than in red muscle. Their white muscle
mass is 10 times greater (Shadwick and Goldbogen, 2012).

white muscle

red muscle

o
\/

cold-blooded shark warm-blooded shark

spine

Figure 10: Muscle types and localisation in sharks. The red muscles of warm-blooded (left) are located in the
body core, rather than under the skin as in cold-blooded sharks (right). Created with BioRender.com.
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Movement of sharks

The frequency of contraction of the muscles, as well as the stiffness of the
shark’s body define the swimming style of sharks. Sharks undergo two types of
movement: steady swimming and burst swimming (Shadwick and Goldbogen, 2012).
Alternate contraction of the muscles on both sides of the body produces forward,
sinuous swimming, powered by the caudal fin. The degree of bend in the shark’s
body is correlated with how much energy is used and efficiency of the movement, as
better swimmers have stiffer bodies and undulate only the posterior half of their body
with less than one wave in the body. Inefficient swimmers, as for example small-
spotted catsharks use a form of swimming that is called “anguilliform”, which is an
eel-like movement with undulation of their entire trunk and tail laterally. Anguilliform
propulsion is often correlated with a long upper caudal lobe and small lower lobe.
Besides that, tail shape and presence or absence of a precaudal pit also are
important for swimming mode and speed. Shark fins help to stabilise the shark when
moving. Sharks have stiff and unfoldable, fins. The large paired pectoral fins reduce
rolling to the side and provide liftto the shark, which counters the negative buoyancy
of the shark. Adjustments to the angle of the pectoral fins controls pitching (up and

down movement), as well as yawing (lateral side to side motion) (Ebert et al., 2021).

Since sharks do not have a swim bladder, the main struggle for sharks that do
not live on the seabed is to maintain the position in the water. The relatively light
cartilaginous skeleton helps to provide buoyancy, however, low density oils stored in
the liver (represent up to 25% of the total weight) provide most of it. Some sharks
help themselves by additionally gulping air at the surface to store itin their stomachs,
whereas others have to move continuously to notsink. Sharks that live on the seabed
do not have problems with negative buoyancy. Sharks also move differently
depending on the time of the day. The small-spotted catshark, only rests on the
seabed throughoutthe day (Ebert et al., 2021)021.

Tail-beat frequencies vary in differentshark species. Brief but symmetrical
contractions of the lateral musculature enable burst sprints with tail-beat
frequencies higherthan in steady swimming. Burst speeds are dependenton tail-
beat frequency (Bainbridge, 1958, Fierstine, 1965). The highestburst speeds
reported are for I. oxyrinchuswith upto8 — 9 m s—1 (6-4—6-6LTs—-1) (Peter Klimley et

al., 2002). Tail-beat frequencies have also been measured for the Greenland shark.
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The sharks swim with 0.34 m-s— 1 with a tail-beat frequency of 0.15 Hz. These are
the lowest values for fish their size measured. Since locomotory muscle function of
ectodermic fishesis depressed in cold waters, Greenland sharks are vulnerable to
avian and mammalian predators with high body temperature. The Greenland shark
reverses this pattern since they also huntfor example seals in Arctic waters. The
mean and maximum speed (0.74 m-s~ 1) and acceleration during burst swimming
(0.008 m-s~ 1) were much lower than those of seals (Watanabe et al., 2012). This
indicates that the swimming performance of Greenland sharks is limited by cold
waters (~2 °C) and that they are only able to catch seals while they sleep in the water
to avoid other predators (Watanabe et al., 2012).
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The Greenland shark as a model of successful aging

The Greenland sharkis a good model of successful aging, as indicated by
several factors. It's exceptional longevity with up to at least 272 years for Greenland
sharks with more than 500 cm in length (Nielsen etal., 2016). Possible reasons for
the longevity of the Greenland shark could be negligible senescence, whichis
common in long-lived animals (Stenvinkel and Shiels, 2019), their low metabolism
coming with a slow speed of life (Knight, 2022, Ste-Marie et al., 2022), their expected
low productivity since they have extended longevity and low productivity relative to
teleosts (Edwards et al., 2019, Musick, 1999), their indeterminate growth since they
are sharks (Laforest et al., 2020), or a combination. The free radical theory of aging
does not apply to the Greenland shark (Costantini et al., 2017). A possible correlation
between exceptional longevity and its specific resistance to oxidative damage was
tested (Costantinietal., 2017).



48

Case of research

Healthy aging, longevity and increasing life expectancy are topics that become
more and more important over time. The Greenland shark is a great model for aging
research since itis the longestlived vertebrate (Edwards et al., 2019) with a lifespan
of at least 272 years with a maturity at about 150 years of age (Nielsen et al., 2016).
Muscles are such a big part of the body that animals with longer lifespans need to be
more efficientat muscle specific energy mechanisms. There have not been done
studies on the muscle of the Greenland shark yet. Muscle is important but wastes
away during aging with mechanisms of this not entirely known, and metabolic
changes may be important. The regulation of organs such as muscle is well-known
to be deteriorated over time in aged vertebrates contributing to the end of life (Francis
et al., 2017). Thus, getting insights into muscle regulation in the Somniosus
microcephalus would then be very informative and potentially usable for ‘treating’ the
aging vertebrate muscle. Muscle aging, sarcopenia, muscle weakness or atrophy, is
one of the main reasons for decrease in life quality among humans worldwide since
so many people are affected (Frontera and Ochala, 2015). Some animals, as for
example sharks, are good at aging and may be useful models to study sarcopenia
and investigate underlying molecular mechanisms. Besides that, aging is also
thoughtto potentially change the behaviour and properties of the key sarcomeric
protein myosin, for example changes in the SRX/DRX state equilibrium (Colson et al.,
2015, Phung etal., 2018). Therefore, it would be interesting to investigate the
SRX/DRX ratio for red and white muscles of the long-lived Greenland shark, versus
for the shorter-lived small-spotted catshark. We will also analyze cryosections of
Greenland shark and small-spotted catshark red and white muscles and characterise
different features of the muscles after immunofluorescent staining. The results then
can later be compared to other vertebrates, mammals, and humans. Mant-ATP
Chase Experiments will be done on the Greenland shark and small-spotted catshark
to look at ATP- consumption in red and white myofibers and therefore be able to
analyze theratio of SRX/DRX contentof myosin heads in the muscles. We
hypothesize that muscle characteristics, as well as the ATP- consumption of the

muscles, are differentin both species.
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Results

Cryosections

GL red SD red GL white SD white

All channels

MHC

DAPI

Laminin

Figure 11: Channel separation of Greenland (GL) and Small-spotted Catshark (SD) white and red muscle,
10x images. For each of the samples, a representative merged image, as well as the single channel for MHC
(red), DAPI (showing the nuclei, blue) and laminin (showing the cell membranes, green) are shown. Images were
taken with ZEISS Stereo-Microscope Stemi 508.

nulcei fibre area and diameter

Figure 12: Sample measurement of Small-spotted Catshark red muscle cross section in 10x in Fiji/lmageJ
with ObjectJ, with nuclei count, fiber areaand diameter measurements (white=nuclei, red=fiber, yellow=
fiber border). Images were taken with ZEISS Stereo-Microscope Stemi 508.
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Cryosection of red and white muscles of the Greenland shark and of the small-
spotted catshark merged, as well as the red, blue and green channel seperately are
shown in figure 11. The red channel shows the MHC, the blue channel (DAPI) the
nuclei and the green channel laminin, visualizing the cell membranes. Figure 12
shows the measurementof the fiber area and diameter, as well as the nuclei
counting in Fiji/lmageJ with ObjectJ. Nuclei are shown in white, fibersin red and one

fiber is surrounded in yellow.

Nuclei

GL red

GL white

SD red

SD white

Figure 13: Nuclei pattern of one sample image per tissue (Greenland shark and Small-spotted Catshark
red and white muscle). Nuclei are displayed in blue (DAPI channel). Images were taken with ZEISS Stereo-
Microscope Stemi 508.

| also looked at the nuclei pattern for each tissue of both species, the
Greenland shark and small-spotted catshark (figure 13). The nuclei pattern varied per
tissue. In Greenland shark and small-spotted catshark red muscle the nuclei were
located outside of the fibers. In Greenland shark white tissue at the borders of the
fibers butoutside and inside. In the small-spotted catshark, white muscles the nuclei

are located outside and inside the cell membranes. In white muscles the nuclei also
clustered between the fibers.
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Figure 14: Mean nuclei count, fiber area and diameter per fiber/ sample and tissue. A) Average number of
nuclei perfiber per sample; B) Average number of nuclei pertissue (divided by shark species (Greenland shark/
small-spotted catshark) and tissue type (red/ white)); C) Mean feret’s diameter for a fiber per sample; D) Mean
feret’s diameter for a fiber per sample for red tissue; E) Mean feret’s diameter for a fiber per sample for white
tissue; F) Mean fiber areain um? G) Mean fiber area in um? for red tissue; H) Mean fiber area in um?for white
tissue. GL=Greenland shark, SD= small-spotted catshark, Error bars show standard deviation. Significance is

shown with asteriskin graphs.

Furthermore, | also looked at the mean nuclei count, mean fiber area and

mean feret’s diameter per fiber (figure 14). The significance forthe number of nuclei

per fiber could not be calculated because only the average number of nuclei per

myofiber was calculated instead of counting the number of nuclei per myofiber. The

average nuclei count per tissue varied. In both sharks, white muscles had more

nucleithan the red muscles, as figure 14AB show. Greenland shark white muscles

had more nuclei than small-spotted catshark white muscles. The mean varied with



52

~26 nucleiffiber for the Greenland shark and ~17 nuclei/fiber for the small-spotted
catshark. One Greenland shark sample has a very high average number of nuclei

(45). For red muscles the number of nucleif/fioer was ~7 for both species.

The mean fiber area was significantly different between both species for red
tissue (p value <0.0001), and white tissue (p value <0.0001), and varied per tissue
and sample, as shown in figure 14CDE. On average, white myofibers were bigger for
both speciesthan red myofibers. Greenland shark white myofibers on average were
bigger (94976um?) than small-spotted catshark white muscles (15710um?). Red

myofibers were of similar size for both species.

| also looked at the feret’s diameter per sample and tissue, which was
significantly different between both species for red (p value <0.0001) and white (p
value <0.0001) muscletissue (figure 14FGH). The mean diameter of red myofibers is
lower than for white myofibers. Mean red myofiber diameter is similar in the
Greenland shark and small-spotted catshark (51.57 and 68.38um, respectively).
However, the myofiber diameter is more homogenous in the small-spotted catshark.
In the Greenland shark the values have a greater variability. White myofibers have on
average a bigger diameter than red fibers. Greenland shark white muscles have
bigger diameters (420.3um) than small-spotted catshark white myofibers (177.4um).
However, small-spotted catshark white muscles contain fibers with a smaller
diameter than some red fibers. Greenland shark white fibers all had bigger diameters

than Greenland shark red fibers.
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Ratio between nuclei count, fiber area and fiber diameter
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Figure 15: Relationship betweendifferent measurements per sample. A) Mean nuclei countper fiber/sample
vs. mean fiber area/sample; B) Mean fiber area/ sample vs. mean fiber diameter/sample; C) Mean nuclei count
per fiber/sample vs. mean fiber diameter/ sample.

| looked at a possible correlation between fiber area and diameter, number
and nuclei and diameter, as well as fiber area and number of nuclei, respectively. For
all three comparisons the slope is significantly non- zero. An almost linear relation
could be shown between the fiber area and the diameter (p value=0.0002, R
squared= 0.9509), the fiber area and the number of nuclei (p value=0.0003, R
squared=0.9441), as well as the number of nuclei and the fiber diameter (p value=
<0.0001, R squared 0.9966). Figure 15 shows the relationship between mean nuclei
count, mean feret's diameter and mean area per fiber.
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state, P2- Percentage of myosin molecules in SRX state, TL-ATP hydrolysation time for myosin molecules
in DRX state, T2- ATP hydrolysation time for myosin molecules in SRX state,). A) Percentage of DRX state
for red/white muscle of Greenland shark and small-spotted catshark respectively; B) Percentage of DRX state for
white muscle of Greenland shark versus white muscle of the small-spotted catshark; C) Percentage of DRX state
for red muscle of Greenland shark versus red muscle of the small-spotted catshark; D) Percentage of SRX state
for red/white muscle of Greenland shark and small-spotted catshark respectively; E) Percentage of SRX state for
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red muscle of Greenland shark versus red muscle of the small-spotted catshark; F) Percentage of SRX state for
white muscle of Greenland shark versus white muscle of the small-spotted catshark; G) Time for ATP hydrolysis
in DRX state for red/white muscle of Greenland shark and small-spotted catshark respectively; H) Time for ATP
hydrolysisin DRX state for red muscle of Greenland shark versus red muscle of the small-spotted catshark; I)
Time for ATP hydrolyzation/hydrolysis in DRX state for white muscle of Greenland shark versus white muscle of
the small-spotted catshark; J) Time for ATP hydrolysisin SRX state for red/white muscle of Greenland shark and
small-spotted catshark respectively; K) Time for ATP hydrolysisin SRX state for red muscle of Greenland shark
versus red muscle of the small-spotted catshark; L) Time for ATP hydrolysisin SRX state for white muscle of
Greenland shark versus white muscle of the small-spotted catshark. Fibers with interrupted or HIT measurements
or with r2 below 0.95 were excluded. Means and standard deviations also appear on histograms. Significance is
shown with asteriskin graphs.

Figure 16 shows Mant-ATP chase experimentdata. The proportion of myosin
molecules in the super-relaxed state or disordered relaxed states as well as their
ATP turnover lifetime were estimated from the equation presented in the methods
section. Exponential decays for myofibers isolated from control sharks (small-spotted

catshark) and the Greenland shark are shown.

| looked at P1, which was significantly different between Greenland shark and
small-spotted catshark red muscle (p value=0.0046), but not significantly different
between the white muscle of both species (p value=0.2267). P1 is the amplitude of
the initial rapid decay approximating the ‘disordered-relaxed state’ (DRX) and is an
estimate of the fraction of myosin headsin the DRX conformation. Of the Greenland
shark red fibers, on average 43.51% of the myosin heads per fiberwere in DRX
conformation. However, the percentage of myosin headsin the DRX state varied
between 2.3 and 71.4% between the red Greenland shark fibers. Of the small-
spotted catshark red fibers, on average 64.69% of the myosin heads were in DRX
conformation. The percentage of red small-spotted catshark fibers having myosin
heads in DRX conformation varied between 33.7 and 86%. Of the Greenland shark
white fibers, on average 19,45% of the myosin heads were in DRX conformation. The
percentage of the Greenland shark white fibers having myosin in DRX conformation
varied between 3.1 and 53.2%. Of the small-spotted catshark white fibers, on
average 8.47% of the myosin heads per fiber were in DRX conformation. The
percentage of red small-spotted catshark fibers having myosin heads in DRX
conformation varied between 5 and 14.4%. The average percentage of fibers with
myosin heads in the DRX state varied by 21.18% for red fibers between Greenland
shark and small-spotted catshark and by 10.98% for white fibers between Greenland

shark and small-spotted catshark. The values for the red myofibers were significant,
whereas the white myofibers did not show significant results.
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Furthermore, | also looked at P2, which was significantly different between
Greenland shark and small-spotted catshark red muscle (p value=0.0049), but not
significantly different between the white muscle of both species (p value >0.05). P2 is
the slower second decay approximating the proportion of myosin heads in the ‘super-
relaxed state (SRX) and is an estimate of the fraction of myosin heads in the SRX
conformation. Of the Greenland shark red fibers, on average 56.49% of the myosin
heads per fiber were in SRX conformation. The percentage of Greenland shark red
fibers having myosin heads in SRX conformation varied between 20.8 and 93.2%. Of
the small-spotted catshark red fibers, on average 35.54% of the myosin heads were
in SRX conformation per fiber. The percentage of red small-spotted catshark fibers
having myosin heads in SRX conformation varied between 20.3 and 66.2%. Of the
Greenland shark white fibers, on average 80.55% of the myosin heads per fiber were
in SRX conformation. The percentage of Greenland shark white fibers having myosin
heads in SRX conformation varied between 46.8 and 96.8%. Of the small-spotted
catshark white fibers, on average 91.53% of the myosin heads were in SRX
conformation. The percentage of white small-spotted catshark fibers having myosin
headsin SRX conformation varied between 85.6 and 95%. The average SRX
percentage varied by 20.95% for red fibers between Greenland shark and small-
spotted catshark and by 10.98% for white fibers between Greenland shark and small-

spotted catshark.

Besidesthat, | also have calculated T1, which is the time constantfor the
decay. It describes how fast one ATP molecule gets hydrolyzedin the P1 (DRX)
state. It was not significantly different, for white muscle (p value > 0.05) andred
muscle (p value=0.2944), of both shark species respectively. It is calculated by the
equation 1/k fast. In red myofibers having myosin in DRX state, one ATP molecule on
average gets hydrolyzed faster in the small-spotted catshark (19.53s) than in the
Greenland shark (23). In white myofibers having myosin in DRX state, one ATP
molecule on average gets hydrolyzed faster in the small-spotted catshark (9.58s)
than in the Greenland shark (9.33s).
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Also T2 has been calculated and was not significantly different for white
muscle (p value > 0.05) and red muscle, of both shark species respectively (p value=
0.1334). It is the time constantassociated with P2, describing how fast one ATP
molecule gets hydrolyzed in the P2 (SRX) state and is calculated by the equation 1/k
slow. In red myofibers having myosin in SRX state, one ATP molecule on average
gets hydrolyzed faster in the small-spotted catshark (121.6s) than in the Greenland
shark (157.5s). In white myofibers having myosin in SRX state, one ATP molecule on
average gets hydrolyzed slower in the small-spotted catshark (226.7s) than in the
Greenland shark (169s).
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Discussion

The main focus and aims of the study was to determine characteristics and try
to understand the functionality of Somniosus microcephalus muscle, compared to a
control shark (small-spotted catshark), as well as its metabolic characteristics. For
that, cryosections of red and white muscles will be analyzed and differentfeatures of
the muscles will be characterised after immunofluorescent staining. With the help of
Mant-ATP Chase Experiments the ATP- consumption in red and white muscle fibers

as well as the SRX/DRX content of myosin heads in the muscles, will be determined.

The most interesting finding was that both tissues, red and white muscles, of
both sharks respectively, had a low rate of myosin heads in the disordered relaxed
state and high rate of myosin heads in the super-relaxed state. Alsothe finding that
white muscle fibers of the Greenland shark are extraordinary big and have a different

nuclei pattern than the other examined tissues was important.

In this thesis of work, we aimed to analyse the behavioural characteristics of
Greenland sharks and small-spotted catsharks. These species were used as due to
the unique, and successful, ability for Greenland sharks to largely defy conventional
aging. Herein, muscle samples were isolated from these species and subjected to
Mant-ATP chase experiments to understand how differentially myosin acts in these

species.

The main finding of the study were the results of the Mant-ATP chase
experiment. The data shows a low disordered relaxed state and high super-relaxed
state percentage of myosin head states for both species and tissues. For both
species, the percentage of myosin heads being in the disordered relaxed state was
higher forred muscle than for white. However, the difference was smaller for the
Greenland shark red and white muscle. The small-spotted catshark had a higher
discrepancy in the disordered relaxed state fraction between red and white fibers.
The respective ATP turnovertime is also differentbetween the muscle tissues. For
fibers with myosin heads in the disordered relaxed state the corresponding ATP
turnovertime is lower for white fibers than for red. There is a slightdifference
between the species. For fibers with myosin heads in the super-relaxed state the
corresponding ATP turnover time is lower for red fibers than for white. However,
Greenland shark red and white fibers have similar ATP hydrolysis times for fibers

with myosin heads in the SRX state. The ATP turnover times in this study also
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correlated with the published data by (Nag and Trivedi, 2021), which said that for the
DRX state the ATP turnover state of myosin in the absence of actin had a very slow

ATP turnovertime of <30 s and the SRX state has ATP turnover times of more than
100 s.

These changes and differences to a normal SRX/DRX ratio seen in the results
of the Mant-ATP Chase Experimentare affecting the ATP consumption within the
muscle and maybe the energy demand of muscles and the whole body. The active
cycling state of myosin has a rapid ATP turnover time, whereas myosin in the DRX
and SRX state need longerto hydrolyse ATP. However, myosin in the SRX state has
a 10-fold slower ATP turnover rate than the non-actin-bound, disordered relaxes
(DRX) state (Stewart et al., 2010). Myosin in the SRX state are held ‘in-reserve’.
Studies showed that ~ 50-60% of the myosin heads are in the SRX state (Stewart et
al., 2010, Hooijman et al., 2011). Thisratio can be shifted through physiological,
pathophysiological, and non-physiological factors. The results of the Mant-ATP
Chase Experiments showed a different SRX/DRX ratio. Only red muscle of the
Greenland shark was between 50 and 60%, with 56.49%. Small-spotted catshark red
muscle had less than 50% of the myosin heads in SRX state (35.54%), and for both
species the fraction of myosin heads in the SRX state was higherthan 60% with
80.55% for the Greenland shark and 91.53% for the small-spotted catshark. The
fraction of myosin heads in the SRX state influences the ATP turnoverrate. This
means that the ATP consumption in the muscle is lower and gets hydrolyzed with a
slower rate, especially because the majority of skeletal muscle of sharks is white. The
muscle metabolism is therefore lower, as well as the energy demand of the muscle.
Therefore, also the whole body has a slower metabolism, which can also influence
the aging process. This would goin line with the fact that the Greenland shark has a
very low field metabolic rate (Knight, 2022, Ste-Marie et al., 2022) and biochemical
assays and work loops as force vs. length curves used to determine the mechanical
work of myofibers indicate that red and white skeletal myofibers of sharks have very
slow metabolic capacities and contraction (twitch) rates (Edwards et al., 2019). Also
the fact that the main cause of accelerated aging in mammals is energy excess.
Therefore, caloric restriction without malnutritionis currently the most effective non -
genetic intervention to delay aging phenotypes in awide range of mammals from flies
to primates (Pifferietal., 2019, Lian et al., 2018). This says that the metabolism

influences the aging process. Since also the small-spotted catshark, that has a lower
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life expectancy than the Greenland shark, has a higher fraction of SRX in the white
muscle, similarto the Greenland shark, it cannot be the only reason for the
extraordinary longevity of the Greenland shark. However, there is a difference
between the small-spotted catshark and the Greenland shark since the Greenland
shark has a “normal” SRX fraction in the red muscle, whereas the small-spotted
catshark has a lower percentage than usual. Since aging can influence the SRX/DRX
ratio towards more DRX heads in female mice, it is important to look at the age of the
used individuals (Colson etal., 2015, Phunget al., 2018). A shiftin the SRX/DRX
ratio through agingis unlikely forthe Greenland shark because we only worked with
young individuals. Forthe small-spotted catsharks we worked with older (9 year old)
individuals. Since the estimated life expectancy for this speciesis 17 years, we do
not expect a shiftin the SRX/DRX ratio through aging yet. Overall, this means that it

could be beneficial for healthy aging to have a slower ATP concumption in the
muscle.

Besides that, also the characteristics of white muscle tissue from the
Greenland shark were interesting, especially the size and the nuclei pattern. In the
white muscles of the Greenland shark, nuclei clustered between fibers. It looks
similar to connective tissue (endo- or perimysiumin muscles). One can also see
perimysium, that surrounds the bundles in the Greenland shark white muscle.
Furthermore, also the size of the white fibers was extraordinary big for the Greenland
shark. The massive fiber size of Greenland shark white muscle, and hence the long
transportation distances of transcripts, might be the reason for the nuclei distribution
inside the fibers. For red muscles of the Greenland shark and the small-spotted
catshark the nuclei distribution looked as expected, with nuclei similarly distributed at
the cell membranes of the myofibers. Red fibers were approximately of the same size

in both species, butthe white fiber size differed for both species.

Anotherinteresting finding was thatthe anti-laminin stainings in the first
individuum of the Greenland shark red muscle also stained inside the cell membrane.
The red and white fibers of this individuum generally had smaller diameters. An
explanation for this could be that the first individuum of the Greenland shark was still
in a developmental phase and smaller than the other Greenland sharks. For the first
individual the size of the animal was not given. One does notknow how old the

Greenland sharks were since the age was notgiven. However, the size was given for
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two of the three sharks with 386cm and 398cm in length. One study done on ageing
of the Greenland shark suggested a maximum life expectancy of up to at least 272
years for Greenland sharks with more than 500 cm in length (Nielsen etal., 2016).
Therefore, our smaller individual mightnot be that old yet since sharks also have

indeterminate growth (Laforest et al., 2020).

Furthermore, it was also shown thatboth, red and white fibers, were mainly
round and organised in bundles. The fiber diameter grows with fiber size. Although
some samples of the Greenland shark white muscle had a very high number of nuclei
per fiber, the fibers were also bigger in these samples. A linear relation could be
shown between the fiber area and the diameter, between the fiber diameter and
nuclei count, as well as the fiberarea and nuclei count. This indicates that bigger

fibers have more nuclei and the number of nuclei increases with fiber size.

The next steps in the line of work would be to do de novo sequencing of the
transcriptome of the Greenland shark using RNA sequencing, to make more
progressionsin the research and field. It would be a useful approach to map
transcriptomic differences in muscle cells between the two species. We hypothesize
that the Somniosus microcephalus muscle transcriptome has marked differencesin
contractile and metabolic genes when compared with other marine vertebrates. Pilot
and initial work has been done by me, as theisolation of the RNA and the
preparation of the sequencing libraries. However, the data has not yet been fully

generated and analysed and is therefore beyond the timeline of this thesis.

Some flaws in the study were that the fiber type classification did notwork
because the myosin antibody is probably notworking so well in sharks. It has not
been tested before. Besides that, also the high fatcontent mighthave influenced and

interfered with the staining. However, the laminin staining, as well as the DAPI
staining worked most of the time. For future studies the protocol could be optimised.

However, also the results of the cryosection- experiment led to interesting
findings. As described above, possible reasons for the longevity of the Greenland
shark could be negligible senescence, whichis common in long-lived animals, their
low metabolism coming with a slow speed of life, their expected low productivity since
they have extended longevity and low productivity relative to teleosts (Musick, 1999),

or theirindeterminate growth since they are sharks (Laforest et al., 2020). We looked
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at a potential correlation of its longevity with muscle metabolism and found
differences in the white muscle characteristics, which mightbe a sign for a different

muscle metabolism or substrate delivery to the muscle.
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Conclusion and future outlook

The results show some differences between the two species, especially for the
white muscle. The reason for this might be a differentlifestyle and therefore different
functions of the muscles. However, both species are cold-blooded. Also the
metabolism of the two shark species might be different. The Greenland shark has a
very low field metabolic rate (Ste-Marie et al., 2022, Knight, 2022), which might
interfere with the white muscle structure. The low mass-specific metabolic rates of
the Greenland shark are a result of slow growth, long life spans (Nielsen et al., 2016),
and slow swimming speeds (Watanabe et al., 2012). The metabolic rate has also
been shown to be a determinant of life span based on the temperature and body size
(Gillooly et al., 2001). The Mant-ATP chase experiment data combined with the
staining results of the cryosections indicates that the white tissue has a different
function than to work as a normal muscle. The red tissue looks like regular skeletal
muscle. For future research it would be interesting to study the Greenland shark’s
proteome, transcriptome and genome, as well as Sirtuin levels, or negligible
senescense. We hypothesize thatsomething in the Greenland shark genome is
remodelled in genes that are related to the metabolism or they might have a cluster
of metabolic genes and that the Greenland shark muscle has differencesin
contractile and metabolic genes compared to the small-spotted catshark.
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Materials and Methods

Animals

Red and white muscle of one male and two female Greenland sharks
Somniosus microcephalus were supplied by Holly Shiels from the University of
Manchester, UK. The sharks were caughtin Greenlandin 2019 and 2021, two of
them at Dec. Longitudes N of 60.671 and 60.6912, and Dec. Longitudes W of 46.187
and 46.085 . The conversion and location of the coordinates is shown in figure 17.
Samples of the small-spotted catshark Scyliorhinus canicula were supplied by captive
breeding at the Fiskeri- og Sgfartsmuseet (translation from Danish: Fishing and
Maritime Museum)in Esbjerg, Denmark. Age estimation for the Greenland shark was
not provided. The age of the small-spotted catsharks was provided by the Fiskeri- og
Sgfartsmuseet and was performed according to recorded data. Seven individuals of
the small-spotted catshark with sizes of 50-80cm in length, five males and three
females were provided by the aquarium. They were around nine years old. For the
experiments, one male (length notgiven) and two females (386cm and 398cm in
length) of the Greenland sharks were compared with one male and two females of
the small-spotted catshark. Transcriptome sequencing, cryosectioning, as well as
Mant-ATP chase experiments were performed using red and white muscle samples.
Animal handling and sample collections at the Fiskeri- og Sgfartsmuseet, as well as

the catching of the Greenland shark was conducted by professionals.

Convert Lat and Long to DMS

Welcome to our online Lat Long to DMS converter. Here, you can make the mentioned conversions easily and in no time
To convert decimal coordinates to degrees minutes seconds (DMS), all you need to do is enter the latitude and longitude
values, and press ‘Convert' button.

Latitude Longitude
60,671000 -46,187000 m
DMS Latitude DMS Longitude

60° 40" 156" N 46° 11"13.2"W

Convert DMS to Decimal Degrees
S: South, W: West, E: East, N: North

Figure 17: Convertion tool for lateral and longitudinal to DMS latitude (LatLong,2022).
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Cryosection and immunofluorescence staining

White and red muscles of the Greenland shark and small-spotted catshark
were cutin 10 um sections. Before sectioning the Greenland shark, muscle chunks
were hardenedin 4% PFA over nightat 4°C. For the small-spotted catshark, sections
were cut at optical temperatures of -20°C and chamber temperatures of 22°C.
Muscle sections of the Greenland shark were cut at -30°C optical temperature and
chamber temperature. The slides were stored at -80°C after cutting. Before staining,
the sectionswere air dried, rehydrated in PBS and fixed in 4% PFA for 15 minutes.
After three washes in PBS they were permeabilized with 0.1% Triton X-100 for 10
minutes and after anotherthree washesin PBS, blocked with goat serumfor 1 h. The
sections were incubated in primary antibodies over nightat 4°C (Anti-Laminin
antibody produced in rabbit, L9393, Sigma-Aldrich, 1:20 in goat serum together with
one of the myosin heavy chain antibodies, 1:25 in goat serum: Myosin Type |, mouse,
A4.951, DSHB; Myosin Type lIA, mouse, SC71-S, DSHB; Myosin Type [IB, mouse,
BF-F3, DSHB; Myosin Type 11X, mouse, 6H 1-S, DSHB). On the next day, the
sections were washed three times in PBS and secondary antibodies were added
(1:500 in goat serum: Alexa Fluor 488 goat anti-rabbit IgG (H+L), A11034, Thermo
Fisher; AlexaFluor 647 F(ab)2 fragment of goat anti-mouse IgG (H+L), A21237,
Thermo Fisher) for one hour at room temperature in a dark room. After three washes
in PBS, the nuclei were counterstained with DAPI1(1:1000 in PBS; 62248, Sigma-
Aldrich) for 5 minutes. The sections were washed in PBS one more time before
mounting with Vectashield, and the images were captured using a Stereo-Microscope
Stemi 508 (ZEISS).

Mant-ATP Chase Experiments

The Mant-ATP chase experiments were conducted as follows (Ochala et al.,
2021). First, single myofibers were isolated from a muscle chunk for each sample.
For this, the samples were slowly defrosted (glycerol:relaxing buffer 1:1, 24h in -20C
and 24h in 4h), after which the samples were stored in -20C. The day of the
experiment the samples were putin relaxing solution and the single myofibers were
isolated underthe microscope. The ends of the single myofibers were individually
clamped to half-splitcopper meshes (SP1 G100 2010C-XA, width, 3 mm) gluedto a
glass slide (Academy, 26 x 76 mm, thickness 1.00-1.20 mm). For the white muscle,

2 fibers were mounted per slide, and for the red muscle 6 fibers. After that, flow
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chambers were created via attaching cover slips to the top of the glass slide (Menzel-
Glaser, Braunschweig, Germany, 22 x 22 mm, thickness 0.13—0.16 mm) [18,19]. At
25 °C, fibers were subjected to the Mant-ATP chase protocol. Each fiber was first
incubated for 5 min with a rigor buffer. Then, a solution containing the rigor buffer
with 250 yM Mant-ATP, a fluorescently labelled ATP analogue was flushed and kept
in the chamber for 5 min. After that, a solution made of rigor buffer with 4 mM ATP
was added with simultaneous acquisition of the Mant-ATP chase images. The
fluorescence decay was recorded with a Zeiss Axio Scope Al microscope with a
Plan-Apochromat 20x/0.8 objective and a Zeiss AxioCam ICm 1 camera. Images
were taken for 5 min, every 5 s. The acquisition/exposure time was 20 ms and a
DAPI filter set was used. The fluorescence decay was assessed at one region per
individual myofiber using the ROl manager in ImageJ as previously published [18,19].
To calculate the results, the mean background fluorescence intensity was subtracted
from the average of the fiber fluorescence intensity for each image that was taken.
The time points were then normalized by the fluorescence intensity of the final Mant-
ATP image before the washout (T = 0). These data were then fit to an unconstrained

double exponential decay using Graphpad Prism:
Normalised Fluorescence = 1 — P1 (1 — exp(—t/T1)) — P2 (1 — exp(—t/T2))

P1 is the amplitude of the initial rapid decay approximating the ‘disordered-
relaxed state’ (DRX), with T1 being the time constantfor the decay. P2 is the slower
second decay approximating the proportion of myosin heads in the ‘super-relaxed
state’ (SRX)and T2 is the time constantassociated with P2. P1 and P2 were
adjusted for the level of non-specific binding found to be 40% in skeletal muscle [16],
to obtain DRX and SRX values. The analysis forthe Mant-ATP chase experiments

was conducted vialmageJ and Graphpad Prism. Ratios of SRX/DRX were
determined for each tissue.
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List of Supplies

Table 2: List of supplies.

Supply

Company

10% Normal Goat serum

Life technologies

A11034 Alexa Fluor 488 goat
anti-rabbit IgG (H+L)

Invitrogen by Thermo Fisher Scientific

AlexaFluor 647 F(ab’)2 fragment
of goat anti-mouse IgG (H+L)

Invitrogen by Thermo Fisher Scientific

Anti-Laminin antibody produced
in rabbit L9393

Sigma-Aldrich

Barcodes: NEBNext Multiplex
Oligos for lllumina (Methylated
Adaptor)

New England BioLabs

Cell Culture 6 well plate Non-
Pyrogenic Polystyrene

Costar Corningincorporated

Centrifuge 5415R Eppendorf

Chloroform Sigma-Aldrich

Collagenase from Clostridium Sigma-Aldrich
histolyticum C0130-100MG

Cryochamber Kummefryser Wasco
FB100A

Cryostat CM3050 S Leica

DAPI Ref:62248

Thermo scientific

DNasel (RNase free) Catalog
# M0303S

New England BioLabs

Glycogen Qiagen

HB-500 Minidizer UVP
Hybridization Oven

IMDM with L-Glutamine and Lonza
HEPES Catalog #: 12-722F

IMDM with L-Glutamine and
25 mM HEPES, 500 mL

Isopropanol/ 2-Propanol Sigma-Aldrich

MyCycler thermal cycler BIO-RAD

Myosin Type I-mouse antibody

Developmental Studies Hybridoma

(A4.951) Bank

Myosin Type IIA-mouse Developmental Studies Hybridoma
antibody (SC71-S) Bank

Myosin Type |IB-mouse Developmental Studies Hybridoma
antibody (BF-F3) Bank

Myosin Type lIX-mouse Developmental Studies Hybridoma
antibody (6H 1-S) Bank

NEBNext Poly(A) mRNA
Magnetic Isolation Module (NEB
#E7490)

New England BioLabs

NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina
E7760S Lot: 10126607

New England BioLabs
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Nuclease-free H20

New England BioLabs

O.C.T. Compound LOT
2105609810

Sakura Tissue-Tek

Paraformaldehyde, 4% in
PBS, Ready-to-Use Fixative

Biotium

Qubit Fluorometric
Quantification Machine

ThermoFisher Scientific

Qubit™ RNA High Sensitivity
(HS) and Broad Range (BR) Assay
Kits.

Catalog number: Q10211

ThermoFisher Scientific

RNaseZAP Sigma-Aldrich
Stereo-Microscope Stemi 305 ZEISS
Stereo-Microscope Stemi 508 ZEISS
Superfrost™Plus Adhesion Epredia

Microscope Slides White Tab

TissueLyser I QIAGEN Retsch

TRIzol RNA Isolation ThermoFisher Scientific
Reagent

Tweezers Dumont switzerland

Vectashield Antifade
Mounting Medium

VECTOR Laboratories
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Figure 1: Skeletal muscle structure. Skeletal muscle is comprised of muscle
fiber bundles, comprised of myofibers/ muscle fibers. Muscles are covered by the
epimysium, muscle fiber bundles are covered by the perimysium and muscle fibers
are covered by the endomysium. A skeletal muscle fiber is surrounded by the
sarcolemma, containing sarcoplasm. Each muscle fiber is composed of many
myofibrils, having sarcomeres as contractile units. Created with Procreate, Adobe
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Figure 2: Schematic of the striated muscle sarcomere. The thick filament
(actin) is shown in orange, the thin flament (myosin) in blue, Titin is shown in green,
and Nebulin in red. Created with BirO€Nder.COM. ........ccceiiiireriniene e 9

Figure 3: Possible different functional states of myosin. (a) Actin-bound
myosins are shown in green. They are most active and utilize maximum ATP. This
myosin state is in equilibrium with an off-actin state, the DRX state of myosin
(orange). It has 100-fold less activity than the actin-interacting form. DRX state
myosins are in equilibrium with those in the SRX state (red), which has a further 10-
fold less activity than the DRX state. The SRX state of myosin exists in IHM state or
non-IHM state. Actin is shown in grey, myosin thick-filament shaft as grey cylindrical
rod; (b) Energy (ATP) utilization by different myosin states is shown. The ATP
turnover rate for the actin-bound myosin, DRX myosin, and SRX myosin was
assumedto be 3 s-1, 0.03 s—1, and 0.003 s—-1, respectively. A standard deviation of
0.1 units was used to generate random Gaussian noise. The simulated curves were
generated using the GraphPad Prism software. (From: (Nag and Trivedi, 2021)). ....17

Figure 4: Possible differentfunctional states of myosin - energy utilization and
alteration of the states. (a) States of myosins are arranged in the order of their energy
utilization- actin-bound myosin (green), DRX myosin (orange), and SRX myosin (red);
(b) Graphical representation of alteration of the myosin population through different
physiological, pathophysiological, and non-physiological perturbations. (From: (Nag
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Figure 5: The Hallmarks of Aging, grouped into three categories. The
hallmarks of aging are grouped into three categories, the primary, antagonistic and
integrative hallmarks. Compensatory or antagonistic responses to the damage

initially mitigate the damage, but can potentially become deleterious themselves.
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Integrative hallmarks are ultimately responsible for the functional decline associated
with aging. Created with Adobe IHUSLratOr. ........cccveiice e 22
Figure 6: Phylogenetic tree of chondrichthyes with focus on the orders of
sharks. There are 14 living orders of Chondrichthyan fishes, nine of them are sharks.

Sharks belong to the Selachii. The orders of sharks to which the Greenland shark
and the small-spotted Catshark belong, are marked in red. Created with Adobe
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Figure 7: Appearance of A) the Greenland shark (From: (Ebert et al., 2021)
p.191) and B) the small-spotted catshark. Created with Procreate. ............ccccevcvrvrnenee 37
Figure 8: Distribution of the Greenland shark of the small-spotted catshark.
Habitat of the Greenland shark is shown in red, overlapping habitat of both species in
orange and habitat of the small-spotted catshark is shown in yellow. Created with
BioRender.com and PrOCIEALE. .........ccoeiirerieieiee sttt sttt 38
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versus red muscle of the small-spotted catshark; D) Percentage of SRX state for
red/white muscle of Greenland shark and small-spotted catshark respectively; E)
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Figure 17: Convertion tool for lateral and longitudinal to DMS latitude
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Supplementary data

MHCI MHClla MHClIb MHClIx control

Individuum 1

Individuum 2

Individuum 3

Smallspotted Catshark white muscle: 10x magnification:
blue channel: DAPI staining for nuclei; red channel: anti-MHC staining for myofibre typing;
green channel: anti-laminin staining for laminin as a cell membrane measurement.

Figure 18: Small-spotted catshark white muscle cryosections. Images were taken with ZEISS Stereo-
Microscope Stemi 508.

MHCI MHClIa MHClIb MHClIx control
e -- -
Individuum 3 - e

Smallspotted Catshark red muscle: 10x magnification (20x for individuum 3 MHCIIb):
blue channel: DAPI staining for nuclei; red channel: anti-MHC staining for myofibre typing;
green channel: anti-laminin staining for laminin as a cell membrane measurement.

Figure 19: Small-spotted catshark red muscle cryosections. Images were taken with ZEISS Stereo-
Microscope Stemi 508.
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MHCI MHClla MHCIlb MHClIx control

Individuum 1
Individuum 2
Individuum 3

Greenland shark white muscle: 10x magnification:
blue channel: DAPI staining for nuclei; red channel: anti-MHC staining for myofibre typing;
green channel: anti-laminin staining for laminin as a cell membrane measurement.

Figure 20: Greenland shark white muscle cryosections. Images were taken with ZEISS Stereo-Microscope
Stemi 508.

MHCI MHClla MHCIIb MHClIx control

i ’ | - -
e --. .
Greenlands shark red muscle: 10x magnification:

blue channel: DAPI staining for nuclei; red channel: anti-MHC staining for myofibre typing;
green channel: anti-laminin staining for laminin as a cell membrane measurement.

Individuum 3

200pm

Figure 21: Greenland shark red muscle cryosections. Images were taken with ZEISS Stereo-Microscope
Stemi 508.



Table 3: Average number of nuclei per fibre per sample.

89

Average number of nuclei per myofiber

GL 1red 4,027887
GL 2red 5,470076
GL 3red 10,16893
GL 1 white 14,85625
GL 2 white 18,69333
GL 3 white 45,25

SD 1 red 6,538026
SD 2 red 8,367683
SD 7 red 6,554546
SD 1 white 16,44626
SD 2 white 12,94872
SD 7 white 21,09558

Table 4: Average nuclei count per fibre per tissue.

Average number of nuclei per myofiber

GL red 6,55563

GL white 26,26653
SD red 7,153418
SD white 16,83019

Table 5: Statistical testresults for fiber areaand diameter.

P value P value One- Test
summary ortwo- | R
Significantly | tailed squared
different (P P (eta
<0.05)? value? | squared)
Fiber area SD red vs. Two- Unpaired t-
GLred <0.0001 il Yes tailed 0.1174 test
SD whitevs. Yes Two- Unpaired t-
GL white <0.0001 el tailed 0.8778 test
Fiber SD red vs. Two- Unpaired t-
diameter GlLred <0.0001 el Yes tailed 0.1293 test
SD whitevs. Yes Two- Unpaired t-
GL white <0.0001 ok tailed 0.8133 test

Table 6: Mean fiber area per tissue.

Mean fiber areain um?2

SD red 1351
GL red 2380
SD white 15710
GL white 94976

Table 7: Mean fiber areaper tissue.

Mean feret's diameter/fiber in um

SD red

68.38
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GL red 51.57
SD white 177.4
GL white 420.3
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