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Abstract

Mitochondrial dysfunction occsiin patients withmitochondrialdisease, in neurodegenerative
conditions and as part of the ageing process. It affects predominantliissues with high
metabolicrequirementssuch as central nervous system and skeletal muscle. In patients with
mitochondrial disease, both mitochondrial and nuclear genetic defects commonly cause a
biochemic#é defect in muscle. However, due to the mwdbpy nature of mitochondrial DNA,
muscle displays a mosaic pattern of deficiency when the mitochondrial genome is affected.

This particular pattern makes these defects challenging to quantify.

Current standardmethods to diagnose and investigate mitochondrial disease in affected
tissues present several limitations. Biochemical studies are only suitable for cases with a high
proportion of cells with mitochondrial respiratory chain deficiercy. Moreover, histochemcal

assay only provide qualitative assessment of complex Il and IV actidtidsare not capable

of evaluatingother complexes, such as complex the commonest affected respiratory
complex in mitochondrial pathology. This project aimed therefore aetiing a novel assay

to accurately quantify mitochondrial dysfunction in human skeletal muscle. Once optimised,
this assay was further used to explore: theechanisms underlying mitochondripathology,

its potential in helping the current diagnostic det§, as well as its potential to assess the

effectiveness of therapeutic approaches aimed at treating mitochondrial dysfunction.

This work described the development and validatiormobvel quadruple immunofluorescent
technique This assayjuantifies accuratelykey subunits ofrespiratory complexes land IV
together with mitochondrial massusing a single 10um section. The additional labelling of a
cell membrane markeallows semiautomatic and computebasedsampling oflarge numbers

of individual musle fibres Using this technique, this study characterisadvariety of
mitochondrialand nucleargenetic defectsand demonstratal that specific genotypes exhibit
distinct bioclemical signatures imuscle. In patients with suspected mitochondrial disease,
this assay provided clues on the possible genetic cauBarthermore, this novel assay
evaluaed the effect of an endurance exercise program in patients with mitochondrial

myopathy and was able to detect subtle changesespiratory complexes levels.
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Chapter 1. Introduction

¢KS &a1StSidlt YdzaoftS Aa GKS Y2ad FodzyRIyYyd
movement and its mass is a determinant factor of muscle strength, endurance and physical
performance. Due to its high metabolic demand, skeletal muscle is higlggndent on

mitochondriag the main producer of cellular energy.

During normal ageingskeletal muscle undergoes an inevitable loss of muscle madso
known as arcopenia(Rosenberg, 1997);paroximately 40% of muscle mass is lost between
the ages of 2@nd 80.Thisis responsible for a decline in muscle strengtid fitness leadingp
varying degrees ofestricted mobility, disability and loss of independence of the affected

individual

Since mitochondrial function and content in human muscle also irdex| with ageing,
dysfunctional mitochondria are thought to play an important role in sarcopenia. In light of
increasing life expectancy, understandimifochondrial dysfunction irmgeingskeletal muscle

and finding strategies to reduce sarcopenia aredn@nt and relevant.

In trying to understand the role of mitochondrial dysfunction in sarcopenia, it became
apparent to me that the methods used to assess mitochondria in human muscle sections had
major limitations. My PhD studies therefore focused on eleping improved methods to
quantify respiratory chain deficiency in human skeletal muscle and for this | extensively used
muscle from patients with mitochondrial disease. Mitochondrial diseases are a group of
disorders that arise from defects of the mitwandrial oxidative phosphorylation system
(OXPHOS). The skeletal muscle is one of the tigsegsently affected and remains a major

target of clinical investigations, often used to confirm or refute a mitochondrial diagnosis.

This introduction providesraoverview of(1) mitochondrid structure, functions and genetics
and (2) the healthy skeletal muscl&his is important tainderstand the followingsectiors
coveling mitochondrialdamageaccumulatingin the skeletal muscle during (3) ageing and in

(4) mitochondrial diseases.
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1.1 Mitochondria structure and function

Mitochondria are vital cellular organelles with a predominant role in energy metabolism. They
provide energy via the process of oxidative phosphorylation to produce ATP for the majority of
cellular processes. In addition, mitochondria are also involved in regulation of cellular

metabolism, redox homeostasis, @Qacalcium signalling and programmed cell death.

1.1.1 Mitochondrial structure and organization

Mitochondria are highly dynamic organelldsat form a conplex network inside cells. Their
organisation was first elucidated by Palade, which with the use of electron microscopy,
identified a common mitochondrial structure irrespective of the species. These comprise of
two separate membrane systen{the outer and the inner membrane the mitochondrial
matrix and a system of internal cristae. Both inner and outer membraneseparated by the
intermembraneus space (Palade, 1953)(Figure 1.1). Later studies using 3D electron
microscopic tomography provided a better resolution of mitochondrial structure. These
described the cristae as separate tubular membranes bound to the inner mitochondrial

membrane (Mannellaet al,, 1994).

Both membranes are involved in the import and export of moleculé® outer membrane
contains thevoltage-gated ion channel porin (VDAC)his channehbllows the diffusion of
cations (such as &% and small molecules of lownolecular weight (metabolites and
nucleotides) (Szabo and Zoratti, 2014Both inner and outer membranes contairhet
translocases TIM/TOMtranslocaseof the inner membrane/ translocase of the outer
membrane), whichmediate the transport ohuclearencodedproteins across the membranes
(Endo and Yamano, 2010hey also enclosgroteins that are crucial for mitochondrial fusion
namely the mitofusins mfnl and mfn@ocated in the outer membraneind OPAL(optic
atrophy 1, located in the innanembrane)and also Drp1l(Dynamin related protein 1, locade
in the outer membrangwhich iscrucialfor fission(Westermann, 2012)Theseact in concert
to allow constant network remodelling changes in mitochondria morphology, size, number
and content¢ and therefore adapting to changing metabolic demaiWdestermann, 2012)
The inner mitochondrial membrane holds the mitochondrial respiratory chain system

responsible for oxidative phosphorylation and energy generation.

Lastly, ntochondrial matrix houseshe mitochondrial genome (mtDNA), all the biochemical
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as mitochondrial replication, transcription and translation.
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Figurel.1l Schemaic illustration of mitochondrid structure and organisation.

Mitochondrial are ovoid doubkeounded organelles. The inner and outer membranes are separated by
the intermembrane space. The inner membrane harbours the oxidgthasphorylation system and
mitochondrial matrix contains the mitochondrial genome.

1.1.2 Mitochondrial genome
1.1.2.1 Mitochondrial DNA

Mitochondria are the only cellular organelles holding their own genammammalian cells
They are maternally inheriteGileset al., 1980)and contain thousands of copies of mtDNA
packaged in stable nucleoprotein complexes called nucle@itigakawaet al, 1987, Satoh
and Kuroiwa, 1991 Nucleoids residén the mitochondrial matrixin close associain with the
inner membrane(Albringet al., 1977) Although ech nucleoid was thought to contain-80
mMtDNA copiegLegroset al, 2004), more recentuper-resolution microscopyevealed that it
only contairs 1-2 mtDNA copiegKukatet al., 2011).The number of mtDNA copies in cals
variable rangingrom none (in erythrocytes)Shusteret al, 1988) to hundredsor thousands

(Shoubridge and Wai, 200depending upon the tissue and cellular energy requirements.

Each mtDNA molecule measuréd$,569 bp, is circular and doublstranded (Figure 1.2)
(Andersonet al, 1981, Andrew®t al., 1999) The mitochondrial genome is highly compact;
there are no introns or intergenic necoding regions excegdor the displacement loop (D
loop) - containing transcriptional promoters. Most genes are separated by only one or two
non-coding base pairs, and two genegdTtATP6and MT-ATP8 have overlapping regions
(Andersoret al., 1981)

The mitochondrial genome endes 13 core subunits of the oxidative phosphorylation system
(complex 1, lll, IV and V) as well as 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs)
(Andersoret al, 1981, Andrewet al., 1999)(Figurel.2). Both tRNAs and rRNAs are required

for the translation of mitochondrial mMRNA transcripts. The remaining 79 subunits, over 35

assembly factorg(Kadenbach, 2012and proteins involved in mtDNAynthesis, mtDNA
3



transcription, mtDNA translatiorRNA maturation RNAstability and regulationare encoded
by the nuclear genome(Smits et al, 2010) Following transcription, uclear mRNAs are
translated in the cytoplasm and then imported into the nabmndria where both
mitochondrialencoded and nuclearencoded subunits are assembled into fully functional

complexeqTuppenet al., 2010)
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Figurel.2 The human mitochondrial genome.

The mtDNA encodes Iilypeptides of the OXPHOS system; genes encoding complex | subunits are
shown in green, those encoding compléixih purple, complex IV in green and complex V in cyan.
Additionally, it encodes two ribosomal RNA (shown in red) and 22tRNAs (denoted tbsinigéd amino

acid code) required for mitochondrial protein synthesis. Image (adapted) with the courtesy of Dr Casey

Wilson.

Tablel.1 Composition of OXPHOS complexes and factors required for the proper assembly.

Mitochondrial-encoded Nuclearencoded Nuclearencoded
subunits Subunits assembly factors
7
Complex | NDEND6, NDAL 37 11
Complex Il 0 4 2
1
Complex Ill Cytochromed 10 2
3
Complex IV MTCOIMTCO3 11 18
7
Complex V ATPG, ATPS 17 4

1.1.2.2 Replication and maintenance of mitochondrial DNA

The eplication of mtDNA relies entirely on the nuclear genomeodturs continuously,
independentof the cell cyclein replicative cells and in postitotic cells (Bogenhagen and

Clayton, 1977)Korhonenet al. have reconstitutedthe minimum mitochondrial replisomén
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vitro and identified three major nuclea'encoded proteins: the trimeric polymerase gamma
(POLG), thenitochondrial single stranded binding protein G8EB) and the helicase Twinkle
(Korhoneret al., 2004).

The heterotrimeri®OLGLestienne, 1987) & YIF RS 2F | Ol {lerfcadédbyY) & dzo
POLGGL FyR (62 I OO0Saxz2itddedbyOl@2)/ K haspolyinerhsg dictivity,

0PpQ SE2ydzOf SI aSkLINR2FNBIRAYy3a | QGAGAGE YR pQ
MtDNA repairGray and Wong, 1992Twinkle has 53 DNA helicase activity and facilitates
MtDNA synthesis by unwinding theuble stranded mtDNASpelbrinket al., 2001)whereas

the nt-SSB stabilises the single stranded regions of mtDNA at replication dokenhances

POLG and Twinkle activiti6Surthet al,, 1994, Korhoneet al., 2003).

In addition, other nuclear proteinsare indirectly involved in mtDNA maintenance by
controlling the deoxynucleoside triphosphatedNTP) pool, such as the cytosolic
ribonucleotide reductase (p53R2 subunit, encodedRIM2B (Tanakaet al, 2000) and the
mitochondrial adenine nucleotide tratocator (ANT1, encoded [SLC25A4(Neckelmanret

al.,, 1987). The p53R2 subunit catalysiEes novosynthesis of dNTPs whereas ANT1 mediates
the exchange of ATP (out) for ADPand by this it regulates the intramitochondrial
concentration of adenine nucleotidest was shown that a balanced proportion of the four
nucleotides is essential fantDNAand rDNA replication fidelity and repair (Mathews and

Song, 2007).

1.1.2.3 Mitochondrial transcription and translation

Mitochondrial transcription islsooperated by nucleaencoded proteins; the basic machinery
required for transcription initiation (mitochondriatranscriptional core) includes mtRNA
polymerase POLRM)I(Tirantiet al,, 1997), mitochondrial transcription factor ARAN) (Fisher

and Clayton, 1988) and transcription factor B2 (TFB2M) (Falkeebatg 2002, Sologubt al,,

2009). TFAM binds mtDNA stpeam to the promotor site inducing a conformational change of
the lightstrand; this exposes the promotor region and activates transcription. Following this,
POLRMT recognises the promotor and initiates RNA synthesis after forming a heterodimer

with TFB21 (Rebelcet al,, 2011).

Transcription of both strands generates long polycistronic primary mRNA, which then undergo
endonucleolytic processing. The mitochondrial ribonuclease P (RNase P) is responsible for the

pQ SyR Of SfRN&lprAdcrsozsTRaauith and Karwan, 1998) whereas the tRNase Z
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MRNAs and rRNAs are punctuated by tRNAs, this cleavage releases individual mRNAs, rRNAs
and tRNAs (Ojalet al., 198L).

azal SEOA&SR Ywb!a oO0SEOSLIi b5c Ywb! GNFyaON
then released for translation (Van Haug al, 2015).By contrasttRNAs follow extensive
posttranscriptional modifications before being aminoacylated with tewgnate amino acid
lwb!aod LYy GKFEG NBaLSOG:I G4KS FTRRAUGAZ2Y 2F [/
correct aminoacylation by the cognate tRidfkinoacyl synthetases; the modifications of the

wobble position (first position of the anticodd are critical for accurate decoding and
translation fidelity; as many as other modifications which are essential for structural stability,
maturation and correct folding. Finally excised rRNAs (12S and 16S) undergo several nucleotide
modifications requied for proper folding, stability, and ribosome assembly and function (Van
Hauteet al,, 2015).

Translation of the 13 polypeptide subunits of OXPHOS complexes can then proceed. It requires
several nucleaencoded factors (involved in translation initiatioelpngation, termination and
ribosome recycling), assembled mitoribosomes (made up of 12S and 16S and further 81
nuclearencoded mitochondrial ribosomal proteins) and aminoacylated tRNAs (®imn#s,

2010).

1.1.3 Mitochondrial biogenesis

Mitochondrial biogensis is the process by which mitochondrial number and activity increases

in response to metabolic stress (such as exercise) or environmental stimuli (Kelly and Scarpulla,
2004). The peroxisome proliferatactivated receptor gamma eactivator " 0 v Dplays

a central role in this process through the -activation of a great number of nuclear
transcription factors, such as NRFand NRR (Wuet al, 1999). The activation of the later,

was shown to increase the expression of TFAM (Virbasius and Saarp®@i4), TFB2M
(Gleyzeret al, 2005) and several nucleancoded respiratory chain subunits (Evans and
Scarpulla, 1990). Alongside, TFAM is imported into mitochondria were -fegipates
mitochondriatlencoded subunits such as COXPuigserveet al., 1998, Wuet al., 1999). The
resulting increased synthesis and incorporation of new mitochondrial proteins results in a

higher overall mitochondrial activity and content (Kelly and Scarpulla, 2004).



1.1.4 Mitochondrial functions
1.1.4.1 Mitochondria oxidative metabolism

Mitochondria are the centre of oxidative metabolismthe major metabolic system to
replenish ATP levels in cells. Production of &0 both glicose and fatty acids occurs in four
major steps: aetyl coenzyme A(acetytCoA generation (the main substratef the
tricarboxylic acid cycleTCA, electron transfer to electron carriers (TCA cycle), electron
donation to the mitochondria respiratory chain and lastly ATP production by ATP synthase
(Macintoshet al., 2006).

1.1.4.1.1 Acetyl-CoA and TCA cycle

AcetyFCoA can be generated either through the oxidation aitty acics or through the
breakdown of pyruvate. Cytoplasmiatfy acics are transported into mitochondria via the
carnitine shuttle (Bremer, 1983). Once in the matrix, these are sequentially brokeacietiy-
CoAthrough the betaoxidationé i 2 EARF GA 2y 0 LI (K&l & dprodugt of LI NJ f
glycolysis) can also beported into mitochondria- via the mitochondrial pyruvate carrier.

There, pyruvate isconverted by decarboxylation intoacetytCoA by the pyruvate
dehydrogenase. At this stageceiyFCOARS NRA @SR T NRB Y S roxidatoiNgntars &8 O 2 f ¢
TCAcycle (Bakeet al, 2010). Series afxidative reactions transfer electrons hydrogen from

electron carriers nicotinamide adenine dinucleéide (NADH) and flavinmonocleotide (FAD)

formingthree NADHand one FADH respectively(Krebs, 1940, Krebs and Eggleston, 1940).

1.1.4.1.2 The oxidative phosphorylation system

Oxidative phosphorylation (OXPHQASembedded irthe inner mitochondrial membranand
consists othe mitochondrial respiratory chaicomplexes-IV)and ATP synthase (complex V).

It is coupled to the oxidative pathway at complex | and complex Il |évigisrel.3).

Complexes | and Il are the first electraoceptors of the respiratory chain, receiving the
electrons derived from NADHENnd FADHrespectively. These are then transferred along the
chain: to complex lll, via coenzyme Q (or ubiquinone), and to complex IV through cytochrome
c. The flow of electrons along the respiratory chain is coupled with the active pumping of
protons into the intemembrane space (at complexes I, lll and V) building up the

mitochondrial transmembrane potential. The generated electrochemical gradient is finally

7



used by the ATP synthase to drive ATP production upon the diffusion of protons back into the
matrix (Mitchdl, 1961)

The capacity of mitochondria to produce ATP under maximal or basal conditions
(mitochondrial oxidative capacity) depends ¢ime oxidative enzyme content and activity.
These, together with mitochondrial density define muscle oxidative capadiywerzmanret

al., 1989)
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Figurel.3 Schematic model of the oxidative phosphorylation system

The respiratory chain (complexeb/) and ATP synthase (complex V) are responsible for ATP production.
While electrons are transferred along the chain by diffusible electron carriers (coenzyme Q or
ubiquinone and cytochrome c), protons are pumped into the intermembrane space via cl, clll and clV.
The created proton gradient across the inner membrane is finsgd by the complex V to drive ATP
production. Black arrow indicate the direction of electron flow; Grey arrows represent the translocation

of protons (H). Keys: cl: complex I, cll: complex Il, clll: complex IlI, clV: complex IV, cV: complex V, CoQ:
coenzme Q, Cyt c: cytochrome c¢; electron.

1.1.4.1.3 Components of the OXPHOS system

Complex [NADH dehydrogenase) is the largest enzyme (~ 980 kDa) of the OXPHOS system and
represents the major entry point of electrons. It consists of 45 structural subunitsaaf e
seven are mitochondriadncoded (NDAND6 and ND4L) and 38 are nucleacoded. The
assembly of the structural subunits into a functional holocomplex requires additionally
nuclearencoded assembly factors; 10 have already been identified, but morexgected to

be discovered(Kadenbach, 2012)The complex presents three functional modules. The N
module where dehydrogenase oxidizes NADH, the Q module where hydrogenase reduces
ubiquinone (lipidsoluble electron carrier) and the P module where protons puenped into

the intermembrane space by a proton translocase. The coordinated-tatisbetween these

modules allows the transfer of electrons from NADH to ubiquinone, and the translocation of

8



four protons across the inner membrane. The latter generateggernal negative membrane

potential (Mimakiet al., 2012).

Complex Il (succinate dehydrogenase) is the smallest complex (~123 kDa) of the OXPHOS
system and is also a member of the TCA cycle. It consists of four structural syBDtis,

SDHB, SDHC aB®HD}II encoded by nuclear genes. SDHA and SDHB compose the catalytic
core; SDHC and SDHD anchor the complex to the inner memliahetwo assembly factors

are presently knowr{Kadenbach, 2012)Complex Il acts as a link between TCA cycle and the
OXPHKDS system. In the TCA cycle complex Il catalyses oxidation of succinate to fumarate,
producingFADH. The oxidation oFADH releases electrons, which are transferred through
several prosthetic groups and ultimately used to reduce ubiquinone to ubiquindhe
OXPHOS system (Hagerhall, 1997).

Complex Il (cytochrome c reductase) consists of 11 subunits, of which one is mitochondrial
encoded (cytochromeb). Two assembly factors have been identified. Complex Il oxidizes
ubiquinol (reduced by complex | ant) Bnd transfers electrons to cytochronte(a water

soluble electron carrier located in the intermembrane space). This process is coupled with the

translocation of two protons into the intermembrane space (Benial., 2009).

Complex IV (cytochrome oxidase, 200 kDa) is composed of 13 subunits, of which three
(MTCOI, MTCO2, MTCO3) are mitochondmaioded. MTCOI and MTCO2 compose the
catalytic core involved in the electron transfer whereas MTCO3 appears to be involved proton
pumping Complex IV mediatethe transfer of electrons (through several prosthetic groups)
from reduced cytochrome c to molecular oxygen. Reduction of oxygen to water is coupled with

the translocation of four protons into the intermembrane space (Diaz, 2010).

Complex V (R ATP syrtase, 550 kDa) consists of 16 subunits, two of which are
mitochondrialencoded (ATPase6 and ATPase8). It has two domains:itBector and F
sector. The Fsector is a soluble globular structure that extends into the matrix and composes
the catalytic ATRBynthase portion; the §Jsector is cylindrical rotelike structure embedded in

the inner membrane, through which protons are translocated. Similarly, two assembly factors
have been identified (ATPF1, ATPfAdenbach, 2012 Complex V uses the electramhical

proton gradient created by complexes I, lll and IV to drive the synthesis of ATP. The diffusion of
protons along kcreates a rotary motion which is transmitted to the catalytic domaith&t in

turns drives the condensation of ADP and inorganiogpimate (Pi) into ATP molecules

(Jonckheerest al,, 2012).



1.1.4.2 Calcium Handling

Mitochondria play a crucial role in calcium homeostasis du¢htor ability to uptake and
buffer large quantities of C&(Rossi and Lehninger, 1963). Calcium crosses both antkr
inner mitochondrial membranes mainly through VDAC and mitochondrial calcium uniporter
(MCU) (Baughmaret al, 2011, De Stefanét al, 2011), respectivelydiffusing down its
electrochemical gradient. This process reduces cytoplasmic calcium andhésddamt on
mitochondrial membrane potential. Extrusion occurs mainly through the?3®a* exchanger

(Patergnanet al,, 2011).

Calcium is a major modulator of cellular function, with a crucial mleegulation of ATP
production (Griffiths and Rutter2009) and apoptosis induction (Orrenies al, 2003). An
increase in calcium uptake stimulates mitochondrial respiratory chain function (by stimulating
the dehydrogenases and electron carriers) and hence ATP production (Dentdn 1980,
Jouavilleet al., 1999). However, a sustained and excessive accumulation of calcium in
mitochondria is toxic andtan drive apoptosis (Mattson and Chan, 2003). Furthermore, in
muscle, calcium is the signalling messenger that triggers all processes underlying muscle
excitation-contraction. A tight regulation of calcium concentration is therefore crucial for

proper muscle function (Maclntosdt al., 2006).

1.1.4.3 ROS production

Mitochondrial OXPHOS system is a major source of ROS in cells (Jensen, 1966etBalyeris
1972). Alhough historically they were seen as major cause of cell damage, it is now accepted
that they are biologically important for several cellular functions such as adaptation to hypoxia

and regulation of autophagy (Sena and Chandel, 2012).

During oxidative pbsphorylation, some electrons leak from the transport chain, at complexes
I and 11l (Loscheet al,, 1973, Cadenast al, 1977). These electrons can react with oxygen and
convert it into superoxide anion ¢Q, by partial reduction (Loscheet al, 1974) Q" ¢ the
precursor of other ROSis released either into the intermembrane space(produced by
complex III) or mitochondrial matrix §Oproduced by complex I), where it is converted into
hydrogen peroxide (#D;) by copper/zinc superoxide dismage (SOD1) or manganese
superoxide dismutase (SOD2), respectively. Subsequeny difuses into cytoplasm and is
converted into water by glutathione peroxidase (Turrens, 2003). Although antioxidant
enzymes work together to convert ROS into less harrbfyproducts, some kD, can be

reduced to hydroxyl radical (@ by O, and by reluced transition metals (Winterbourn, 1995).
10



When excessive ROS are produced, the cellular antioxidant system might not be sufficient to
counteract. This results in damageligiids, proteins and nucleotides and can ultimately lead

to necrosis or apoptosis.

1.1.4.4 Apoptosis

Finally mitochondria have a pivotal role in programmed cell death (apoptosis) (Hockestbery
al., 1990). Apoptosis can be triggered either extrinsically (byndigetivation of death
receptors on plasma membrane) or intrinsically (by DNA damage, oxidative streéss, Ca
overload and endoplasmic reticulum stress). In the intrinsic pathway, intracellular signals
facilitate mitochondrial inner membrane pemeabilisatiand the consequent release of pro
apoptotic factors (proteins from the B2lfamily and cytochrome) into the cytosol. This leads

to the assembly othe apoptosome and furtheactivationof caspase(Galluzzet al., 2007).

1.1.5 Mitochondrial genetics
1.1.5.1 Mitochondrial DNA mutations

The mutation rate of the mitochondrial genome is estimated to be 10 téoRD higher than

the nuclear genome (Browet al, 1979). Somaticdeé novgd mtDNA mutations are partly
caused by reactive oxygen species (ROS) danthge to the close proximity of the
mitochondrial genome with theource of mitochondrial ROS (complexes | and IIl) and the lack
of protective histones (Ljungman and Hanawalt, 199%)ditionally, mutations can arise
during mtDNA synthesis and/or during mtDNA reppipcesses (Krishnagt al., 2008). POLG
presents a high error rate (Kunkel and Loeb, 1981) and its exonuclease activity was shown to
generate singlestranded region®f mtDNA at double strand beaks, thereby promoting mtDNA

deletion formation (Krishnast al., 2008).

Mitochondrial DNA mutations can be grouped into two major classes, point mutations and
rearrangementsThe formerarise from single base pair substitutions either in structural genes
(coding for the respiratory chain complexes), rRNAs or tRNAsy can be pathogenic or
neutral polymorphisms (Tuppemt al, 2010). Neutral polymorphisms arise from either
synonymous mutation (mutations not causing changes in the amino acid) or neutral non
synonymous mutations (causing a change in the amino aemthogenic mutations usually
affect highly conserved amino acids/nucleotides and/or lead to a clear loss of function of the

affected protein, among other features as revised Dbaylor et al. (Taylor et al, 2004).
11



Rearrangements include deletions (singtemultiple), which are always pathogenic due to the

partial removal of the mitochondrial genomandduplications (Tuppeet al,, 2010).

1.1.5.2 Heteroplasmy

Due to the multicopy nature of the mitochondrial genome, witgpoe and mutant copies can
co-exist in hdividual muscle fibres (Hodt al., 1988, Zeviangt al., 1988). Homoplasmy occurs
when all mtDNA copies are identical (wild type or mutant) whereas heteroplasmy occurs when
there is a mixture of more than one mtDNA genotype (wild type and mutant) (Tayld
Turnbull, 2005). The proportion between wilgbe and mutated mtDNA copies known as
mutation load ¢ can vary between muscle fibres, along muscle fibres length (Soicalg

1994) or among other tissues and organs within the same patient (Shahsike 2004). Also,
mutation load can change with time, decreasing in fast dividing tissues (blood) (Ra&traign
2001) and increasing in pestitotic tissues (muscle and brain) (Larsstral, 1990, Webeket

al., 1997)

1.1.5.3 Threshold effect

MtDNA mutations are functionally recessive (with rare exceptions (Sacstoai., 2008)). The
biochemical profile depends on the amount of mutated and wild type mtDNgu(el.4); a
muscle fibre segment shows respiratory chain dysfunctiéigurel.4, blue segment of muscle
fibore) when mutated mtDNA copée accumulate above a certain pathological threshold
(Sciacceet al,, 1994 Elsoret al,, 2002. Above this level, wild type mtDNA copies can no longer
compensate for the mutation and support the normal mitochondrial function (Rosséred|,
2003).

Thethreshold levelwas shown to vargccording to the tissue and the type of mutation. While
single largescale mtDNA deletions cause a biochemical defect when present at levels higher
than 60% (Hayaskit al, 1991), point mutations in tRNA genes only magtife defect when
present at levels above 90% (Chonggral., 1992). Also, tissues which are highly dependent on
OXPHOS system present a lower threshold level when compared to tissues relying on
anaerobic glycolysis (Tuppenal.,, 2010). Deficient regiorsf muscle fibres are usually flanked

by regions with intermediate activity progressing gradually into regions with normal

mitochondrial function (Elsoat al., 2002, Murphyet al., 2012).
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Figurel.4 lllustration of the threshold effect.

Mutated mtDNA can accumulate within cells up to a critical threshold with no impact on mitochondrial
respiratory chain function (illustrated in the longitudinal fibre in beige); wild type molecules can
complement thedefect. When the percentage of mutated mtDNA relative to wilt type mtDNA (mutation

f2FrR0 SEOSSRa (GKS dGOGKNBaK2f RéX YAU2OK2YRNALFf NB3
defect become apparent (illustrated in the longitudinal fibres in hlue)

1.2 The healthy skeletal muscle

The skeletal muscle is formed during myogenesis through the proliferation, differentiation and
fusion of mononuclear myoblasts into myotubes (Macintestal., 2006). These, group into
cylindrical multinucleated syncytium called muscle fibwelsich are generally arranged in
parallel along the longitudinal axis of the muscle (Macintestal, 2006). The number of
muscle fibres increases until 25 weeks of gastal age. Beyond this age, cell proliferation is
slowed (ceasing after birth) and muscle cigsesctional area increases through the

hypertrophy of existing fibres (Stickland, 1981).

1.2.1 Muscle architecture
1.2.1.1 Extracellular matrix

The skeletal muscle is mecheaally supported by the extracellular matrix organized into three
interconnecting layers Higure 1.5) (Borg and Caulfield, 1980)The endomysium covers
individual muscle fibres and is crucial for force transmission to both tendons and adjacent
fibres. The perimysium is a thicker layer that holds together muscle fibres into fascicules

providing the pathway for the capillary network and innervating motouno@s. And finally,
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the epimysium surrounds the entire muscle and is continuous with the outer layer of the

tendon(Gillies and Lieber, 2011).

Each muscle fibre is additionally surrounded by a glycoprotein comgadiedthe basement
membrane(Bowman, 188), which lies between the endomysium and plasma membrane (or
plasmalemma). It is involved in the organization of the neuromuscular junction, the
termination of synaptic transmission and the connection between the plasmalemma and the
endomysium (Macintosh et al, 2006) The plasmalemma and basement membrane are

collectively referred to as sarcolemnfilacintoshet al., 2006)

( — Perimysium

Tendon

Endomysium

Epimysium

Skeletal
muscle

Fascicle Muscle
fiber  Myofibril

Figurel.5 Schemaic illustration of skeletal muscle organisation.

The skeletalmuscle consists of muscle fibres encapsulated within epimysium, grouped by the
perimysium, and covered by the endomysium. Each muscle fibre is composed of myofibrils. Image
(adapted) with the courtesy of Professor Richard L. Lieber.

1.2.1.2 Musclefibres ultrastr ucture

Muscle fibres are formed by myofibrils arranged in parabeld egh myofibril is formed by
the repetition of sarcomeres Sarcomeresrepresent the contractile unit of the muscle

(Hopkins, 2006)Theyare separated from each other at Z line and arade up of actin (thin

14



myofilaments), myosin (thick myofilaments) and associated proteins (troponins and

tropomyosin)(Hanson and Huxley, 1953, Huxley, 1953)

Each myofibril is surrounded by two networks of tubular structures: T tubules and
sarcoplasmaticeticulum (FranziniArmstrong and Porter, 19647 tubules are invaginations of

the plasmalemma that run transversely across the fibre, encircling myofibrils. Its branched
arrangement allows propagation of the action potentials into the interior of mugbke. T
tubulesharbour dihydropyridine receptors (DHPR, voltagged C& channels) involved in the
transduction of excitation into contraction. The sarcoplasmatic reticulum derives from the
outer nuclear envelope and forms a network of longitudinahmtels and chambers. They
house ryanodine receptors (RyR) and*@eTPase (SERCA). RyR is a channel responsible for
C&*release whereaSERCA is involved ifGaequesteringMaclIntoshet al.,, 2006)

In mature muscle fibres, nuclei accumulate in the pleery of individual fibres adjacent to the
plasmalemma. According to the myonuclear domain theaggch nucleus controls the
surrounding area of cytoplasm by transcribing mRNAs locally and incorporating proteins in the

myonuclear domairfHall and Ralstor1,989, Pavlatlet al., 1989)

1.2.1.3 Motor endplate

The motor endplate is the muscle region contacting with motor nerve terminals. It is
characterized by a deep folding of the sarcolemma; the crests of the folds accumulate nicotinic
acetylcholine (ACh) recep®rAChRg)Fertuck and Salpeter, 1974hile the depths contain
voltagegated sodium (N3 channels. Nicotinic AChRs are rsmhective cations channels
activated by ACh and mediate the depolarization of the plasmalenivben the ACh
mediated depolarizatiomeaches a certain threshaldoltage-gated Na channels are activated

leading tothe genereatiorof a muscular action potentigkandelet al.,, 2000).

1.2.2 Muscle fibre types

The growth and differentiation of muscle fibres is known to be tightly controlled by the
nervous system. Motor neurons influence the phenotype of muscle fibres through the
frequency of electrical activityBuller et al., 1960) Discharge rates at 10 anddHz are

decoded by the transcriptional machinery into different patterns of gene expression triggering

slow and fastphenotypes respectivel{Schiaffino et al., 1999)
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Muscle fibres can be grouped into different classes according to morphological, nietabd
contractile characteristicsT@blel.2) (Burkeet al,, 1971, Peteet al,, 1972, Reiseet al.,, 1985)

Briefly, type | fibres present a highxidative capacity, their contraction and relaxation times

are longer, they generate less power (mechanical energy released per unit of time) and require
less ATP. Type Il present elevated glycolytic capacity, less mitochondria, high ATP consumption
rates and they fatigue more rapidly in response to sustained activity. These differences
between muscle fibres extend further to motor neuron properties as well as to the structure of
contractile elements. Most skeletal muscles have a mixture of different fijgpes with the

ratio between type | to Il varying with the muscle.

Several studies have shown marked differences in mitochondria between fast and slow fibre
types. In type Il fibres, the Eduffering capacity per mitochondria is lower, the threshold for
Ca?*induced apoptosis is-®ld higher and they produce-fdld more ROS (Picaed al., 2012)

1.2.3 Mitochondrial subpopulations in muscle fibres

Skeletal muscle fibresontain two subpopulations of mitochondria that differ essentially in
their subcellular localization, structure, bioenergy, activity, adaptive capacity and susceptibility
to apoptosis(Palmeret al,, 1977, Elandeet al., 1985, Cogswedlt al., 1993, Bizeaet al., 1998,
Adhihetty et al,, 2005, Molliceet al,, 2006). In brief, 20% of mitochondria accumulate around
the nuclei in suksarcolemmal regions (called sshrcolemmal mitochondria) whereas the
remaining accumulate in parallel rows between myofibrils. Thasger-myofibrillar
mitochondria are involved in energy production for muscle contraction. They are smaller and
more compact, have a higher oxidative capacity (efficiency in ATP production), produce more

reactive oxygen species (ROS) and are less sensit@" induced cell death.
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Tablel.2 Muscle fibre type enzymes, function and contractile characteristics.

Type | Type lla Type lIb
Slow Fastresistant Fastfatigable
Morphological properties
Fibrediameter Small Medium Large
Capillary density Rich Rich/ medium Sparse
Mitochondria Rich Rich Poor
Oxidative activity High High Low
Glycolytic activity Low High/ intermediate High
Myoglobin High High/ Intermediate Low
Myosin heavy chain Type | Typella Type IIb
Functional properties
Recruitment 1 2 4
Ca&*sequestration (SR) Slow Slow/ rapid Rapid
ATP consumption Low High High
Contraction speed Slow Fast Fast
Twitch force Small Intermediate Large
Fatigues resistance High Low/ Intermediate Low

Key: SR: sarcoplasmic reticulum. Adapted f(bacintosh et al., 200&nd (Hopkins, 2006)

1.2.4 Muscle contraction

Muscle contraction is initiated with synaptic transmission at the neuromuscular junction. The
propagation of an action potential into the psynaptic terminals causes the opening of
voltagegated C& channels. This increases cytoplasmic*@ancentrations which in turn
activates the exocytosis machinery. As a result, ACh is released into the synaptic cleft. On the
postsynaptic sideACh binls to nicotinic AChRs. This interaction triggers the influx of cations
into muscle fibres depolarizing the surrounding plasmalemma. Consequently, the activation of
voltagegated N& channels generates a muscular action potential that spreadsréctionaly

along plasmalemma (Kandet al.,, 2000).

The transduction of depolarization into contraction (excitatmontraction coupling) is
facilitated by DHPR receptors. While depolarization spreads dewnuiar membranes, DHPR
interact with RyR receptors psent in sarcoplasmatic reticulum. As a result**@Gareleased
into cytoplasm initiating the interaction of actin and myosin (crbegdges formation).
Multiple cycles of actimyosin interaction occur (increasing or shortening the muscle) (Huxley
and Nielergerke, 1954a, Huxley and Niedergerke, 1954b) untit €muestering by SERCA

exceeds release. As a result, the sarcomere returns to normal length (Hopkins, 2006).

17



The activation of muscle fibres can result in three types of contractions: isometritesiny

and lengthening (Faulkner, 2003). Isometric contractions occur when the external load is equal
to the force developed (or immovable load) and fibre length remains unchanged. When the
load is lower, the muscle shortens (concentric contractions),valnen it is greater the muscle
lengthens (eccentric contractions). During shortening contractions muscle performs work and
the velocity is loadlependent. By contrast, during lengthening contractions the energy

expenditure drops and the intensity of musaukffort is lower (Faulkner, 2003).

1.2.5 Muscle metabolism

Muscle contraction requires a lot of energy. Crbsslge movement is dependent on myosin
ATPase, Casequestering relies on SERCA and the restoration 6faNd potassium (K
concentrations acrosthe plasmalemma on N&* ATPase (Macintoskt al, 2006). During
short-term intense exercise, energy consumption can increase up to-id@ld(dBakeret al.,

2010) The energy expenditure rate (which is a function of the load and velocity) is dependent
on the breakdown ATP. Since muscle fibres (like all cellsjotistore ATP in large quantity,
they rely mainly on three metabolic systems to replenish ATP levels (Macletadh 2006,

Bakeret al,, 2010).

The immediate energy system relies on the forfipbosphocreatine (PCr). ATP is derived from
phosphocreatine by creatine (Cr) kinase (ADP + PCr = ATP + Cr) sustaining intense muscle
contraction for brief periods of time (05 seconds). This system regenerates ATP at an
extremely rapid rate (Bakegt al., 2010). The shoitterm energy system relies on the anaerobic
metabolism of glucose. It is activated during more prolonged activity and starts with an
increase in glucose levels through blood uptake and glycogenolysis (mobilisation of muscle
glycogen). Gicose is cleaved into pyruvate by a series of enzymes (glycolysis) leading to a
rapid ATP formation close to the required sites (Macintathal, 2006). Pyruvate is
subsequently converted into lactate (NADH # 4Hpyruvate = lactate + NAD by lactate
dehydrogenase; this reaction is essential to remove excessive pyruvate, regenerate
nicotinamide adenine dinucleotiddAD) and fuel further glycolysis . Both Cr and pyruvic acid
end-products stimulate mitochondrial oxidative metabolism, the ldegn energy system

(covered in detailed id.1.4.1Mitochondria oxidative metabolisjn(Bakeret al.,, 2010).

Any reduction in muscle ATP or ATP turnover results in theldement of fatigue. This is
characterised by decreased force production, slower force development and slower relaxation
of the muscle (Bakest al., 2010).
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1.3 The ageing skeletal muscle

During ageing (between the 20s and 70s), skeletal muscle undergoediredadotal muscle

mass by 2510% (Younegt al, 1984, Youngt al,, 1985, Lexekt al, 1988). This reduction has
been associated with a preferential atrophy of type Il fibres (Grietbgl., 1984, Lexelkt al,

1988) and a decline in the number of sule fibres (Lexeédit al., 1988, Lexell, 1993), with the
number of both type | and Il fibres being reduced by 50% between the ages of 20 and 90 years
old. Functionally, muscle strength was shown to decrease bB402b during both isometric and
shortening ontractions in 7680 agedindividuals falling to 50% after 90 years of age (Larsson

et al, 1979, Youngt al, 1984, Youngt al, 1985, Vandervoort and McComas, 1986). Also,
shortening velocities were shown to become higher, leading to slower movememds a

reduced power (Basset al., 1992)

Due to the high metabolic demand of skeletal muscle, dysfunctional muscle mitochondria are
thought to be an important driver of muscle functional decline with age. First evidence of
mitochondrial involvement inageing muscle arose with studies using electron microscopy
which demonstrated aecrease in the total number of mitochondria, in the number of cristae
and increase in size of individual organelles in aged mice and rats myocardium (Miquel et al.,
1980). Subequent histochemical, biochemical, and molecular studies provided more evidence
for the role of mitochondria in ageing (Hiona and Leeuwenburgh, 2008). The next section
highlights a selection of important studies performed in this field which support the

association of mitochondrial dysfunction and muscle functional deelitie ageing.

1.3.1 Biochemical andin vivoandin vitro studies

Several studies performed in healthy ageing individdave shown a decline in muscle
mitochondrial bioenergetics. Trouncet al. were the first to report a reduction in
mitochondrial respiratory chain function with age in human muscle92§ears old) (Trounce

et al, 1989). Subsequently, Cooper at showed that complex | and IV activities decline by
59% and 47% between theéd-830 and 6690 age ranges, respectively (Coomdral, 1992).
These findings are consistent with reductions in ATP flux. In that respecin thigro ATP
synthesis measured from isolated mitochondria was shown to decline at a rate of 5% per
decade betwea 18 and 78 years old (Shast al, 2005). Also, furthein vivo studies using
phosphorous magnetic resonance spectroscopy indicated a 50% reduction in muscle oxidative
capacity of aged individuals (69 years of age), which was related to a decline ofionitiial

density by 30%, and a reduction in mitochondrial oxidative capacity by 50% (Gdrdéy
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2000). Besides the bioenergetic decliime vivorates of mitochondrial protein synthesis were
also shown to be reduced by 40% in middged 854) and inolder @72) individuals
(Rooyackerst al, 1996). These results support the functional decline observed in the ageing

muscle¢ which include a reduction in force production and increased fatigue.

1.3.2 Histochemicalstudies

In 1990, MulleHockeret al. demorstrated that segments of fibres showing no COX activity
were randomly distributed in ageing muscle creating a mosaic appearance (olb&er,
1990). This results from the focal accumulation of mutated mtDNA within individual muscle
fibres, as demonstrad by cytochromec oxidase (COX) and succinate dehydrogenase (SDH)
histochemistry Figurel.6) (Old and Johnson, 1989); fibres appearing brown show normal COX
activity whereas those appearing blue are devoid of COX activity despite normal levels of

mitochondria.

Figurel.6 Mosaicdeficiency of the mitochondrial respiratory chain imgeingmuscle

Left panel shows young skeletal muscle; all muscle fibres show normal COX activity. Right panel shows
an aged muscle section; some fibres show normal COX activity (brown fibres), whereas some fibres
present no COX activity (blue fibres).

COX deficient fibres are a hallmark of mitochondrial dysfunction and were later shown to
accumulate with age in several species. In rhesus monkastsis lateralisthe percentage of
COX deficient fibres was shown toriease from 4% up to 60% between 11 and 34 years of age
(Lopezet al, 2000). Also, some abnormal fibres exhibiting subsarcolemmal accumulation of
mitochondria (called raggeckd fibres, RRF (Eggetral., 1981)) were observed. Similar results
were observedA Y Keetiisemorisand humanvastus lateralis In rats, abnormal fibres
showing RRF phenotype increased fraon-detectable levels up to 42% between 5 and 38

months (Wanagaet al,, 2001); m humansthey increasedrom 6% to 31% between the ages
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of 49 and 92years (Bueet al, 2006). The increased overall mitochondrial masfRRHs
associated with the activation of stdarcolemma mitochondrial biogenesis as a compensatory

response to the respiratory chain defect and energy failure (Moeaed., 1992).

1.3.3 Molecular studies

Mutations in mtDNA were shown to accumulate with age in diaphragm muscle (Hayakawa
al., 1991) and cardiac muscle (Cortopassi and Arnheim, 1990), antloeigtissues (Yeewet al,,
1991, Tayloet al, 2003). Although eletions, point mutations and depletion of mtDNA have
been reported (Fayeet al, 2002, Welleet al,, 2003, Shoret al, 2005) the ageing muscle
predominantly accumulates deletions (Cortopassi and Arnheim, 1990, Cortepatsil992).

Initial studies perforrad by Simonettet al. in human muscle homogenates underestimated
the impact of mtDNA deletions. These assessed mtDNA mutation load in homogenised muscle
and found that mutated mtDNA constituted only up @dl% oftotal mtDNA (Simonettéet al,,
1992) Later studiesanalysimg individuaimuscle fibregrovided evidencehat mtDNA deletions
accumulatel focally to high levels within a subset miusclefibres. This was observed in laser
microdissected fibres displaying mitochondrial dysfunction from aged rhresmkey (34 years
old) (Schwarzet al, 1995), humans (790 years old) (Brierlegt al., 1998) (492 years old)
(Buaet al, 2006) and rats (38 months old) (Caebal., 2001, Wanagagét al, 2001). Further
gquantitative PCR analysis in both aged hunaastus lateralisand ratquadricepq36 months)
showed that mutated mtDNA accumulate to detrimental levels, higher than 90%dBala
2006, Herbstet al,, 2007). Interestingly, studies performed in rodents revealed that regions
accumulating high levelsf mtDNA deletions ctocalize with dysfunctional cellular phenotypes
such as atrophic fibresand fibres displayingplitting and breakge (Wanagatt al, 2001,
Herbstet al,, 2007). Also, RRF were shown to be more frequent in rat type Il fibres (Watagat
al.,, 2001) and in muscles showing a higher muscle mass loss, swestas lateralisvhen
compared to the soleus aadductor longusmuscles (Bua et al., 2002). These results suggest
that accumulation of mtDNA mutations in ageing muscle fibres coeslatith fibre atrophy

and degeneration.

1.3.4 Studies in animal models

In 2004, Trifunoviet al. provided more evidence fathe association between mitochondria

and ageingnith the generation of the mutator miceThese mice harbowr knockin mutation
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in the proofreading regiorof mMtDNA polymerase gamma which impairs the fidelity of mtDNA
replication (Trifunoviet al, 2004) Consequently, the mutatomice accumulate high levels of
MtDNA point mutationg3 to 5 fold higher, (Trifunovigt al, 2004))and deldions (7 to 11 fold,
(Vermulst et al, 2008)) and interestingly, exhibit a prematurageing phenotype and

sarcopenig Trifunovicet al., 2004, Hionaet al., 2010).

In this mouse model, mtDNA mutations accumulating in muscle fibres were shown to induce a
decline in total content of complexes I, 1l and IV and a severe respiratory chain dysfunction.
Also, both oxygen consumption and ATP production were shown to be reduced (Trifehovic
al., 2004, Trifunoviet al., 2005, Hionat al., 2010). Due to the ingired oxidative metabolism
these mice present a higher reliance on glycolysis as a mean of energy production (8aleem
al., 2015).

Although some studies did not find correlations between mtDNA mutations and enhanced ROS
production, mtDNA oxidative damagad upregulation of the antioxidant system (Kujoét

al., 2005, Hionaet al., 2010) some contradictory results were recently published. Koktsal.

using a newly developed method to measure mtDNA replication and oxidative damage in
intact mtDNA, found that the mutator skeletal muscle had lower levels of mitochondrial
proteins and increased levels ofGHAG (marker of oxidative damage) within the b of
muscle (Kolesaet al, 2014). Also, Logaet al. used a new methodnfitochondriatargeted

mass spectrometry prob#litoB) to measureHO, within mitochondriain living mice. They
found an increased production of ROS in skeletal muscle of the ageatangroup (3542
weeks) when compared to the young mutator group2(® weeks) a trend not observed in

ageing control mice (Logat al,, 2014).

Finally mtDNA mutations in cardiac and skeletal muscle were shown to trigger apoptosis
(Zhanget al, 2003, Kujoth et al, 2005, Hionaet al, 2010). This suggests that mtDNA
mutations, and the consequent decrease in respiratory chain function, may lead to energy
defects and ultimately to programmed cell death, with fibre loss being the phenotypic

hallmark.

Although many studies have already documented the accumulation of mitochondrial

dysfunction in ageing muscle, a more rigorous study using accurate quantification tools was
needed. For that purpose, a novel assay was developed and extensively optimised
using muscle samples from patients with mitochondrial disease. The following section gives an

overview of mitochondrial diseases
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1.4 The skeletal muscle in mitochondrial diseases

Mitochondrial diseases are a group of heterogeneous disorders that arise from defetis
OXPHOS system. The prevalence of 1 in 4300 people has been reported for the North East of
England (Schaefet al., 2008). These diseases are caused by mutations in either mitochondrial
or nuclear genomes. Mitochondrial DNA mutations were shownctmant for 9.6 in 100,000

and nuclear mutations to account for 2.9 in 100,000 of the adult cases in the North East of
England (Gormaat al., 2015). This section will overview the most common mitochondrial and
nuclear defects- which are relevant to thisesearch. Rare defects will only be covered in

chapter 5.

1.4.1 Clinical presentations

Mitochondrial disorders are characterised by a wide spectrum of clinical presentations: they
can affect either a single structure such as the optic nerve in Leber’'s heyedifgic
neuropathy, a whole organ such as seen in myopathies, cardiomyopathies and
encephalopathies or multiple organs (Chinnery, 2014). Due to its high metabolic demand,
muscle is commonly affected, either exclusively or predominantly in patients withuli- m
systemic phenotype. Common clinical features include ptosis, proximal myopathy and exercise
intolerance, cardiomyopathy, external ophthalmoplegia, deafness, optic atrophy and diabetes

(Chinnery and Hudson, 2013).

Despite the heterogeneity of mitochdnial disorders, some wetlefined syndromes have

been characterised such as KeaBmyre syndrome (KSS), chronic progressive ophthalmoplegia
(CPEO), Pearson syndrome (PS), mitochondrial encephalomyopathy, lactic acidosis and stroke
like episodes (MELAS)yoclonus epilepsy with raggedd fibres (MERRF), Leber’s hereditary
optic neuropathy (LHON), neuropathy, ataxia and retinitis pigmentosa (NARP) and maternally
inherited Leigh syndrome (MILS) (Chinnery, 2014). Description of these symptoms are
summarisedin Tablel1.3 and Table1.4. It is important to mention that not all patients fall

neatly into just one category.
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Tablel.3 Common syndromes caused by mutations in mitochondrial DNA.

Syndrome Common genotypes

Affected organs

Point mutations

Mitochondrial m.3243A>GVT-TL1

encephalopathy, @ m.3271T>QMT-TL1
lactic acidosis and
strokelike m.9957T>@®AT-CO3

episode (MELAF m.12770A>QAT-ND5

Myoclonic
epilepsy and
ragged red fibres
(MERRF)

m.8344A>CGT-TK
m.8356T>GAT-TK

Neuropathy,
ataxia and
retinitis
pigmentosa
(NARP)

m.8993T>QIT-ATP6

[ S6SNDa m.3460G>AMT-ND1
optic neuropathy m.11778G>MT-ND4
(LHON) m.14484T>GAT-ND6

Leigh syndrome  m.10158T>GAT-ND3

Single deletions

KearnsSayre
Syndrome (KSS)

Single largescale
mtDNA deletion

t SI NE 2
Syndrome (PS)

Single largescale
mtDNA deletion

Chronic )
rogressive Single largescale
Pos mtDNA deletion
external
ophthalmoplegia
(CPEO)

Brain (strokeike episodes, encephalopathy, migraines), skele
muscle (myopathy, lactic acidosiBgart, pancreas, ear and gu

Skeletal muscle (myoclonus and myopathy), brain (cerebell
ataxia, deafness and dementia), heart

Brain (ataxia), eye

Eye (central vision loss), heart

Brain (brainstem, diencephalon and basal ganglia), periph
nerve, skeletal muse

Extra-ocularskeletal muscle (progressiparalysi3 heart
(cardiomyopathy), brain (cerebellar ataxia, deafness), eye

Bonemarrow, exocrine pancreaskeletal muscle and brain.

Extra-ocularskeletal muscle (progressiveeakness/paralysis

and ptosi3, proximal skeletal muscles (muscle weakness ar
wasting), exercise intolerance, heart

(Zeviani and Di Donato, 2004, Tuppatral., 2010, Ylikallio and Suomalainen, 2012)
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Tablel.4 Common syndromes caused by mutations in nuclear DNA.

Syndrome Gene mutated Affected organs

Genes encoding structural and assembly factors

SNRIL[J)IEJ?Zfl-BNDNLI;?JII::i?L Brain (brainstem, diencephalon and basal ganglia), peripht
(’Com lex I’subunits) nerve, skeletal muscle
Leigh syndrome P
SURF1, SCO1, LRPF
(Complex IV assembl

factors)
Genes involved in mtDNA maintenance
. .POLGPEOl. Skeletamuscle (muscle weakness), progressive
mtDNA depletion (replisome machinery) encephalopathy or liver failure
syndrome '
SLC25ARRM2B
(dNTPs metabolism)
. Extra-ocularskeletal muscle (progressiveeakness/paralysis
Prec))g:re:z:ve (re Iizt?nl;glr:nigﬁiner ) and ptosi3, proximal skeletal muscles (muscle weakness ar
. P y wasting), exercise intolerance, heart
ophthalmoplegia
(PEO) SLC25ARRM2B

(dNTPs metabolism)

Genes involved in transcript maturation and mtDNA translation
Myopathy, lactic

acidosis, PUSL Skeletal muscldgone-marrow
sideroblastic (tRNA modification)
anemia
Infantile GEML1 Brain, liver
hepatocerebral .
(Elongation factor)
syndrome
MRPS16: brain (corpus callosum)
MRPS22: heart, kidney
Fatal neonatal MRPS16MRPS22

lactic acidosis (Ribosomal proteins)

Leukoencephalop Brain
athy, brainstem DARS2
and spinal cord (AmynoactRNA
involvement, synthase)
lactic acidosis
Genes involved in protein and RN#port
Progressive GFER Skeletal muscle (progressive myopathy), eye
mitochondrial (protein import into
myopathy IMS)
Brain (severe hearing impairment)
Deafness PNPT1

Genes involved in mtDNA dynamics

Brain (optic atrophy, hearing los&xtra-ocularskeletal muscle

Dominant optic  Autosomaldominant (progressivewveakness/paralysis and ptokis

atrophy OPA1

Data shown here serves merrily to illustrate the variety of symptoms caused by secondary mitochondrial defects.
((Zeviani and Di Donato, 2004, Tuppral., 2010, Ylikallio and Suomalainen, 2012)
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1.4.2 Hallmarks of mitochondrial disease

Patients with OXPHQ#fects can presentith increased lactic acid production. This can be
detected in blood and cerebrospinal fluid (Jacksbral., 1995) in severely affected patients.
This increased production results from the-tggulation of glycolysis and the accumutattiof
pyruvate; due to the OXPHOS impairment, pyruvate is no longer imported into mitochondria
to feed the TCA cycle after its decarboxylation. Instead it remains in the cytoplasm where it is
converted into lactic acid. This overproduction is commonly eiased with lactic acidosis a

condition of global low pH in blood and body tissues (S&tat, 2012).

Figure 1.7 Mosaic deficiency of the mitochondrial respiratory chain in muscfeom patients with
mitochondrial disease.

Left panel shows a muscle section from a patient with multiple deletions in muscle. Right panel shows a
muscle section from a patient with a single laiggale mtDNA deletion. Brown fibres show normal COX
activity (brown fibres), e fibres are devoid of COX activity.

Additionally, patients usually display other biochemical and morphological features. The
activity of one or more complexes is commonly reduced (Tatl@l., 2004). Similar to what
occurs in the ageing muscle, inveinent of mtDNA (as point mutations in tRNAs, single or
multiple DNA deletions) lead to a mosaic pattern of COX deficiency in muscle (Jetirzdon

1983, Sciaccet al, 1994) Figurel.7). RRF are also common, however these can either be
COX normal (in MELAS) or COX deficient (in CPEO, KSS or MERRF) (RettaizZia4).
Involvement of nuclear DNA (other than mutations in genes leading to multiple deletians) ¢
only be detected using COX/SDH histochemistry if the defect impairs complex IV activity and in
this case, the defect is usually uniformly expressed across all muscle fibres. The impairment of
remaining complexes can be detected by performing biochemgtaties on muscle
homogenates (Taylast al., 2004).
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Most of the functional and cellular consequences of specific mutations have been studied
using transmitochondrial cytoplasmic cybrid cells; these are immortalised human cell lines
depleted of their ownmtDNAthat NB NB LJ2 LJdzf G SR A GK LI GASY(a
Attardi, 1989). This system allows testiofgdifferent levels of heteroplasmy and the resulting
impacton ATP production, ROS production and calcium homeostasis. It was shown that when
one or more respiratory chain complexes are compromised, oxygen consumption and ATP
production are usually decreased (Trouretal, 1994, Hofhaust al, 1996, Pallottiet al,

2004, Gonget al,, 2014). This could explain why mitochondrial patients commeRrperience
fatigue, muscle weakness and exercise intolerance, which is characterised by incapacity to
produce force during sustained muscle contraction (Hadterl, 1978). Additionally, other
mitochondrial functions may be impaired. For instance RQ@8yation and cell death were
shown to be upregulated in cybrid cells containing specific pathogenic mutations in complex |
and V (Wonget al, 2002, Mattiazzet al, 2004). A perturbation of calcium homeostasis, as
reported by elevated cytosolic €adue to a reduced capacity of calcium sequestering, was
also detected in fibroblasts from patients with MELAS and complex | deficiencies caused by

nuclear mutations (Mattiazat al., 2004, Willemet al.,, 2008).

1.4.3 Mitochondrial defects

First pathogenicmutations h mtDNA were identified in 1988.irgle largescale mtDNA
deletions of up to 7kbwere detectedin patients with encephalomyopathy (mitochondrial
myopathy and KS$Molt et al, 1988, Zevianét al., 1988) anda single base alteration ithe
mitochondrial gene encodinD4was foundin patients with LHONWallaceet al., 1988a).
Since then many more mutations and rearrangements of mitochondrial genome have been
reported (Mitomap). Table1.3 summarises and characterises common syndromes observed in

patients with mitochondrial defects.

1.4.3.1 Point mutations

Pathogenic point mutations are present in the adult population with a prevalence of 1 in 5000
(Schaefert al, 2008, Gormaret al., 2015). They are typically maternally inherited and most
of them (50%) have been reported in tRNAs genes; 40% were located in structural genes and

only 2% within rRNAs genes (Sclebl., 2012).
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Point mutations are usglly heteroplasmic and require high thresholds -@®6) to express
mitochondrial dysfunction (Chomyet al, 1992, Mariotti et al, 1994). However, some
exceptions have been found with some mutations causing disease at low threshold. Two
studies detected:a 25% mutation load in clinically affected tissues of patients with the
m.5545C>Twithin the tryptophan tRNAMT-TW) gene (Saccomt al., 2008)and 7% mutation

load in patients with them.14723T>Gn the glutamic acidkRNA MT-TB gene(Alstonet al.,

2010). Also, some cases of homoplasmy have been reported in structural genes of complex |
(Wallaceet al., 1988a) and within the mitochondrial serine 1 tRNA gene7@gd5T>QVT-TS)
(Reidet al, 1994); these mutations were associated with orgpecific gmptoms such as

blindness and deafness, respectively.

Common point mutations include those occurring within mitochondyisine (m.8344A>GIT-

TK and leucine (3243 A>BT-TLY) tRNAS; first identified in patients with MERRBhoffneret

al.,, 1990)and MEIBAS(Gotoet al,, 1990, Kobayaslt al, 1990) respectivelyThe m.3243A>G
MT-TL1mutation is the most prevalent (7.8 in 100,000) point mutatiarthe North East of
England (Gormart al, 2015). Althought 80% of the patients display a MELAS syndrome
(Goto et al., 1990)CPE(QMoraeset al, 1993) and myopathy (Karpp al., 2005)are also
frequent The m.8344A>®AT-TKmutation associated with MERFF (Shoffeeral, 1990) is
rarer in the North East of England (0.7 in 100,000) (Goretal., 2015).Mutations in tRNAs

can affect mitochondrial protein synthesis through several mechanism such as altered
aminoacylation, altered thredimensional structure and incorrect folding or decoding.
Regardless of the underlying mechanism, mutations in tRNAs colyread to a decline in
oxygen consumption rate, decreased activity of multiple OXPHOS complexes (such as | and 1V)

and increased lactate production (Marioéti al,, 1994).

Pathogenic point mutations in all mitochondrial subunits of complex I, IV anen¥sghave

been associated with disease (Ylikallio and Suomalainen, 2012). For instance, three common
mutations in mitochondrialND1 (m.3460G>A)ND4 (m.11778G>A) andND6 (m.14484T>C)

were shown to cause LHON (Wallateal.,, 1988b, Howelkt al., 1991, Johset al,, 1992).

1.4.3.2 Singledeletions

Most rearrangements of mtDNAonsist ofsinglelarge-scalemtDNAdeletions (1.5 in 100,000)
(Gormanet al, 2015 ¢ KSe& (Ge@LIAOlFffte 200dzNJ AL NI RAOI f ¢
early embryogenesis) and can reneofrom 1.3 kb up to 10 kb of mtDNA, encompassing at

least one tRNA gene (Pitceathly et al, 2012) A common deletion of 4,977 bp (with
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breakpoints at nucleotides: 8470 and 13477) is frequently repoii®@dhonet al., 1989)
Although individual single ddiens may vary between patients, each patient harbours only
one deleted genome spedawithin affected tissues Theseare heteroplasmic, and require
lower pathological threshold (60%) to manifest dysfunction when compared to point
mutations (Hayashi et al.1991) Patients can present variable clinical phenotypeE®, KSS
and P$ which can be predicted by the mtDNA deletion size and mutation load (@taaly
2014)

1.4.3.3 Duplications

Duplications of mtDNA were first identified in 1989 in blood from patievith mitochondrial
myopathy and a mulisystemic disorde(Poultonet al., 1989) More cases have been reported
since then(Rotiget al,, 1992, Poultoret al, 1994) There is still some uncertainty whether
these larger genomes result from the insertion of individual deletion genome into a wild type
molecule, or they result from the combination of two partially deleted molec(@Resultonet

al., 1989) Also, their effcts on mitochondrial functions are unclear since duplications do not
lack any tRNASRNASs or structural genes, and no oxidative impairment has been reported in
these patientsManfrediet al,, 1997, Odoardet al., 2003) Interestingly, mtDNA duplicatien

are foundwith combination in single deletions in patients with an eashset KSS disease,

representing an hallmark of K§%ultonet al, 1994)

1.4.4 Nucleardefects

The nuclear genome contributes to mitochondrial function in many different wiysugh
the structure or assembly of OXPHOS complexes, maintenance of mtDNA, transcription and
translation of mtDNA, mitochondrial fusion and fission and last but not least, import of

nuclearencoded RNA and proteins into mitochondria (Schbal., 2012).

The frst pathogenic mutation in a nuclear gene was identified in 1995. Bourgetoal.
reported a mutation in anuclearencoded subunit of the succinate dehydrogenase (SBH)

two sisters with complex Il deficiendBourgeronet al, 1995). Since then, moleeul and
sequencing approaches made the identification of novel mutant nuclear genes possible (Calvo
et al, 2012).Table 1.4 characterises syndromes abrwved in patents with nuclear defects;
some of the defects are mentioned to illustrate the heterogeneity and complexity of this
disease.As opposed to mitochondrial defects, nuclear mutations present a Mendelian

inheritance .
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1.4.4.1 Mutations in nuclearencoded gructural subunits or assembly factors

The nuclear genome encodes 70 (out of 83) polypeptides of the OXPHOS complexes.
Mutations in nucleaiencoded subunits of all OXPHOS complexes have been identified (Schon
et al., 2012). Those affecting complex | arestmmommon, and have been described in 16 out

of 45 nuclear structural genes. By contrast, mutations in nueeaoded subunits of complex

IV are less frequent and have only been described in 2 out of the 11 nuclear structural genes.
These mutations in ndearencoded structural genes usually cause severe disorder,
sometimes are even lethal during infancy, and manifest at birth or soon after (DiMauro et al.,
2013). Apart from structural genes, the nuclear genome encodes assembly factors which are
strictly required for proper assembly and stability of the holocomplexes. Mutations in
assembly factors of all OXPHOS complexes have also been reported (Tiranti et al., 1998, Zhu et
al., 1998, Visapaa et al., 2002, Ghezzi et al., 2009, Calvo et al., 2010).

1.4.4.2 Mutations in genes involved in mtDNA maintenance

Several nucleaencoded proteins are directly (POLG and Twinkle) (Lestienne, 1987, Spelbrink
et al, 2001) or indirectly (p53R2 subunit, and ANT1) (Neckelnearah, 1987, Tanakat al.,

2000) responsible for mtDN@aintenance and regulation of mtDNA copy numbeither by
composing the replisome or by supplying dNTPs to mitochondria. Mutations in these genes are
commonly associated with a severe onset multisystemic disease (mtDNA depletion syndrome),
or with a mibl adultonset autosomafecessive or autosomalominant PEO (with
accumulation of multiple mtDNA deletions and no effect on mtDNA copy number) (Ylikallio

and Suomalainen, 2012).
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1.5 Aims

Due to theincreasingprevalence of sarcopenia, with great impactstwrth the quality of life
and health care costs, thergasa need to explore the biology dhe ageing skeletal muscle.

For this reasonhis studywas originallydesigned to investigate the following areas:

1. Changes occurring in selectskkeletal musclesuting ageing;
2. Mechanisms driving muscle wasting in ageing;

3. Potential therapeutic interventions which could be offered to the elderly.

COX/SDH histochemistry and immunohistochemistry were initially used to investigate the
ageing muscle. However, soon aftel realised that these methods presented serious
limitations. To overcome these problems, | developed a new method to accurately quantify
the level of mitochondrial damageinitially using COX/SDH histochemistry and subsequentely
using immunofluoresceare. In order to optimise the new assay, | assessed patients with
mitochondrial disease, and during this process, it became evident that this assay could greatly
benefit patients with mitochondrial diseases. For this reason, this research was then redirecte

to meet the following aims:

1. Devise an assay that allows accurate quantification of mitochondrial dysfunction in
diseased and healthy ageing muscle,

2. Improve diagnosis of patients and explore mitochondrial disease mechanisms,

3. Use the developed assay to estigate the effectiveness of potential therapeutic

interventions which could be offered to patients with mitochondrial disease.
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Chapter 2. Materials and methods

2.1 Materials

Equipment

Axiolmager M1 microscope

Apotome Axio Imager Z2 microscope
AxioCam MRm monochrome digital camera
AxioCam MRc colour digital camera
AxioVision (release.4.8.2) image capture software
Balancesartorius basic

Binder general purpose incubator

CCD colour camera

Cyostat (Crystar HM 560M)

Dry heat block

Excel

Image X image analysis software

Imaris- image analysis software

Laminar flow hood

Minitab 16

Olympus BX51 light microscope

Prims 5

3510 pH meter

Stereology software (Stereo Investigator, MBF)
Vortex Genie

Zen 2011 (blue edition) image capture software

Consumables

Aerosol resistant pipette tips

Coverslips (22 x 22mm, 22 x 40mm, 22 x 50mm)
Eppendorf tubes (0.6ml, 1.5ml, 2.0ml)

Falcon tubes (15m§0ml)

Gilson pipetteman (P2, P10, P20, P200, P1000)

Pasteur pipettes

Carl Zeiss

Carl Zeiss

Carl Zeiss

Carl Zeiss

Carl Zeiss
Sartorius

Philip Harris
Olympus

Microm International
Techne

Microsoft

Public Domain, NIH
Bitplane
JenconsPLS
Minitab Inc.

Olympus

GraphPad Software Inc.

Jenway
Bioscience
Scientific Industries

Carl Zeiss

Star lab

Merck

Star lab

BD Biosciences
Anachem

VWR
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Superfrost slides
Slide tray and box

Whatman filter paper

Reagents: tissue preparation
Iso-pentane

Liquid Nitrogen

OCT cryeembedding matrix

ReagentsHistology and immunohistochemistry

Catalase
Cytochrome ¢

3,3 Diaminobenzidine tetrahydrochloride

3,3 Diaminobenzidine tetrahydrochloride tablets

DPX mounting media

Bovine serum albumin (BSA)
Ethanol

Haematoxylin

Histocleaf"

Hydrochloric acid

Hydrogen peroxide 30%
Hydrophobic pen

Methanol analar

MenaPath detection system
Nitroblue tetrazolium
Normal goat serum (NGS)
4% Paraformaldehyde (PFA)
Phenazine methosulphate
Phosphate Buffered saline (PBS) tablets
Prolong gold mounting media
Sodium azide

Sodium succinate

Sodium chloride (NaCl)
Sudan black

Trizma base

Tween20

Merck
Thermo Scientific

Fisher Scientific

‘ Merck
‘ BOC

‘ Raymond Lamb

SigmaAldrich

Sigma

Sigma

Sigma

BDH

Sigma

Fisher Scientific
Raymond A Lamb
National Diagnostics
VWR

Sigma

Daido Sangyo
Merck

Menarini diagnostics
SigmaAldrich

Sigma

Santa Cruz Biotechnology
SigmaAldrich
SigmaAldrich

Life Technologies
SigmaAldrich

Sigma

SigmaAldrich

VWR International (342013F)
SigmaAldrich
SigmaAldrich
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Vectashield hardet mounting medium

ReagentsPrimary antibodies
Mouse IgG2a MTCOI

Mouse 1gG2b NDUFA13
Mouse IgG1 SDHA

Mouse IgG1 NDUFBS8

Mouse 1gG2b Porin
PoliclonalRabbit IgG Laminih-1

ReagentsSecondary antibodies

Anti- mouse IgG2a Fluoresceim88nm
Anti- mouse IgG2b Rhodamimgeb46nm
Anti- mouse IgG1 Alexa flugr647nm
Anti- mouse IgG1 Rhodamin&46nm
Anti- mouse 1gG2b Alexa flugre47nm
Anti- mouse IgG1 Alexa flugrd88nm
Anti- mouse IgG2a Alexhior ¢ 546nm
Anti- mouse 1gG2b Alexa flugre33nm
Anti- mouse IgG2b Alexa fluqrd88nm
Anti- mouse IgG1 Alexa flugrs46nm
Anti- mouse lgG2alexa fluorg 647nm
Anti- mouse 1gG2a Biotin
Streptaviding 647nm

Anti-rabbit IgG Alexa fluor 405nm
Anti- mouse IgG2a Alexa fluQqd88nm
Anti- mouse IgG2b Alexa flugrs46nm
Anti-mouse 1gG1 Biotin

Solutions

Phosphate buffered saline (PBS)

Tris buffered saline with tweerfconcentrated 5x)

(TBST, pH 7.6)

Vector laboratories

Abcam (Ab14705)
Abcam( Ab110240)
Abcam (Ab14715)
Abcam (Ab110242)
Abcam (Ab14734)
SigmaAldrich (L9393)

Jackson IR Lab (1-:085-206)

Jackson IR Lab (1:295-207)

Life Technologies (A21240)
Jackson IR Lab (1:295-205)

Life Technologies (A21242)
Life Technologies (A21121)
Life Technologies (A21133)
Life Technologies (A21146)
Life Technologies (A21141)
Life Technologies (A21123)
Life Technologies (A21241)
Life Technologies (M32315)
Life Technologies (S31556)
Life Technologies (A31556)
LifeTechnologies (A21131)

Life Technologies (A21143)
Jackson IR Lab (1-065-205)

1 tablet

100ml distilled water
1219 Trizma base
90g NacCl

50ml Tweer20

* Jackson IR Lab: Jackson ImmunoResearch Laboratories
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2.2 Methods

2.2.1 Ethical approval

Ethical @proval for this research was granted by the Newcastle and North Tyneside Local
Research Ethics Committees (reference 09/H0906/E®)ical approvafor the use of post
mortem tissue and surplus tissue taken for diagnostic purposes in research studasgyftta
written informed consent) was granted by Newcastle and North Tyneside 1 REC (reference
2002/205).

2.2.2 Muscle biopsies

Clinical nuscle biopsiesrom cases of suspected mitochondrial diseagere taken from the
mid-portion of the vastus laterak using the needle biopsy techniquePostmortem tissue
(biceps,vastus lateraliand psoasmuscle) from healthy aged controls were collected with a
maximum delay of 72h and processed immediatdlyansversely orientated muscle blocks
were snapfrozen in an isopentane bath p@ooled to-160'C in liquid nitrogen. Subsequently,
frozen muscle was embed on Whatman filter paper using OCTFecnpedding matrix and

finally stored at80'C.

2.2.3 Cryostat sectons

Serial sections from transversely orientated muscle blocks were obtained using-at&ry#ivi
560M cryostat. Frozen muscle blocks were cut-20'C into sections of 10psthick and
collected onto superfrost slidgdlerck) Sections were allowed to airy at room temperature

(RT) for 1h and then stored &0'C for subsequent use.

224 - AUAOGO ( AAIl AGiaimngl ET AT 01 OAO
Haematoxylin stain (Mayer 1904) was used to visualise muscle nuclei. Haemotoxylin is a

compound that binds to arginingch nucleoproteins such as histones. This binding oxidises

haematoxylin to hemalum, which has a blue colour.
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2.2.5 Cytochromecoxidase (COX Succinate dehydrogenase (SDH)

Sequential cytochrome oxidase (COX) and succinate dehydrogenase (SDH) histochemistry is
the gold standard methodology to assess mitochondrial respiratory chain activity in muscle
cryo-sections (Old and Johnson, 1989). G@atction measures complex IV activity and SDH
reaction measures complex Il activity, in individual muscle fibres. Since complex IV is partially
mitochondrial encoded, mtDNA mutations will most likely affect COX activity. However,

complex Il is fully nucée encoded and therefore it measures overall mitochondrial mass.

The reaction of COX relies on the oxidation of diaminobenzine (DAB) by active cytochrome.
Active complex IV oxidises DAB which forms a brown precipitate that saturates cells. The
reaction of SDH, on the other hand, relies on the reduction of nitroblue tetrazolium by
succinate dehydrogenase (SDHA and SDHB) and the subsequent production of a blue
precipitate. By combining both reactions in a single slide, identification of cells with
mitochondiial dysfunction is easy. COX positive cells appear brown (due to the oxidation of
DAB); COX deficient fibres appear blue (due to the absence of oxidised DAB during the
incubation with COX reaction and formation of the blue precipitate during the incubwifitn

SDH reaction).

For both COX and SDH solutions preparation, reagents were defrostedGitGBX reaction

gl & LINBLI NBR o0& | R-édmhdaoenyidine tetrahyarachlaride{DAB)X260RI

of 100uM cytochrome ¢ and a pinch of catalase, in Oftidsphate buffered saline solution
(PBS, pH 7.0), and vortexed quickly. SDH was prepared by adding 800ul of 1.5mM
nitrobluetetrazolium, 100ul of 130mM sodium succinate, 100yl of 0.2mM phenazine

methosulfate and 10ul of 0.1mM sodium azide in 0.2M PBS )Hand vortexed quickly.

COX/SDH histochemistry was carried onttransverse muscle sections (10ur8grial sections

were taken from the freezer and allowed to air dry for 1h at RT. After rehydrating in PBS,
sections were incubated with either 100ul 0D& solution (for 45min at 3) or 100pl of SDH
solution (for 40min at 3%C) in a humidified chamber. For the combined COX/SDH
histochemistry a section was incubated with COX reaction for 45min followed by the SDH
reaction for 40min with a brief wash in BBn between. Following the staining procedure the
sections were washed with PBS, dehydrated in ascending ethanol gradients (70%, 95%, 100%,
100%) and cleared in two washes in histoclear. Sections were mounted in DPX medium and

covered with a cover slip.
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2.2.6 Immunohistochemistry

Immunohistochemistry was carried out on transverse muscle sections (10um) using antibodies
RSGSOGAY3T &dzodzyrAida 2F YAG2O0K2YRNARLFE NBELANE
provide information abouthe type ofantibodies ued, incubation times and conditions. Two
systems were used to detect primary antibodies: chromogen and fluorescence. For both, the

initial steps of the immunohistochemical protoagére similar, and as follow:

Briefly, nuscle sections were taken from theeézer and allowed to dry for 1h at RT.
Approximately 10 min before initiating the protocol, sections were encircled using a
hydrophobic pen; thipreventsthe leakage ofincubation medium from muscle sections. The
sections were fixed in cold 4% paraforehahyde (PFA) at room temperature (RT) and washed
in tris buffered saline with tween (TBSIK. This fixation step $equently essential because it
crosslinks proteins ensuring unalteretissue morphology, angreserves tissue fofurther

processing.

Sections were then permeabilised in a gradient of methanol as follows: 10min in 70%
methanol, 10min in 95% methanol, 20min in 100% methanol, 10min in 95% methanol and
10min in 70% methanol. This step was required since most investigated antigens were
intracellular proteins. The methanol gradient dissolves lipids from cell membranes, and

therefore allows antibodies to access the inside of muscle fibres.

After washing in TBSIx)the sections were incubated withrotein blocking solution; this is a
solution of normal serum from the specida which secondary antibodies were raised. This
step prevents nonrspecific binding of secondary antibodies to endogenantsgens Primary
antibodies were diluted irthe protein blocking solution tothe correct concentratios and
were applied ontothe sections. Sections were incubated overnight at 4°C in a humidified
chamber.Secondary antibodies/reagents incubation and the subsequent detection steps are

explained in detail below.

2.2.6.1 Chromogenbased immunohistochemistry

Fa chromogenbased immunohistochemistry, the protocol was performed as described above
with one incorporated changdé).3% of HO, was added to e 95% methanol potHydrogen
peroxide allows blocking endogenous peroxidase activititis is crucial sincgrimary
antibodies were detected using MenaPath kit (Menarini Diagnostigh)jch relies on

horseradish peroxidase enzymatic detectiorhis system uses a specificiversalprobe to
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detect mouse antibodies and a second prolapolymer coupled with horsadish peroxidase
(polymerHRP)- to increaselabelling intensity and sensitivityrhe hydrogen peroxide step

prevents therefore norspecific background due to active endogenous peroxidase.

Following the primary antibodies incubatiamd subsequentvashesin TBST (1x}he sections

were incubated with universal probe (MenaPaftb) 30 min. Having washed the slides in TBST

(1x), polymerHRPwas applied onto the sectiondvenaPath). Finally DAB was prepared by
dissolving 1 silver and 1 gold tabletin 5SmI af@ G A f t SR &1 G§SNJ 61 OO0O2 NRA Y :
instructions, Sigma) and appliednto the sections; DAB is a substrate of HRP. The
development of brown precipitate was monitored under the microscope until satisfactory
signalappeared. Sections were countarii F A Y SR gAGK al @Snmal @ $§ 8wa i :
Haematoxylin countestaining by immersing slides in haematoxylin for 10min. Subsequently,
sections were washed in tap water until the water turned clear, dehydrated in in ascending
ethanol gradients (70%, 95%, 100%, 100%) and cleared inv&sbes in histoclear. Sections

were mounted in DPX medium and covered with a cover slip.

2.2.6.2 Fluorescencebased immunohistochemistry

For fluorescencéased immunohistochemistry, primary antibodies were detected using
secondary antibodies coupled with fluoroptes. An important aspect of this technique is the
ability to visualise several epitopes at the same time, using a single sample. This is possible due
to the multitude of gammalg (IgG)isotypes (IgG1, IgG2a, 1gG2bf host speciesdonating

antibodies (nouse, rabbit, chicken, among othgrand of fluorophores available.

Double, triple and quadruple immunofluorescence was performed in this study. In all, sections
were incubated with acocktail of diluted primary antibodies (of two, three or four primary
antibodies).After washing in TBSIx), the sections were incubated with a cocktail of diluted
secondary antibodie@wo, three or four secondary antibodiesjhe sections were washed in
TBST (1»gnd mounted in mounting medium and covered with a covigr(flirther details will

be provided in chapters 3 and.4)

2.2.7 Imaging

Brightfield and luorescent images were acquired &0x or 20x magnification using Zeiss

Microscope (Axio Imager M1) and Zen 2011 (blue edition) software. The microscope was
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equipped withboth colour andmonochrome Digital CamesdAxioCam MB AxioCam MRm)
and appropriate filter cubes that allow detection of 488nm, 546nm &A@dnmfluorescence.
The exposure times for each channel were set to avoid pixel saturatiorkeptdconstant
between cases (unless stated otherwis&ectionswere imaged(with a safety gap between
scanned areas to avoid overlappirag)d stored as 1®it fluorescenttagged image file format
(TIFF) and czi files
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Chapter 3. Developing a novel assay to investigate mitochondrial

respiratory chain dysfunction in single muscle fibres

3.1 Introduction

Mitochondrial dysfunction occurs in patients with mitochondrial disease and as part of the
ageing process, predominantly affecting tissues with high metalveticirements such as
brain and muscle (MulleiHocker, 1989, Cortopassi and Arnheim, 1990, Chineegy., 2002).
Mutations in the mtDNA usually lead to mosaic deficiency of the mitochondrial respiratory
chain that results from the accumulation of mutatentDNA in a subset of muscle fibres
(Tayloret al.,, 2004).

COX/SDH histochemistry is currently the standard method to assess mitochondrial respiratory
chain function in muscle crysections (Old and Johnson, 1989, Sciacco and Bonilla, 1996). This
technique interrogates complex IV (COX) and Il (SDH) activities. Since COX activity is
proportional to mitochondrial mass in a healthy cell, any reduction or loss of COX activity with
preserved SDH activity indicates mtDNA damage. This is a particularly valuahled niat
evaluating cases with mosaic pattern of COX deficiency. In these instances, biochemical assays
in muscle homogenates are not sensitive enough to detect subtle respiratory chain deficiency

especially when only a few muscle fibres are involved (Taylal., 2004).

Conventional analysis of COX/SDH histochemistry relies on visual classification of muscle fibres
by a researcher based on the colour intensity. This makes the assessment subjective and
inconsistent, and therefore prone to interand intraresearcher variability (Taylor and
Levenson, 2006, Choudhuey al., 2010, Rizzardit al, 2012, Chatterjeet al., 2013). Also it

makes the assessment inaccurate; whereas a complete loss of COX reactivity is easily detected,
subtle changes may not besible to the human eye (ArechavaBomezeet al., 2010). This can

lead to missclassification (Elligt al, 2005) and ultimately to undemr overestimation of
mitochondrial dysfunction. Last but not least, COX/SDH histochemistry is limited to measuring
complex IV activity and it does not provide any information about other complexes of the
OXPHOS system.

Recently, an objective assessment based on a combination of COX/SDH histochemistry and
NDUFB8 immunohistochemistry was developed. The intensitieaddfidual COX, SDH and

NDUFBS8 reactivity from single muscle fibres were used to determine the respiratory status of
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muscle fibres ((COXDUFBSSDH/100 (Murphyet al, 2012). This allows differentiating
fibres with normal COXactivity and NDUFB8 levdétem those with: a progressive loss of COX
and NDUFBS8 and preserved SDH, or from those exhibiting: a complete loss of bet@ZDX
NDUFB8 and high levels of mitochondrial mass (judged by SDH activity).

Other groups have also explored the use of immusatdihemical techniques to detect
mitochondrial respiratory chain deficiency. Mahatdal. developed a new method to quantify
COX and porin levels following COX histochemistry in single cells of the central nervous
system and muscle. This provided insgglan the functional and structural impairment of
mitochondrial dysfunction (Mahaet al,, 2009). De Paepet al.developed a chromogehased
immunohistochemical approach to assess other OXPHOS complexes (I, Il and V) in serial
muscle sections. This wasrpeularly valuable to detect complex | deficiency in single fibres
which is not possible using COX/SDH histochemistry (De Raghe2009). Similarly, Hanson

et al. set out a double fluoresceriased immunohistochemistry to assess levels of OXPHOS
comgexes (I, II, lll, IV and V) in relation to porin levels, in cultured fibroblasts (Hahsdn
2002). Although very useful, all these studies present some limitations: immunohistochemistry
was either performed in serial muscle sections (Rahmiaal., 2000, De Paepet al., 2009)
and/or immunoreactivity of cells was qualitatively assessed (Rahehah, 2000, Hansoret

al., 2002, De Paepet al.,, 2009).

3.2 Aim

The aim of this chapter was to develop an objective assessment of mitochondrial respiratory
chain function in single muscle fibres that would allow quantifying accurately mitochondrial

deficiency in a sarcopenic cohort and patients with mitochondrial disease.

3.3 Methods

3.3.1 Cohort- clinical characteristics

Archived frozen muscle samples derived from eithestmortem tissue or clinical muscle
biopsies (taken for diagnostic purposes) were assesbable3.1 summarises relevant clinical
information. The three aged control were assessed in order to quantify mitochondrial
respiratory chain dysfunction accumulating with age. The young disease control (DC1) was
previously investigated for suspected neuromuscutigease but showed normal muscle

histology, oxidative enzyme histochemistry and normal respiratory chain biochemical activities
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(Kirbyetald> HnanTtTOT KS ¢l a dzaSR Fa | ayS3ariAaAgsS Oz
not expected to be found. Patien81 and P2 harboured the common m.3243AMGTL1

mutation and P3 multiple deletions in muscle (due to a mutation in a nuclear gene involved in
Yi5b! YIAY{iSylryOSuoed twm FYyR tH YdzaOfS o0A2LIAAS
challenging to visuallylassify, therefore they were used to quantify subjectivity of visual
classification. P3 muscle biopsy also presented a mosaic COX deficiency, which was easy to
visually classify, therefore he was used to validate the objective classification based an COX

and SDHA immunodetection.

Table3.1. Clinical information from subjects included in this study

Subjects Gender Age Genetic defect Histochemical findings ?Ii’ol\asgetl)f;sf
Aged controls
AC1 Male 75y n.r. n.d. PM (72h)
AC2 Female 76y n.r. n.d. PM (48h)
AC3 Female 86y n.r. n.d. PM (48h)
Disease control
DC1 Male 4y n.r. Normal Die(lg.r:.c))stic

Patient with known mitochondrial disease

0 . . - : ;
P1 Female 40y m.3243A>GMT-TL1mutation; >30% COX deficierit0% RRF;  Diagnostic

also COX positive RRF (nr.)
. 45% COX deficient fibres; Diagnostic

P2 Male 53y m.3243A>QGVT-TL1mutation; 20% RRF (nr)
. o 20% COX deficient fibres; Diagnostic

P3 Male 60y Multiple mtDNA deletions; 7% RRF (nr)

Key: PMpostmortem; n.d. = not determinedn.r.: not relevant; y: years old; RRF: ragged fibres.

3.3.2 Cryosectioning

Serial sections (10um thickness) from transversely orientated muscle blocks were obtained as

previously describeth section2.2.3from chapter 2.

3.3.3 COX/SDH histochemistry

Individual and combined COX/SDH histochemistry was carried out according to the protocol

described in sectio@.2.5from chapter 2
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3.3.4 Immunohistochemistry

Immunohistochemistry was performed using antibodies detecting subunits of mitochondrial
respiratory chain complexes. Complex | abundance was detected usiitipdies against
either NDUFB8 or NDUFA13 subunits. These are nueheaded subunits of complex | which
are required for complex | assembly and electron transfer activity (PeGlmenteet al,
2010). To detect complex IV abundance we used an antibmtlye mtDNA encoded complex

IV subunit | (CON. To enable assessment of overall mitochondrial mass we used an antibody
against the subunit A of the nucleancoded complex Il or against porin (VDAC) (Mannella,
1998), commonly used as mitochondrial masarkers (Mahackt al., 2009, Grunewalet al.,

2014).

3.3.4.1 Chromogenbased immunohistochemistry

Briefly, the sections were fixed in 4% PFA for 15min at RT and permeabilised in a gradient of
methanol. Following TBST washes, the sections were incubated wibo\lithserum albumin

(BSA) for 30min and then incubated with the primary antibodies in a humidified chamber at

4°C overnightTable3.2). Following TBISwashes, the sections were incubated with universal

probe (for 30min at RT), and subsequently, incubated with polyiHfeP (for 30 min at RT)
(MenaPath). Finally DAB was prepared and applied to the sections until satisfactory signal
appeared. Sections wereounterd G AY SR 6AGK al @8SNR& | FSYlF(2EE

gradient and cleared in histoclear before mounting in DPX.

3.3.4.2 Fluorescentbased immunohistochemistry

Briefly, the sections were fixed in 4% PFA for 3min and permeabilised in a gradient of
methanol. Following TBST washes, sections were blocked with 1% normal goat serum (NGS) for
30min at RT and incubated with a primary antibody cocktail in a humidified chamber at 4°C
overnight {Table 3.3). Subsequently to TBST washes, the sections were incubated with a
cocktail of secondary antibodies for 1h at Rakle3.3). Finally, the sections were immersed in
sudan black for 10 min at room temperature, to quench afll@rescence. Sections were

washed in TBST and mounted in Prolong Gold mounting medium (Life Technologies).
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3.3.5 Imaging

Brightfield and florescent images were acquired at 10x magnification (unless stated
otherwise) using Zeiss Microscope (see secfiéh? from chapter 3. For the acquisition of
fluorescent images, the exposure times for each channel were adjusted for each individual

case.

3.3.6 Assessing mitochondrial respiratory chain dysfunction
3.3.6.1 Visual Classification of COX/SDH histochemistry

To assess mitochondrial dysfunction in different musfies aged control AC3, muscle fibres
reacted for COX/SDH histochemistry were visually classified using a stereological workstation
with a modified light microscope (Olympus, Japan), motorized stage, CCD colour camera and

stereology software (Stereo Invegditor, MBF Bioscience, USA).

To assess the limitations of COX/SDH histochemistry {iatrd interobserver variability), a
third investigator imaged different areas of two biopsies and selected 100 muscle fibres for
each patient. Both investigators 1 ardvisually classified labelled muscle fibres in COX/SDH

histochemistry images (at 20x magnification).

3.3.6.2 Visual classification of chromogerbased immunohistochemistry

To further explore the profile of abnormal fibres from aged control AC3, matching muscle
fibores in: COX/SDH histochemistry, NDUFA13 immunohistochemistry and-l COX
immunohistochemistry images, were visually classified into one of the following categories: ND
(fibres presenting intermediate or absent COX activity and no detectable changes jiegom

L+ | odzyRIyOS0 I+ (fibbes With préasenvetl COX activity and levels but down
regulated NDUFBS8 levels), NDUFBS+/CAX 6 FAONBa HAGK LINBaSNDSR
NE3dz F SR / h- | OGABAGE-LRYRA O SBSregaléted AIDIBD &Y C.
and both COX activity and levels).
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Table3.2. Primary and secondary antibodies used for chromog@ased immunohistochemistry

Antibodies Host Dilution Company (Product number)
MTCOI (IgG2a) Mouse 1:4000 Abcam (Ab14705)

SDHA (IgG1) Mouse 1:2000 Abcam (Ab14715)
NDUFBS8 (IgG1) Mouse 1:300 Abcam (Ab110242)

Table3.3. Primary and secondary antibodies used for immunofluorescence

Antibodies Host Dilution Company (Product number)
Primary antibodies
MTCOI (IgG2a) Mouse 1:100 Abcam (Ab14705)
NDUFAL13 (IgG2b) Mouse 1:100 Abcam( Ab110240)
SDHA (IgG1) Mouse 1:100 Abcam (Ab14715)
NDUFBS8 (IgG1) Mouse 1:100 Abcam (Ab110242)
Porin (1IgG2b) Mouse 1:100 Abcam(Ab14734)
Secondary antibodies
Anti-mouse 1gG2a Fluorescej@88nm Goat 1:300 Jackson IR Lab (1:095-206)
Anti-mouse IgG2b Rhodamimegs46nm Goat 1:300 Jackson IR Lab (1:295-207)
Anti-mouse IgG1 Alexa flugr647nm Goat 1:300 Life Technologies (A21240)
Anti-mouse 1gG1 Rhodamin&46nm Goat 1:300 Jackson IR Lab (1:295-205)
Anti-mouse IgG2b Alexa fluqré47nm Goat 1:300 Life Technologies (A21242)
Anti-mouse IgG1 Alexa flugr488nm Goat 1:200 Life Technologies (A21121)
Anti-mouse IgG2a Alexa fluqgrs46nm Goat 1:200 Life Technologies (A21133)
Anti-mouse IgG2b Alexa flugré33nm Goat 1:200 Life Technologies (A21146)
Anti-mouse 1gG2b Alexa fluqrd88nm Goat 1:200 Life Technologies (A21141)
Anti-mouse IgG1 Alexiguor ¢ 546nm Goat 1:200 Life Technologies (A21123)
Anti-mouse IgG2a Alexa fluqr647nm Goat 1:200 Life Technologies (A21241)
Anti-mouse IgG2a Biotin Goat 1:200 Life Technologies (M32315)
Streptaviding 647nm Goat 1:100 Life Technologies (S31556)
Anti-rabbit IgG Alexa fluor 405nm Goat 1:100 Life Technologies (A31556)

Key: Jackson IR Lab: Jackson ImmunoResearch Laboratories
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3.4 Results

3.4.1 Challenges of COX/SDH histochemistry

In order to investigate the degree of mitochondrial dysfunction in the ageingcle, three
different muscles (biceps, diaphragm and psoas) from three aged controls (AC1, AC2 and AC3
(Table 3.1)) were studied. Serial sections from each muscle were assessed using COX/SDH
histochemistry and chromogemased immunohistochemistry detecting GOXSDHA and
NDUFB8 (ACEigure3.1, AC2:Figure3.2 and AC3Figure3.3). Muscle fibres were visually
classified based on COX/SDH histochemistry into one of the following three categories: COX
positive, COXntermediate (int) and CO#Meficient (neg) (Murphyet al, 2012). Fibres were
further classifiedbased on immunohistochemistry of COXand NDUFBgsee 3.3.6.2).

Throughout this assessment several problems and difficulties were encountered.

3.4.1.1 Underestimation of the overall mitochondrial dysfunction

All aged muscle biopsies showed some level of mitochondrial respiratory chain deficiency.
Frequent abnormal fibre profiles (found in all biopsies assessed) included: fibres with absent
COX activityand downregulated COX and NDUFB8F{gure 3.1, Figure 3.2 and Figure 3.3:
FAONBA amMé0X FTAONBA ¢ AihKkundraactiByhiit prederved NOUFBSD A (i &
(Figure3.1, Figure3.2 andFigure3.3Y FTAONB & aHvHé0 2N FAONBA- gA (K
immunoreactivity but dowrregulated NDUFB&-{gure3.1, Figure3.2 and Figure3.3: fibres

Go€L P

A deeper analysis was performed for aged control AC3. Stereological analysis of COX/SDH
histochemistry revealed that the diaphragm was the most affected muscle (int: 4.5%, neg:
6.2%, n=674) followed by psoas (i8t6%, neg: 2.9%, n=100) and biceps (int; 1.1%, neg: 1.2%,
n=4021) Figure 3.4, left graphs). Following this, a population of COX deficient and
intermedate fibres were selected in each muscle and further assessed for NDUFB8 aihd COX
abundance. Immunohistochemistry showed that these muscles presented distinct features of
mitochondrial dysfunction. The most common abnormal fibre profile in diaphragm aeg®

was: absent COX activity/levels but preserved NDUFB8 (diaphragm: 55.3%, n=38 abnormal
fibres, biceps: 40.8%, n=98 abnormal fibres) whereas in psoas it was: absent COX

activity/levels and absent NDUFB8 (51.9%, n=27 abnormal filbiigsir¢3.4, right graphs).
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Figure3.1: Mitochondrial dysfunction in biceps, diaphragm and psoas muscles from agedrabl.
COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex |), SDHA (complex II) and
COX (complex V) were performed in serial sections obtained from biceps, diaphragm and psoas
muscles. Selected muscle fibres demonstrate: (1) @giXiency (COXeficient fibres) with absent COX
I and NDUFB8 immunoreactivity, (2) COX deficiency -(efxent fibre) with absent CQOIX
immunoreactivity and normal NDUFB8 levels, (3) normal COX activityp@@ixe fibres) and CGOIX
levels but absenlDUFB8 immunoreactivity.
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Figure3.2: Mitochondrial dysfunction in biceps, diaphragm and psoas muscles from aged control 2.
COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex ljc@Dpliex 11) and

COX (complex IV) were performed in serial sections obtained from biceps, diaphragm and psoas
muscles. Fibres from both diaphragm and psoas muscle did not react for COX histochemistry leading to a
false and widespread COX deficiency. @ntyi immunohistochemistry failed in both diaphragm and
psoas muscles. Selected muscle fibres demonstrate: (1) COX deficiencgefiC@HKt fibres) with

absent COXand NDUFB8 immunoreactivity, (2) COX deficiency-(efxent fibre) with absent COIX
immunoreactivity and normal NDUFB8 levels and (*) absent COX activitydéfi€ent fibres) but
intermediate levels of CQIX

48



Diaphragm

NDUFB8

Figure3.3: Mitochondrial dysfunction in biceps, diaphragm and psoas musdétes aged control 3.

COX/SDH histochemistry and immunohistochemistry against NDUFB8 (complex I), SDHA (complex Il) and
COX (complex IV) were performed in serial sections obtained from biceps, diaphragm and psoas
muscles. Selected muscle fibres demongtrgl) COX deficiency (COeficient fibres) with absent COX

I and NDUFB8 immunoreactivity, (2) COX deficiency -gekent fibre) with absent COIX
immunoreactivity and normal NDUFB8 levels, (3) normal COX activityp@dixe fibres) and CQOIX

levek but absent NDUFB8 immunoreactivity, (4) absent COX activity-d&fio¥nt fibres) with
apparently normal levels of Ca@Xand NDUFBS8, (5) absent COX activity {@@ixient fibres) but
intermediate levels of COKX and (6) absent COX activity (Gd®ficient fibres) and COX
immunoreactivity with intermediate levels of NDUFBS.
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Figure3.4: Mitochondrial respiratory chain profile of different muscles from Aged Control 1.

COX/SDH histochemistry and immurstbchemistry against NDUFB8 and @Qere performed in 3

serial muscle sections obtained from (A) biceps, (B) diaphragm and (C) psoas muscles. Fibres reacted for
COX/SDH histochemistry were visually classified into: COX (activity) positive (beigagedratr (light

blue) or deficient (blue) groups; left graphs show the classification results from (A) biceps (n=4021) (B)
diaphragm (n=674) and (C) psoas (n=524). A population ofdéf@¥ent and intermediate fibres were

selected and assessed for NDUFB8 €0X abundance. Fibres were visually classified into: ND (fibres

with intermediate or no COX activigndy 2 OKIF y3Sa Ay O2YLX SHS &brdsSOSTt a
with preserved COX activity and levels but downregulated NDUFB8), NDUFB8HCOX Twithdo NB &
preserved NDUFB8 but dowiS 3dzf G SR / h- | OGA @A (& -Lloy RO FIASINBtaa 0g
down-regulated NDUFB8 and COX activity and levels). Right graphs show the profile of mitochondrial
deficiency from abnormal fibres of (A) biceps (n=98 abnoffibas) (B) diaphragm (n=38 abnormal

fibres) and (C) psoas (n=27 abnormal fibres).
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According to these results, analysing mitochondrial dysfunction just based on COX/SDH
histochemistry would underestimate the overall dysfunction. Indeed, approximately 20
abnormal fibres (those with dowregulated NDUFB8, but normal COX activity/levels
representing 18.4% in biceps, 21.1% in diaphragm and 18.5% in psoas) would not be detected

if COX/SDH histochemistry was not complemented with immunohistochemistry.

3.4.1.2 Inaccuracy of visual classification and the use of serial sections

The previous analysis of serial muscle sections highlighted several inconsistencies between
COX histochemistry and COX¥nmunohistochemistry. For example: fibres with absent COX
activity bu normal COX immunoreactivity Figure3.3Y TFTAONB A& ané 00X FTAONB
activity but intermediate COKimmunoreactivity Figure3.2Y T A 6 NFiguieg.Z fibtey’ R
Gpé v 2NJ TAo0NBa absehtC®BX adtiyitii BUNDS SHadgesiinrScomplexes levels
(Figure3.4Y NA IKG 3INI LIK&E b5 FTAONBasdLd

One exphnation for these inconsistencies could be the inaccuracy of visual assessment in
detecting subtle changes in colour intensities (enzyme activity or protein levels). Fibres with
normal COX activity might have been perceived as intermediate (leading eorftdsmediate
fibres) or, alternatively, fibres with reduced COX activity might have been perceived as having
preserved COX (leading to false normal C@Xbres). Another possible explanation could be
the use of serial sections. Combining informatioom serial sections to infer about a fibre
profile is inaccurate since the activity and levels of complexes change along the fibre length
(Matsuokaet al, 1992, Murphyet al, 2012). Therefore the information provided by each
section should be specifio that 10um domain. For this particular study 4 serial sections were
used, which means the inference about the activity and levels was performed across 40um of

the fibre length.

3.4.1.3 Subjectivity: intra- and inter-observer variability

Visual assessment of aged controls AC1 and AC3 diaphragm was patrticularly challenging. Both
postmortem muscles presented a high number of fibres looking pale blue and grey in
COX/SDH histochemistry which were very difficult to classify. The boundariesdret
GY2NXItEéxX GAYGSNYSRAIFIGSE YR GRSTFAOASY(Gé [ h-

but inevitably, they can change between cases assessed, or over time.
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To further illustrate how visual classification of muscle fibres based on COX/SDH
histochemistry can be subjective and challenging we investigated muscle biopsies from two
particular patients: P1 and PZgble3.1). These biopsies prested a high proportion of COX
intermediate fibres and the histochemical signal detected across muscle sections was less
intense and variable. Sections were assessed using COX/SDH histochemistry and one hundred
muscle fibres were selected to be visuallyegmrised by two researchers, independently, into

one of the four categories: COX positive, COX intermediate(+) (int(+)), COX intermediate(
(int(-)) and COX deficient. Fibres were not randomly selected and therefore the results

obtainedare not representtive of the overall respiratory deficiency in the patients.

Analysis of both patients P1 and P2 revealed marked differences in classification of fibres
between the two investigatorsHgure3.5): both investigators agreed in the classification of
COXpositive cells (P1: 40% and P2: 21%) but they markedly differed in remaining categories:
both categories of intermediate and COX deficient fibfeégure3.5 A and B). Importantly,

both investigators demonstrated a high degree of inconsistency. Investigator 1
underestimated COX deficiency in patient Pl @verestimated it in patient P2, whereas the

opposite was true for investigator 2.

A Patient 1
= 100-

80

60

40
0-

Inves'tigator Inves'tigator
1 2

% of muscle fibres

100+

80

60
40
20

0-

Inves'tigator Inves'tigator
1 2

Figure3.5. Inter- and intra-observer variability of visual classification.

COX/SDH histochemistry was performed in afeisections obtained from patients (A) P1 and (B) P2.

Left panels in (A) and (B) show representative images of COX/SDH histochemistry (20x). For each patient
100 muscle fibres reacted for COX/SDH histochemistry were selected and visually classified by two
investigators. Bar graphs show the percentage of COX positive (beige), int(+) (light beigeiginit(

blue) or deficient (blue) based on visual classification by an investigator 1 and 2.

% of muscle fibres
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3.4.2 Developing an objective classification using COX/SDH histochestny

The following section describes the development of a new method to assess objectively the
degree of mitochondrial respiratory chain dysfunction in single muscle fibres using COX/SDH
histochemistry. In 2012, an objective assessment was developed ubmgintensity
measurements of COX  histochemistry, @ SDH  histochemistry and NDUFBS8
immunohistochemistry to determine the respiratory status of muscle fibres (Mugthsl,,

2012). The method developed here only use COX and SDH intensity measurdawassing

the complexity (and time) of image analysis and minimising problems associated with the use

of serial sections.

3.4.2.1 New model rationale

The methodusesCOX and SDH intensity measurensdntdetermine the percentage of COX

activity in individual fibes; it was developed assuming the following premises:

1. COX reaction measures the activity of complex IV, partially encoded by mitochondrial

DNA, and SDH measures the activity of complex Il, fully encoded by nuclear DNA.

2. SDH is a marker of mitochondrial asaand COX activity is proportional to SDH activity

in a healthy cell.

3. Within the linear period of incubation time, COX reactivity increases proportionally
with COX activityHigure3.6, C and D), and therefore, COX reactivity is an outcome
measure of COX activity (Murphy et al. 2012).

Therefore when COX and SDH histochemical signals are both intégeee.7B, scored as
Gbbubbé v 2N LINE EBuNBA Zy [AtOI2aNBNRE R dzdtgiidbnodnadl. s / h -
illustrated, the ratio between COX and SDH intensities equdiéglire€3.7B). However when

COX histochemical signal is reduced SiH signal is preserveeiqure3.7/ = & 02 NBR | &
2N -fitb&k 0 X / h- FOUAGAGE Aad RSONBIFIaSR | O0O2NRAY.
scenario, the ratio between COX and SDH intensities equals approximatehiduge8.7C). In

the absence of COX signklqure3.77 a4 O2 NStRbé-kABMD E / h- | OGAGAGeE
according to this scenario the ratio equalsFiglure3.7). We propose that the ratio between

COX intensity and SDH intensity readings reflects the degree of COX activity in individual

muscle fibres.
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Figure3.6. COX reactivity is an outcome measure of COX activity. (A,B)
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(A) COX histochemistry is representiedbrown, SDH histochemistry is represented in blue. These
colours range from light) to dark (++) according to the level of enzyme activity; lighter for low activity

and darker for high activity. (B) Represents a scenario where COX activity is jrogdddiSDH activity,

and so, COX activity is unaffected. (C) SDH activity is higher than the activity of COX, indicating that COX

activity is reduced. (D) COX activity is lost in this muscle fibre.
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3.4.2.2 Developing the objective classification

The objective @ssification was initially developed using a small sample of muscle fibres (19
muscle fibres from biceps of the aged control AT&hle3.1). Serial setions were assessed

using individual and sequential COX/SDH histochemistry.

3.4.2.2.1 Optical density measurements (ODCOX, ODSDH)

The optical density (OD) of COX (ODCOX) and SDH (ODSDH) reactivity was measured in
individual muscle fibres using image J. Both CQ@XS&H TIFF images were first converted into

grey scale and the region of interest (ROI) was defined manu#hin individual muscle fibres

using the freehand selection tooFigure 3.8). Each new ROl was sequentially added (by
LINBaaAy3a adéov Ay GKS whL YIyFr3aSN® Cc2tft2gAy3
ROI. Grey scale range from 0 (darkest pixels) to 255 (brightest pixels).

>

COX (colour image)
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Figure3.8. Representative printscreen images showing the main steps of COX and SDH densitometry

in individual fibres.

Individual (A) COX and (B) SDH histochemistry were converted into grey scale, (C) and (Djetgspecti
and then the region of interest (ROI) was traced within muscle fibres (red tracing). Areas 20, 21 and 22
were also sampled and measure the background noise (ODbackground). The software then
automatically measured the optical density of each ROI.
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3.4.2.2.2 Carection of ODCOX and ODSDH measurements

Having measured the OD of COX and SDH in individual muscle fibres, both ODCOX and ODSDH

were normalised. This correction was necessary for several reasons:

1. Rea Ol ft Ay3dd ¢KS 3INI & aol fePresaniing the/ darkegt@igedli S R
OKAIK NBIOGAGAGEKIOGAGAGED YR dHppé N
reactivity/activity). However, according to the modEiqure3.70 = ané AYRA OF (i &
NEIFOQGAGAGek OGAPGAGE YR damé AAIYATASR KA

2. Correct for background noise. Fibres with no COX activity (although showing no COX

reactivity) were not entirely white due to the background smi

3. Normalisation. According to the model, ODCOX/ODSDH from a normal and healthy
FAONB Sldzrfa wmo CKSNEF2NBE o VyY2NXIE FAoN
standard levels of COX intensity and SDH intensity in healthy fibres.

ODCOX and ODSDH dems were therefore corrected proportionally, using the following

normalisation equations:

CorrectedODCCH(ODCOXh 56 F O] ANR dzy R0 Kk 60 h 5/ -lODGadkgrawdd &a & A y i
CorrectedODSDH(ODSDIgh 5 6  O1 INR dzy RO k 60 h 5 { -®ODhadkgrawid a & A y i

(@]}

¢ KSFNJRS&(G AydGSyaadee gl a OFfOdZ F SR 060& | SN
raggedred fibres Figure3.8C and D: fibres 11, 14 and 18).KS G o NAIKGSald Ay
calculated by averaging 3 OD measurements of backgra@uad area close to the section

without fibres (ODbackgroundlrigure3.8C and D: areas 20, 21 and 22).

3.4.2.2.3 Calculating the relative percentage of COX activity

The ratio (correctedODCOX/correctedODSDH)*100 (yielding COX/SDH ratio, occasionally
abbreviated to ratio) was calculated, providing a relative percentage of @EiXity.
Categories were arbitrary defined and fibres were classified into one of the following groups:

/' h- RSFTAOASYG oXups /h-k{51l NIGA20Z /h- Ayi(:
/ h- LRAAGABS o/ h- k{5l NI (A2 exgroufs encorfpdBetrlala ©
wide range of different levels of COX activity, this group was further subdivided into COX
AyGoboz 6prm:2X / h- k{ 5)25%:GOX/BDHratips@o). YR / h- Ay
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Fibre Subjective Ratio Objective
classification (%) classification
1 Neg 16 Neg
2 Neg 15 Neg
3 Pos 97 Pos
4 Int / Neg 37 Int(-)
5 Pos / Int 77 Pos
6 Neg 8 Neg
7 Neg 14 Neg
8 Int 31 Int(-)
9 Int/ Neg 21 Neg
10 Int/ Neg 41 Int(-)
11 Pos 89 Pos
12 Pos 90 Pos
13 Pos 118 Pos
14 Pos 105 Pos
15 Int 50 Int(+)
16 Pos 122 Pos
17 Pos 88 Pos
18 Pos 106 Pos
19 Pos 74 Int(+)

Figure3.9. Objedive classification of muscle fibres from aged control 3 according to the COX/SDH

ratio.

Serial sections were reacted for combined COX/SDH histochemistry, individual COX histochemistry,
individual SDH histochemistry and again, combined COX/SDH histocliemap images show the
combined COX/SDH histochemistry performed (A) at the beginning and (B) end (in the serial sections).

(C) Table shows the subjective and objective classification of fibres. The visual method categorizes fibres
into positive (pos),ntermediate (int) and deficient (neg) fibres. The objective classification based on the

I h- k{5l NI GA2 Flrtt Ayd2 F2dz2NJ YF22N) Of FaasSayy LRa.
OHp2f NIGAZ2 fprE20 YR RSTAOASY(H o0ySaAT XKuplr NI GA2

3.4.2.2.4 Preliminary results

The objective classification based on the ratio of COX/SDH measurements was in agreement

with the subjective classification (visual classificatioRigire 3.9). Visual classification is

currently the only method available to analyse COX activity, and therefore, the only method
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available to validate any new analysis. Both methods categorized fibres in the same groups
(Figure3.9, fibres 1 and 2). But importantly, the objective classification highlighted difficulties

connected to the human eye error and improved the analySigure3.9, fibres 5 and 9).

3.4.2.3 Optimising the objective classification
3.4.2.3.1 Methods tested

Whilst examining larger number of muscle fibres to further validate the new ctilbge
assessment, a concern arose regarding the method of calculating COX activity. Deducting
corrected ODCOX from ODSDH was recognised as an alternative: (correctedODSDH
correctedODCOX)*100 (yielding SDBX difference, and abbreviated occasionally to
difference). Therefore both: COX/SDH ratio and -8I0KX difference were tested in order to
determine which value was more accurate in identifying COX activity in single fibres.
Furthermore, when other areas of the same biopsy were assessed, a second corasn ar
regarding the normalisation method. Consequently, different normalisation methods were

tested in order to ensure the highest accuracy of this new method;

1. Normalisation method 1 fibres chosen to normalise ODCOX and ODSDH
measurements were those preseng the darkest COX intensities (lowest ODCOX
values), excluding ragged red fibreBigure 3.10 A, fibres 1, 2 and 3). Also, a
normalisation equation was produced for each area covered (snap) from a given

section (normalisation equation/area/section),

2. Normalisation method 2 fibres chosen to normalise ODCOX and ODSDH
measurements were also those presenting the darkest COX intensities, excluding
ragged rel fibres Figure3.10 B, fibres 1, 2 and 3). However, a unique normalisation

equation was produced per section (normalisation equation/section),

3. Normalisation method 3 fibres chosen to normalise ODCOX and ODSDH
measurements were those having the darkest COX and SDH intensities, respectively.
Therefore fibres chosen to normalise ODCOX measuremeigsré3.10 C, fibres 1, 2
and 3) may have been different from those normalising ODSDH measurerfagus(
3.10A, fibres 4, 5 and 6). Also, a unique normalisation equation was produced per

section (normalisation equation/section).
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A Normalisation method 1: normalisation equation/snap/section
: . /) - " & :,ﬂ"

Figure3.10. Normalisation methods tested.

Green squares highlighteas used to correct for the background (=0). Blue squares indicate the fibres
used to establish the maximum intensity (=1). (A) In method 1: fibres used to normalise COX and SDH
histochemistry are the same (fibres 1, 2 and 3). Also, a normalisation equafproduced for each snap

(from a given section). (B) In method 2: fibres used to normalise COX and SDH histochemistry are also
the same (fibres 1, 2 and 3). However one normalisation equation is generated for all snaps analysed. (C)
In method 3: fibresused to normalise COX and SDH histochemistry can be different (fibres 1, 2 and 3 to
normalise COX histochemistry; fibres 4, 5 and 6 to normalise SDH histochemistry). The normalisation
equation is the same for all areas covered of the same section.

3.4.2.3.2 Methodology developed to compare the tested methods

Excel was used to compare the 6 different methods of determining COX activity (ratio versus
difference each with the 3 normalisation method) with visual classification. Excel cells were
conditionally formattedin order to be colour coded according to the COX/SDH ratio and SDH
COX difference values, and therefore, according to the category of fiper€3.11A): beige

for COX positive, light beige for int(+), light blue for-)reihd blue for COX deficient.
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In order to assess the sensitivity of the different methods tested, a scoring scale was
developed to evaluate the agreement between the objectivesifastion (OC) and the visual/

subjective classification (SC). Each method was given a score, as follows:

1. Score 1 was given when subjective and objective classification agreed, categorizing
fibres in the same group. For example: when both SC and Odiethssfibre as COX
positive Figure3.11B, fibre 11: all methods tested) or when both classified a fibre as

COX deficientHigure3.11B: fibre 1: ratio M1, M2 and M3).

2. Score 0 was given when objective classification categorised the fibre in the immediate
flanking groups of subjective classificatiéior example: when SC classified a fibre as
COX deficient but OC determined COX-)r{igure3.11B, fibre 1: difference M1 and
M2) or when SClassified a fibre as COX intermediate but OC determined COX positive
(Figure3.11B: fibre 15: difference M3). This decreased the impact of a wrosgbi

classification.

3. Score-1 was given whenever objective classification categorized the fibre in other
groups than situation (1) and (2). For example when SC classified a fibore as COX
deficient but OC classified it as int(Bigure3.11B, fibre 1: difference M3), or the
opposite: when SC determined COX positive but OC classified it as C@Xrint(
deficient (not shown ifFigure3.11B).

4. Subjective classification did not discriminated between int(+) and)inf(herefore
score 1 was given to both COX int(+) and-Jrfibres when subjective classiition
classified a fibre as an COX intermediakégre3.11B, fibre 8: ratio M1, M2 and M3,
difference M1 and M2). Rules (2) and (3) were appliadte following groups. For
example score 0 was given when SC classified a fibre as COX intermediate but OC

classified it as COX positivegure3.11B, fibre 8: difference M3).

5. When visual classification was not easy, a range of 2 groups was determined, with
score 1 being given to both groups. For example when SC classified a fibre as
deficient/intermediate Figure3.11B, fibre 9); score 1 was given when OC classified it
as deficient or int) (Figure3.11B, fibre 9: ratio M1, M2 and M3) and score 0 was given
when OC classified it as int(Fiqure3.11B, fibre 9: difference M3).
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Ratio |Difference Fibre | Subjective Ratio Difference
(%) (%) classification M1 ' s |M2 | S S |M2 s (M3 s
100 0 1 Neg 1 1 0 |67 0 |42 | -1
90 10 2 Neg 1 1 1 1 (5 o
80 20 3 Pos 97 1 [91 1 1|11 1 [-16 1
75 24 4 Int/Neg 37 11|34 1 1 1|44 0
74 25 5 Pos/ Int 77 1 72 1 1 24 1 3 1
60 30 6 Neg 1 1 1 1173 0
50 49 7 Neg 1 1 1 1164 O
49 50 8 Int 31 1 |29 1 (38  1)38 1|36 1121 0
40 60 9 Neg/ Int 1 1|26 1|70 1 |66 1 |40 O
26 74 10 Neg/ Int 41 1 38 1 50 1|49 0 47 0 25 0
11 Pos 89 1 |8 1 |10 1|11 1 |15 1 6 1
12 Pos 90 1 | 85 1 (111 1 | 10 1 15 1 1 1
13 Pos 118 1 111 1 |145 1 |-10 1 -6 1 1-16 1
14 Pos 105 1 99 1 1130 1| -5 1 1 1 ]|-16 1
15 Int 50 1 | 47 1 (62 1]41 1 | 40 1119 0
16 Pos 122 1 |115 1 (150 1 (17 | 1 |-11 1 (-23 1
17 Pos 88 1 | 83 1 (108 1 8 1 11 1 4 1
18 Pos 106 1 |100 1 |130 1 | -6 1 0 1119 1
19 Pos 74 1 0 |69 | 0 |9 | 1|16 1 18 1 4 1

Figure3.11. Methodology developed to compare the different normalisation methods.
(A) Excel cells were colour coded according to the COX/SDH ratio €€@PMdifference values, each
colour corresponding to theategory of fibres: COpositive (beige), int(+) (light beige), it(light blue)

or deficient (blue). (B) Table shows for each fibre, the subjective classification and the objective

classification based on ratio or difference value when calculated usiagdifferent normalisation

methods (M1, M2 and M3 columns); cells containing values for ratio or difference were colour coded as
aKz2gy AY
they agreed (or ngtwith the subjective classification.
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3.4.2.3.3 Evaluation of different methods

To evaluate the accuracy of each method in determining COX activity, muscle biopsies from
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aged controls AC1 (psoas), AC2 (biceps) and AC3 (biceps, diaphragm and psoas) were re

assessedTable3.1). Different areas of sections were imaged and only a selection of muscle

fibres was visually classified. Following this, the same muscksfivere objectively classified

using the different methods.
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provided by the difference method detected fewer deficient fibres and most of the abnormal

fibres were classified as intermediate (Fjgure3.12C).

The frequency distribution of both COX/SDH ratio and -SDIX difference were plotted
(Figure 3.12). Both distributions presented three distingteaks that corresponded to the
positive, intermediate and deficient groups of fibreBigure 3.12A and B). However, the
individual peaks of the COX38 ratio distribution were more symmetrical than the peaks from

the SDHCOX difference distribution. Taken together, these results suggested that the
COX/SDH ratio appears to be more accurate and sensitive in classifying fibres than the SDH
COX difference.

Table 3.4. Agreement between the objective classification and subjective classification when using
different normalisation methods

Ratio Difference n
M1 M2 M3 M1 M2 m3 | (fibres)
amé a0O2NBa ! 137 115 139 133 122 138 152
amé alO2NBa ! 206 208 232 199 202 188 236
amé al02NBa ! 178 170 191 178 172 173 209
amé aoO2NBa ! 85 920 90 82 88 86 91
amé & 0PpdoBsa ! 132 131 151 134 138 149 161
¢c2imE a@02N 0 3 0 2 3 9 849
¢c2G1f amé 738 714 803 726 722 734

M1, M2 and M3 indicate normalisation methods 1, 2 and 3 respectively; n(fibres), the total number of fibres
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Figure 3.12. Objective classification
normalisation method 3.
Densitometry was perfoned biceps muscle from aged control 2 and corrected ODCOX and ODSDH
readings were used to calculate either the COX/SDH ratio orGZIDdifference. (A, B) Graphs show the
frequency distribution of the (A) ratio and (B) difference values normalised by me&hd13). (C) Bar
graph show the percentage of CQ#sitive (beige), int(+) (light beige), it(light blue) or deficient
(blue) based on the ratio (left bar) or difference (right bar), normalised by method 3.

(Normalization method 3)

given by the ratio and difference values when using the
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3.4.3 Developing an objective classification usingnmunofluorescence

The following section describes the development of a new method to objectively assess the
degree of mitochondrial respiratory chain dysfunction in single muscle fibres using

fluorescencebased immunohistochemistry. This technique alldaiselling multiple epitopes

in a single section, avoiding the problems associated with the use of serial sections, and
simplifying image analysis. Importantly, it allows investigating complex | levels in individual
muscle fibres, overcoming the absence ho§tochemical techniques to measure complex |

activity.

3.4.3.1 Double fluorescencebased immunohistochemistry

In order to assess the levels of complex IV and complex | in individual muscle fibres, double
immunofluorescence of CAXFITG 488nm, green) and NORA13 (Rhodamine 546nm, red)
(Table3.3) was performed in a biceps muscle section obtained from aged control AGE€

3.14A).

3.4.3.1.1 Opticaldensity measurements

The OD of COX(ODCOX) and NDUFA13 (ODNDUFA13) was measured in individual muscle
fibres using image Figure3.13). TIFF images were first opened individually and corrected to
remove the background noise. This was achieved by increasing the threshold until the
background value equalled zero. Subsequentipages from individual channels were
imported as image sequence and the ROI was defined mamwidiiyn individual muscle fibres
using the freehand selection tooFigure3.13). The mean OD was recorded for all created

individual ROI.
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COX-I
NDUFA13

Figure 3.13. Representative priniscreen images showing the main steps of GOXnd NDUFA13
densitometry in individualffibres.

Individual TIFFs of (A) COnd (B) NDUFAL13 channels were imported as an image sequence and the
region of interest (ROI) was traced within muscle fibres (red tracing).

A Double immunofluorescence
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Figure3.14. Complex | ad 1V protein abundance in aged bicep muscle.

Double immunofluorescence was performed in a muscle sections obtained from aged control AC2.
Fluorescent detection was used to visualise: complex IV subunit HiG@béen (Fluoresceig 488nm)

and compleX subunit (NDUFA13)ed (Rhodaming 546nm). (A) Shows a representative image of the

double immunofluorescence. (B) Top panel shows muscle fibres selected for densitometry (n=100);
lower panel shows the levels of COAnd NDUFA13 in each muscle fibrele§ted muscle fibres (or

L 20GSR LRAYGa0d RSY2VIAUNYRK SN5 a0 mzs ¢ || o/ Eydkangdd 9 5h - & N
COXL | 6dzy Rl y OS ZreghlaedBISYFAIS abRriiange.
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3.4.3.1.2 Preliminary data

A selection of 100 muscle fibres were assessed in tefr@O and NDUFA13 levels and both
ODCOX and ODNDUFA13 from individual fibres were plottégfre3.14B). The scatterplot

showed 3 distinct poputions of muscle fibres, which was consistent with the judgement of
AYYdzy2Ff dz2NBaOSyOS o0& SeSo tf200SR |Bhuwg Ga 7
314 G2L) LI yStyY ¥F2N SEFYLXES FTAoNBa YINJSR do
extracted linear regressiorFigure3.14B lower paneliblue plotted points); in these fibres,

COX and NDUFA13 were strongly and positively correlated/associated in a 1 to 1 proportion
(Figure3.14B lowe panel: linear regressiony= 1.105x+ 1.08,2R0.9). By contrast plotted

points from fibres appearing greerFigure3.14. (12 LJ LI y St Yc FAONBR ¥y N
appeared plotted above the linear regressidigure3.14B lower panel: green plotted points);

they presented 3 times less NDUFA13 thiaa e€xpected, according to COXevels. Similarly,

plotted points from fibres appearing refigure3.14. (G2 L) LI yStY FAONBa YI |
appeared plotted below the linear regressiofigure3.14B lower panel: red plotted points);

these fibres presented 2 times less CAMKan the expected awrding to NDUFAL3 level.

This analysis was incomplete as the abundance of complex | and IV subunits were not
normalised to the mitochondrial content. This could be leading to the wedémation of
mitochondrial dysfunction. For example, this approafiti not discriminate between healthy
fibres with unaffected complex | and IV and abnormal fibres with both-IC&»d NDUFA13
equally downregulated to intermediate levels. Also it did not discriminate between fibres with
no COX and normal NDUFA13 and ri#ls with no COX and intermediate NDUFA13
abundanceRigure3.14B: red fibres/ red plotted points).

3.4.3.2 Triple fluorescencebased immunohistochemistry

Triple immunofluorescence was performed in order to improve the assessment of
mitochondrial respiratory chain components in individual muscle fibres. The third variable

assessed, mitochondrial mass, was crucial to assess the relative levelslcAQOYXWFAL13.
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3.4.3.2.1 Developing the objective classification

A diaphragm muscle section obtained from aged control AC1 was assessed by triple
immunofluorescence to detect COXFITG 488nm, green), NDUFA13 (Rhodamir46nm,

red) and SDHA (Alexa fluor 647nm, bl(legble3.3) and the OD of each mitochondrial marker
(ODCOX, ODNDUFA13 and ODSDHA) was measured in individual muscle fibres (imageJ)
(Figure3.15).

ODCOX and ODNDUFA13 wepdotted against each otherKigure3.15B: top graph). The
scatterplots showed a positive association between complex | and complex IV abundance. The
estimated linear regression showed that GOX YR b5! C! mMmo Ay imek St f (K
were moderately correlated in a 31to 1 proportion, respectivelyRigure3.15B top graph:

linear regressiony= 1.29x+ 3.17,%R0.7). Moreoverthe linear regressions from both ODGOX

| and ODSDHA ploFigure3.15B: middle graph) and ODNDUFA13 and ODSDHAHudiré

3156 Y £ 26SNJ AN} LIKOU 3aK26SR GKI G -1and NDURALB WeteK &8 |
positively correlated with SDHA. SDHA was associated in a 1 to 1 proportion with COX
(y=0.93x + 0.53,2R0.7) and in a 0.6 to 1 with NDUFA13 (y=0.61x + 0220, B.

With the added mitochondrial mass variable, it was possible to distinguish between healthy
fibres with normal complex | and I¥igure3.15B: grey plotted points) and abnormal fibres
with both COX and NDUFA13 equally dowegulated Figure3.15B: orange plotted points). It
was also possible to distinguish among fibres with absent-ICBigure3.15B middle panel

red plotted points) those presenting normal, intermediate or absent NDUFPRitBire3.15B

lower panel: red plotted points).

In order to investigatef ODCOX and ODSDHA could be used to calculate the percentage of

COX protein levels, the ratio (ODCIDOSDHA)*100 (yielding COXDHA ratio) was
calculated and muscle fibres were classified into one of the following classed: de@ent

0 XKH pi7z-I/SDHA: ratio), int] (25%< COK Kk { 51 ! NI GA2 7 p 2 O/SOHER A VY
ratio <75%) and CQOXpositive (COX Kk { 51 ! NFGA2 xTp20 3INRBdAzZLIAD C

visually assessed.

The objective classification based on the G@@®OHA ratio was irmgreement with the
subjective classification (visual classification, n=430 fibFigu(e3.16B). All fibres appearing
COX deficient in triple immubofluorescence consistently showed a GIZBDHA ratio value
lower than 25%. Similarly, fibres appearing normal always showed d/SDMA ratio higher
than 75%. Unfortunately, fibres objectively classified as-Cidd¢rmediate were more difficult

to visualy validate.
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A Triple immunofluorescence B Densitometry results
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Figure3.15: Complex I, Il and IV protein abundance in aged diaphragm muscle.

Triple immunofluorescence was performed in a muscle sections obtained from aged control ACL.
Fluorescent detectiomvas used to visualise: complex IV subunit | (Q@Yreen (Fluoresceig 488nm),

complex | subunit (NDUFA13)ed (Rhodamin& 546nm) and complex Il subunit A (SDHBue (Alexa

fluor 647nm). (A) Shows a representative image of the triple immunafhmemce. 430 muscle fibres

were selected for densitometry. (B) The top graph plots OBICaXi ODNDUFA13 from individual

muscle fibres, the middle graph plots ODGCatd ODSDHA, and the lower graph ODNDUFA13 and
ODSDHA. Selected plotted points demonstrate & NB R-fejyulatéi2GDX | 6 dzy Rl y OSZ 42
down-regulated COXand NDUFA13 abundance.
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Ratio
COX-I/SDHA
Fibre Subjective Ratio Objective
classification (%) classification
1 Pos 97 Pos
7 Pos 106 Pos
12 Neg 13 Neg
13 Pos 126 Pos
14 Pos 91 Pos
16 Neg 5 Neg
44 Pos 96 Pos
45 Pos 10 Neg
46 Pos 77 Pos
55 Int/ Pos 54 Int(+)
57 Neg 9 Neg
58 Pos 100 Pos
89 Pos 118 Pos
920 Neg 11 Neg
130 Pos 117 Pos
151 Int 47 Int(-)
165 Neg 17 Neg
166 Pos 132 Pos
179 Int/ Neg 24 Neg

Figure3.16. Objective classification of muscle fibres according to the @(EOHA ratio.

(A) Shows one dhe selected areas of the triple immunofluorescence assessed by densitometry. (B) The
table shows the subjective classification and objective classification based on the ratio between-ODCOX

| and ODSDHA measurements, from a sample of 19 fibres. The mistiald categorized fibres into

positive (pos), intermediate (int) and deficient (neg) fibres. The objective classification divided the fibres
0SG6SSYy n YIF22N) Of FaasSay LRaAGADS -Hp(RIN& &mtio NFOA 2 KT
anddefid Sy d o0y S3aT HpE2X NIGA20d 6/ 0 -positivelibeigh)] intdK) (ighK 2 6 &
beige), intf) (light blue) or deficient (blue) based on the GICBPDHA ratio (n=430).
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3.4.3.2.2 Validation of the new method

To investigate whether C@Xprotein levels could be used to infer COX activity, COX/SDH
histochemistry and triple immunofluorescence to detect AOJITC- 488nm, green),
NDUFA13 (Rhodamine546nm, red) and SDHA (Alexa fluor 647nm, bli&ble 3.3) were
performed in muscle sections obtained from a young disease control (DC1), an aged control
(AC3) and a patient with a diagnosed mitochondrial disorder ([F8uie3.17). Only COX

levels were validated since there is no histochemical assay to validate NDUFBS8 levels against. A
selection of fibres was objectively assessed based on &I@Xhistochemistry (COX/SDH ratio)

and immunofluorescence (COMSDHA ratio or NDUFA13/SDHA ratio).

In both youngdiseaseand old control, the objective classification provided by the COX/SDH
and COM/SDHA ratios presented slight differenc&sglre3.18A and B, left and middle bars).
However, in the youngdisease control DC1 not all fibres assessed using COX/SDH
histochemistry (n=306) were f&ssessé using immunofluorescence (n=224); this was due to
either lost areas (during cryostat sectioning) or folded areas. Also, in the old control AC2, the
SDH histochemistry was not uniform across the section, with some areas more pale. These are
believed to betissue artefacts, and not a true decrease in SDH activity. By contrast, in patient
P3 the objective classification provided by COX/SDH ratio (n=619) and/SDBM\ ratio
(n=571) were in complete agreemenFigure 3.18C, left and middle bars). These results
suggested that COKXlevels reflect COX activity, validating its use to infer mitochondrial

respiratory chain dysfunction.

This new method alloweduantification of the level of complex IV and | dysfunction in single
muscle fibres Kigure 3.18, middle bars). The mitochondrial patient showed th@ghest
accumulation of muscle fibres with dowegulated COX (25.5% abnormal fibres, 18.2%
deficient fibres, n=571) followed by the aged control (15.4% abnormal fibres, 5.8% deficient
fibres, n=481) and the young disease control (0.4% abnormal fibitdgt(a), n=224)Kigure
3.18A, right bar). A similar trend was observed for complekigure 3.18, right bars): the
mitochondrial patient showed the highest percentage of fibres with doagulated NDUFA13
(49% of abnormal fibres, 13.6% of deficient fibres, n=%rdyre3.18C right bar), followed by
the aged control §8.3% of abnormal fibres, 3.4% deficient fibres, n= 48fure3.18B, right
bar) and the youngliseasecontrol (2.7% abnormal fibres: all int(+), n=2Efgure3.18A, right
bar) Figure3.18).
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Figure3.17. Comparing COX/SDH histochemistry with complex I, 1l and IV pncbundance in young,

aged and diseased skeletal muscle.

COX/SDH histochemistry and triple immunofluorescence were performed in serial muscle sections
obtained from young DS1, aged control 3 and patient P3. Fluorescent detection was used to visualise:
complex IV subunit | (CAX- green (Fluoresceirg 488nm), complex | subunit (NDUFAZL3Jed
(Rhodamineg 546nm) and complex Il subunit A (SDigAjue (Alexa fluor 647nm). DC1 is a paediatric
control and therefore presents a reduced fibre size.
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Figure3.18. Objective classification of fibres based on COX/SDH histochemistry andI(SDXA and
NDUFA13/SDHA immunodetection in young, aged and diseased skeletal muscle.

COX/SDH histochemistry and triple imméflaorescence were performed in serial muscle sections
obtained from (A) youngliseasecontrol (DC1), (B) aged control 3 (AC3) and (C) patient (P3). Graphs
show the classification results from the objective classification based on COX/SDH ratio (ledinbars)
objective classification based on GOSDHA (middle bar) and NDUFA13/SDHA (right bar) ratios. Fibres
were classified into COX (activity/protein level) positive (beige), int(+) (light beige)(ligtft blue), and
deficient (blue) groups.

One surprising finding was the amount of fibres with intermediate NDUFA13 levels in the old
control; this raised a concern: whether or not this devagulation was real. In fact, the
exposure time used to image NDUFA13 channel was extremely high andahiset showed a
high level of background noise. This could account for the abnormally high complex |

deficiency noted for this older adult, highlighting the need for further optimisation.

3.4.3.3 Optimising triple fluorescencebased immunohistochemistry

To optmise the assessment of mitochondrial respiratory chain components in individual
muscle fibres, a triple immunofluorescence detecting €@Xd other mitochondrial markers,
NDUFB8 and porin, was performed. NDUFB8 antibody binds its epitope with a highiey aff
than NDUFA13providing stronger signal; porin is a voltageged ion channel located in the
outer mitochondrial membrane (Mannella, 1998), and it is commonly used to assess the

overall mitochondrial mass (Mahad al., 2009, Grunewalét al,, 2014).
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3.4.3.3.1 New mitochondrial markers

A diaphragm muscle section obtained from aged control AC1 (a serial section from that shown
in Figure3.15) was assessedsing triple immunofluorescence to detect COITC 488nm,
green), NDUFB8 (Rhodamin®46nm, red) and porin (Alexa fluor 647nm, blugalfle3.3) and

the OD of each mitochondrial marker (ODGIO®DNDUFB8 and ODporin) was measured in

individual muscle fibres (image&idure3.19).

ODCOX and ODNDUFB8 were plotted against each othEigy(re 3.19: top graph). The
scatterplot showed (as previously with NDUFA13) a positive associatioKig I £ (G K& | LILIS |
fibres; COX and NDUFB8 were moderately correlated in a 1.3 to 1 proportion, respectively
(Figure3.19, top graph: y= 1.319x+ @3, R=0.6). Moreover, both CGXand NDUFBS in
GKSFfdKe FLIISEFNAYy3IeE FAONBaA oSNB LRaAAGAGSE &
COX (Figure3.19, middle graph: y=1.500x2#0.7) and 1 to 1 for NDUFBRidure3.19, lower

graph: y=1.0695x,%R0.6). These results confirmed therefore tiNDUFBS8 antibody is stronger

and provides better signal thadDUFAl1antibody.

To also validate the use of porin as a mitochondrial mass marker, matching fibres Hin COX
NDUFA13 and SDHA immunofluorescenEgute 3.15 and COX, NDUFB8 and porin
immunofluorescence Higure 3.19) were first identifi@ (Figure 3.20A and B). Following
identification, their ODSDHA and ODporin were plotted together. The scatter of plotted points
showed that porin wastrongly correlated with SDHA, in a 2 to 1 proportiéiig(re3.20C,
y=0.490x, R=0.8), confirming that porin can be used to infer about the overabchondrial

mass in muscle fibres.

Consequently, the objective assessment of complex IV provided by thel/SQXA ratio
(normal: 83.7%, int(+): 8.6%, iNt(2.1% and deficient= 5.6%) and the QGPHrin ratio
(normal: 88.0%, int(+): 3.0%, ift(4.0%and deficient= 5.0%) were not significantly different (Z
test for two populations proportions, p<0.05). However, the objective assessment of complex |
showed marked differences, especially amatiig normal andintermediate groups. The
objective classifican based on the NDUFAL13/SDH ratio (normal: 10.7%, int(+): 73.4%, int(
12.4% and deficient: 3.5%) ovestimated mitochondrial dysfunction when compared to the
objective classification based on the NDUFB8/porin ratio (normal: 88.0%, int(+): 4.6%, int(
6.0% and deficient: 2.0%).
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A Triple immunofluorescence B Densitometry results
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Figure3.19. Complex |, complex IV and porin protein abundance in aged diaphragm muscle.

Triple immunofluorescence was performed in a muscle sections obtained from agedl AC1.
Fluorescent detection was used to visualise: complex IV subunit HJE@M¢en (Fluoresceig 488nm),
complex | subunit (NDUFB8&)ed (Rhodaming 546nm) and porin blue (Alexa fluor 647nm). (A) Shows
a representative image of the triplémmunofluorescence. 200 muscle fibres were selected for
densitometry. (B) Top graph plots ODGICatd NDUFB8 from individual muscle fibres, middle graph
plots ODCOXand ODporin, and lower graph ODNDUFB8 and ODSDHA.
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C Densitometry results
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Figure3.20. Correlation between SDHA and porin.

Triple immunofluorescence against (A) NDUFA13-ICDH SDHA and (B) NDUFBS,-Cax porin was
performed in serial diaphragm muscle sections obtained from aged control AC1. (C) Graph plots the
ODporin and ODSDHA measured in matching fibres (n=33). (D) Graphs show the classification results
based on COMSDHA and NDUFA13/SDHA (left double bars) and based oHA/gO@GX and
NDUFB8/SDHA (right bar) ratios. Fibres were classified into positiige)bmt(+) (light beige), ir(

(light blue), and deficient (blue) groups.

These results showed that NDUFBS8 provided more signal than NDUFA13, when using the same
exposure time (6.0sTable3.5). Also, they showed that porin provided more signal than SDHA,

since SDHA required a longer exposure time than porin (5.0s to image SDHA and 2.4s to image
porin). Still, the exposure times used remained higépecially for the NDUFB8 and porin

channels.

Table3.5. Exposure times used to image the different channels

Channel

Primary antibody

Exposure time

Primary antibody

Exposure time

FITC (488nm)
Rhodamine (546nm)
Cy (647nm)

COX
NDUFA13
SDHA

1.7s
6.0s
5.0s

COX
NDUFB8

porin

1.7s
6.0s
2.4s

74



3.4.3.3.2 New combination of secondary antibodies

Experimental optimisations were undertaken to decrease the exposure times needed to image
the different channels and stifichieve an acceptable signal (especially for NDUFB8 and porin
channels). Serial diaphragm muscle sections obtained from aged control AC1 were assessed in
terms of triple immunofluorescence, but different combinations of primary and secondary

antibodies wee used to detect COX NDUFB8 and porin, as follows:

1. Combination 1 Alexa fluor488: NDUFBS, Alexa fluor 546: -COXexa fluor 633: porin
2. Combination 2 Alexa fluor 488: porin, Alexa fluor 546: NDUFB8, Alexa fluor 647t COX

All dyes (used so far) wereplaced by the equivalent Alexa fludraple3.3). These produce
greater fluorescent output and are more photostable than the other spectrally similar
conjugates. The concentration of the secondary antibodies was changed from 1:300 to 1:200,
and sections were incubated for 2h at RT (instead of 1h). Also, muscle sections were pre
incubated with 5%NGS (instead of 1%NGS) for 1h at RT (instead 30min)o@oe of
background signal is the nepecific binding of secondary antibodies to endogenous Fc
receptors, therefore increasing the concentration and time of the protein block helps reducing
unwanted background. Finally, all images were acquired at 2@eaidsof 10x. When using a
higher magnification, the amount of light that penetrates through the objective is higher,

therefore, the exposure time needed to obtain an optimal fluorescence, decreases.

The four changes made to the protocol had a positiveadatn the exposure times needed to
image sectionsHigure3.21: left and middle collumns). For example, the exposure time used
for the 488nm channel as reduced from 1.7s to 36800 ms. Furthermore, it was observed

that the lowest exposure time needed to image NDUFB8 channel was achieved when the
primary antibody was coupled with Alexa fluor 546 (ET(Alexa fluor 488)= 480ms; ET(Alexa fluor
546)= 180mskigure3.21). Similarly, an acceptable exposure time to image porin was achieved
when it was coupled with Alexa fluor 488 (ET(Alexa fluor 488)= 32Bm{#lexa fluor 647)=
3100ms Figure3.21).

The combination 2 tested (when COXNDUFBS, porin were couple with Alexa fluor 647, 546
and 488 respectiely) showed that the secondary antibody providing the weakest signal was
Alexa fluor 647. A final optimisation was hence performed to amplify-IC&gfal, using the
complex biotin/streptavidin method. Briefly, streptavidin is a purified protein from
Strgptomyces avidinibacteria which presents strong affinity (4 binding sites) to bind vitamin
biotin. In this indirect method, a biotinylated secondary antibody links the primary antibody

and streptavidin conjugated with 647 fluorophore.

75



Combination 1 Combination 2 Combination 3

Alexa Fluor 546 (90ms) Alexa Fluor 647 (900ms) Biotin/Streptavidin 647 (440ms)

COX-I

Alexa Fluor 488 (480ms) Alexa Fluor 546 (180ms) Alexa Fluor 546 (320ms)

NDUFB8

Alexa Fluor 633 (3100ms) Alexa Fluor 488 (320ms) { Alexa Fluor 488 (520ms)

Porin

Merged channels

Figure3.21 Optimisation undertaken to decrease the exposure times needed to image the different
channels (20x).

Triple immunofluorescence detecting COXNDUFB and porin was performed in serial diaphragm
muscle sedbns obtained from aged control AC1. Different combinations of primary and secondary
antibodies were tested. Combination 1: NDUFB8/Alexa fluor 488 (green}l/&lexa fluor 546 (red),
porin/Alexa fluor 633 (purple). Combination 2: porin/Alexa fluor 48@4g), NDUFB8/Alexa fluor 546
(red), COM/Alexa fluor 647 (purple). Combination 3: porin/Alexa fluor 488 (green), NDUFB8/Alexa fluor
546 (red) and COMbiotin/Streptavidin 647 (purple). For this particular experiment, slides were
counterstained with DAPR
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Since several streptavidin proteins can bind biotin, this complex offers signal amplification. A
serial diaphragm muscle section obtained from aged control AC1 was assessed using triple
immunofluorescence detecting porin (Alexa fluor 488, green), NEBURIlexa fluor 546, red)

and COX (biotin/Streptavidin 647). The protocol incorporated the previous optimisation with
the following changes: the first incubation with secondary antibodies (Alexa fluor 488, Alexa
fluor 546, biotinylated antibody) for 2ht &T and the second incubation with only Streptavidin
conjugated with 647 for 1h at RTgble3.3) (Figure3.21, right column: combination 3).In
combination 2, the exposure time needed to image €@XT=900ms) was almost threefold
higher than the exposure time set to image porin (ET=320Rigu(e3.21 middle column). By
contrast, in combination 3, the exposure time needed to image-CEX=440ms) was lower
than the exposure time set to image o (ET=520ms)F{gure 3.21 right column). These
results showed that the amplification of COXsing the complex biotin/streptavidin proved to

be efficient and lowered the exposure time needed to reach optimal fluorescence ofl COX

signal.

3.5 Discussion

Mitochondrial defects are often challenging to quantify. Tb@mmon mosaic pattern of
deficiency restricts the use of several techniques to COX/SDH Inéshistry and
immunohistochemistry. This chapter highlights the problems associated with these assays and
describes the development of a novel method to objectively assess mitochondrial respiratory

chain function in individual muscle fibres.

3.5.1 Challenges 6 COX/SDH histochemistry

In order to quantify mitochondrial dysfuntion in the ageing skeletal muscle, different muscles
obtained from healthy aged individuals were investigated for the activity and abundance of
mitochondrial respiratory chain componentsor@istent with previous studies (Coopet al,,

1992), all muscles showed some level of mitochondrial dysfunction with both complexes | and
IV affected. Interestingly, different muscles showed different degrees of mitochondrial
pathology and different pa#irns. For example diaphragm muscle from aged control AC3
showed higher levels of mitochondrial deficiency than psoas or biceps. Also, deficiency in
individual muscle fibres was either isolated (preserved NDUFB8 and-abgutated COX or
preserved COX and downregulated NDUFB8) or combined (both complexes down

regulated).
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Whilst assessing mitochondrial function in these muscle samples, it became apparent that the
methods used to assess mitochondria in human muscle sections had several limitations. For
example, around 20% of muscle fibres had isolated complex | deficiehege Twere not
detected in COX/SDH histochemistry but were only identified using NDUFBS8
immunohistochemistry. These results highlighted the importance of assessing complex |
together with complex IV in order to have a real overview of the overall mitochahdr

deficiency.

lf a2y @Aradzat OflFraaArAFTAOIGA2Y dK26SR | RS3INBS
af26¢ 2N aroaSyidé FOGAGAGekt S@Sta 3ANBdAzLIA | NF
between days or even between sections. Thisaiuibservervariability also arises from tissue

specific artefacts (such as uneven labelling) and limitations of the human eye. Indeed when
two investigators visually assessed the same fibres reacted for COX/SDH, classification results
differed markedly. fe investigators counted the same number of cells in the COX positive
group. However, a higher intefariability was detected for the middle and lower categories,
suggesting higher migassifications in these groups. Also, both investigators were inigrnal
inconsistent, overand underestimating mitochondrial dysfunction in samples from different

patients.

Lastly, visual classification also showed some inaccuracy. A significant proportion of muscle
fibores showed contradictory results between COX/SDHtottemistry and COK
immunohistochemistry. For example some fibres demonstrated intermediate or absent COX
activity and preserved C@Xevels. These inconsistencies could result from incorrect visual
assessment of muscle fibres due to incapacity of humyen to detect subtle colour changes
(while judging the activity or levels of complex 1V). Alternatively, they could result from the use
of serial muscle sections. Since COX respiratory chain deficiency is segmental (Metsaioka
1992, Elsonet al, 2002, Murphy et al, 2012), the analysis of serial sections might be
confounded by the changes in enzyme activity and levels along fibre length. Regardless of the
underlying cause, these results showed that visual assessment and the use of serial sections

were leading to wrong classification of fibres.

3.5.2 The objective classification based on COX/SDH histochemistry

The unreliable and biased results from visual classification stressed the importance of
developing an objective and quantitative method to determi@OX activity in single fibres.

Murphy et al. had developed a method to determine objectively the respiratory status of
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muscle fibres (Murpht al,, 2012). However, this method is limited by several disadvantages.

It is subject to inaccurate inference aifior and Levenson, 2006) due to the changing
biochemical profile along the fibre length. It is also time consuming as individual muscle fibres
have to be identified manually in each of the three tissue sections used. Additionally, the
respiratory status &lue is not compared to a group of positive fibres, or a control group.
Therefore, the intensities of individual COX and SDH histochemistry may vary between cases
(due to tissue history, or uneven precipitation of chromogens (Choudéiuay, 2010)) shifing

the boundaries between normal and abnormal profiles. Finally, the respiratory status does not

discriminate the individual levels/activity of complex | and complex IV.

To overcome the above limitations, a new assay was developed to assess mitochondria
respiratory chain deficiency. This approach used just COX and SDH intensity measurements to
determine the relative percentage of COX activity in single muscle fibres. ODCOX and ODSDH
were corrected for the background noise and normalised to internalrots{the ODCOX and
ODSDH of normal appearing fibres). This normalisation approach has been used previously in
other research fields and it takes advantage of reference structures present in the biological
sample (Ronnebergeet al, 2008). Different musel biopsies were assessed in order to
evaluate which method- COX/SDH ratio or difference SOBX- was more reliable
determining COX activity in individual muscle fibres. Results showed that the COX/SDH ratio
was more accurate in classifying correctly dibrthan the SDICOX difference; the
classification provided by the ratio agreed closely with visual classification (quantified as scores
ameé o YR &aK2gSR ftSaa 7FrtasS Ok addAr TAKSAS 2 W2

demonstrated that the new objeacte classification allows accurate classification of fibres.

3.5.3 The objective classification based ormmunofluorescence

The previous objective assessment improved the classification of muscle fibres, but still
presented some lacunas, such as the lack of glem| assessment and the use of 2 serial
sections. In order to overcome these, the use of a similar quantitative approach for protein
levels was explored, using fluorescerimased immunohistochemistry. This approach presents
several advantages. It allowsultiple labelling using a single muscle section, avoiding the
concerns associated with the use of serial sections: changing biochemical profile, time
consuming analysis and variability in intensity across muscle sections due to variations in
muscle slicahickness (due to weven cutting) (Taylor and Levenson, 2006). Also, the image

analysis is performed in an image stack (with the different channels superimposed). Therefore,
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the region of interest delimiting fibres is the same for the different compeixeestigated,

and image analysis is largely simplified.

Given these advantages, double immunofluorescence was initially performed in order to
assess complex | and IV levels simultaneously in individual muscle fibres. However, the
importance of additional labelling of fibres with a mitochondrial mass markerrheaapidly
evident. This labelling is crucial to assess complex | and IV levels relative to the amount of
mitochondria and differentiate fibres with normal complexes levels from those with down
regulated levels. In order to validate the use of d@X a marker for assembled/functional
complex 1V, objective classifications using COX/SDH histochemistry artdSOEX were
compared in three muscle samples: a youtigeasecontrol, an aged control and a patient

with known mitochondrial disease. Both COX/SDid @DX/SDHA ratio provided the same
results when no uneven labelling was detected across muscle sections. This positive
correlation between COX activity and GOMnmunoreactivity is consistent with previous
studies showing a selective and restricted l@$sCOX abundance in COX deficient fibres

(Oldforset al., 1992, Rahmaat al,, 2000, Mahadkt al., 2009).

Furthermore, the assessment of these three muscle biopsies confirmed the sensitivity of the
triple immunofluorescence assay. Assuming that sonmatitations in mtDNA accumulate with

age, this assay should not detect any COX deficient fibres in the ydisegsecontrol. By
contrast a small proportion was expected to be detected in the aged control, and a higher
proportion in the patient. The resultsere in line with this. The yourgjseasecontrol did not
present any fibres with downegulated COX levels whereas the aged control and the patient
demonstrated 15% and 26% of fibres with devegulated levels, respectively. In terms of
complex |, thee is no histochemical assay available to validate the use of NDUFBS8 as a marker
for functional complex I. However, it has been extensively used by others as a marker of
assembled complex | (Peral€ementeet al, 2010; Murphyet al, 2012). Finally, these of

porin as a marker of the overall mitochondrial mass was validated by showing that SDHA and

porin were strongly and positively correlatecf£R.8).

Finally, it is important to mention some concerns regarding the objective classification based
on praein levels. In this approach, measurements were not normalised to internal controls (as
performed for objective assessment based on COX/SDH histochemistry) though the objective
classification based on C@$DHA agreed entirely with visual classificatigkiso, the
exposure times for image acquisition were adjusted to each case limiting the comparison
between cases. This highlighted the need of further optimisation and refinement of the
objective classification.
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Chapter 4. Optimising the no vel assay to become a reliable high -

throughput and computer -based tool

4.1 Introduction

The replacement of observdrased qualitative assessment by compdb@sed quantitative
assessment is increasing in many fields (cancer, neurology, muscle and manykHittset)al.,
2005, Taylor and Levenson, 2006, ArechaGiaezaet al, 2010, Kodihaet al, 2011).
Computerbased quantification presents major advantages: it avoids human subjectivity by
eliminating intra and intebserver variation and allows higheccuracy and consistency

(Thomsoret al,, 2001, Kloppett al,, 2008, Rizzardit al,, 2012, Alvarengat al., 2013).

The novel method to assess mitochondrial function in muscle sections introduced in the
previous chapter requires further optimisation become a computebased quantitative tool.

A specific cell membrane marker has to be included in the immunohistochemical protocol in
order to automate the detection of individual muscle fibres in tissue sections by imaging
software. Several groups have agued a similar approach by labellirgub-plasmalenmal
proteins such as spectrin (Arechav@amezaet al,, 2010, Tayloet al., 2012) or dystrophin
(Mula et al, 2013) and using variety of imaging software platforms (Brigaieal., 2004,
ArechavalaGomezeet al,, 2010, Tayloet al., 2012).

Furthermore, objective classification of fibres necessitates refinement. In certain
mitochondrial conditions a mosaic pattern of mitochondrial defect is observed, where
dysfunctional cells coexist with their healthyurderparts containing normal levels of COX

and NDUFB8. This mosaicism allowed normalization of individual OD measurements to
GAYOGSNYIFE LRaAGAGS O2yGNRfaég O6FAONBA | LILISEH NA
the objective assessment baseth €OX/SDH histochemistry) (Ronnebergeal., 2008). In

other conditions, however, muscle tissue shows wipeead mitochondrial deficiency and

normal fibres are absent. This stresses the importance of comparing patients and elderly

individuals to a youngontrol group.
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4.2 Aim

The aims of this chapter were to:

1. Semiautomate image analysis,
2. Refine the objective assessment of individual muscle fibres,

3. Validating the novel assay by demonstrating it is reliable and reproducible.

4.3 Methods

4.3.1 Cohortclinical characteristics

Archivedfrozen muscle specimens derived from healthy controls, disease controls and twelve
patients with clinically and geneticalbharacterised mitochondrial disease of either mtDNA or
nuclear genetic origin were used.able 4.1 summarises relevant clinical information. The
healthy control samples were obtained during orthopaedic surgery; the five disease controls
were previously investigated for suspected neuromuacdisease but showed normal muscle
histology, oxidative enzyme histochemistry and normal respiratory chain biochemical activities
(Kirbyet al., 2007). Patients P1, P12 and Rdgre chosen as they harboured a specific (nuclear
or mitochondrial) genetic efect affecting extensively either respiratory chain complex IV or |
(P1 and P2) or both (P11). Remaining patients harboured singledeatee mtDNA deletion,
multiple deletions (due to a mutation in a nuclear gene involved in mtDNA maintenance) or
point mutations in mitochondrial encoded tRNAs. These patients were selected because they

all (except P8 and P9) exhibited a clear mosaic pattern of COX deficiency in muscle tissue.

4.3.2 Cryo-sectioning

Serial sections (10um thickness) from transversely orientatedafe blocks were obtained as

previously describeth section2.2.3from chapter 2

4.3.3 COX/SDH histochemistry

Individual and combined COX/SDH histochemistry wasedaaut according to the protocol

described in sectio.2.5from chapter 2.

82



Table4.1. Clinical information fromsubjects included in this study

Subjects Gender Age Genetic defect Histochemical findings Biopsy type
Healthy controls
HC1 Female 20y n.r. Normal enzyme histochemistry ~ Surgery
HC2 Male 21y n.r. Normal enzyme histochemistry ~ Surgery
Disease controls
DC1 Male 4y n.r. Normal enzyme histochemistry  Diagnostic
DC2 Male 18y nr. Normal enzyme histochemistry  Diagnostic
DC3 Female 20y n.r. Normal enzyme histochemistry  Diagnostic
DC4 22y nr. Normal enzyme histochemistry  Diagnostic
DC5 Female 38y nr. Normalenzyme histochemistry ~ Diagnostic
Patients with known mutations affecting complex | and 1V
Compound heterozygous - . .
P1 Male ly LRPPRutations: Global COX deficiency Diagnostic
m.4175G>A (p.Trp290%*) - . .
P2 Male 20y MT-ND1mutation: COXpositive, RRF Diagnostic
Patients accumulating (single or multiple) mtDNA deletions
P3 Female 39y Zlenlgelt?(,)rl]f.irgescale MIDNA 15% COX deficient fibres, 4% RI Diagnostic
P4 Female 43y multiple mtDNA deletions; >40% COX deficient fibres/RRF  Diagnostic
P5 Male 47y  multiple mtDNA deletions; 25% COX deficient fibres, 8% RI Diagnostic
P& Male 60y multiple mtDNA deletions; 20% COX deficient fibres, 7% RI Diagnostic
Patients with point mutations in mitochondrial encoded tRNAs
P7 Female 25y m.3243A.>GMT-TL1 20% COX deficient, 8% RRF Diagnostic
mutation;
g Female 40 m.3243A>QVT-TL1 >30% COX deficient, 10% RRF; Diaanostic
y mutation; also COX positive RRF 9
- 0, ici I 0,
Py Male 53y m.3243A.>CMT TL1 45% COX deficient fibres, 20% Diagnostic
mutation; RRF
P10 Female 13y m.569.0A.>CMT-TN 13% COX deficient, 5% RRF Diagnostic
mutation;
0 - .
P11  Female 18y NovelMT-TPmutation; ?igrg’scox deficient, S|HIsitive . inostic
P12 Male 33y m.10010T>GAT-TG >90% COX deficient fibres Diagnostic

mutation;

Key: age =age when biopsied; y = years old; mtDNA = mitochondrial DNA; PEO =

ophthalmoplegia; CPOE = chronic CPEO; BMI = body mass index; RRFrechdipeds, n.r.:

progressive external
not relevant;

abchyblished cases’Gormanet al. (2015) in press$§P20 inPitceathlyet al. (2012),°P3 in Blakelet al. (2013);
#cases assessed in chapter 3: current P6, P8 and P9 were P3, P1 and P2, respectively.
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4.3.4 Fluorescencebased immunohistochemistry

Fluorescencénased immunohistochemistry (detecting NDUFBS8, -C@Xrinand lamininh -1)
(Table4.2) wascarried out according to the protocol described in sect®d.4.2from chapter

3, with minor changes highlighted in bold:

Following fixation and permeabilisation, sections were blocked &8#hNGSor 1h at RTand
then incubated with a primary antibody cocktéllable4.2). Subsequently, the sections were
incubated with a secondary antibody cocktail m at RT(anti-rabbit IgG Alexa fluor 405
anti-mouse IgGB Alexa fluor 488 anti-mouse 1gG1 Alexa fluor 54@&nd anti-mouse lgG2a
biotinylated antibody, (Table4.2)) following a final incubation witlstreptavidin 647 for 1h at
RT(Table4.2)). Sections were washed in TBST and mountadeittashield hard set mounting

medium (Vector laboratories)

Table4.2 Primary and secondary antibodies used for immunofluorescence

Antibodies Host Dilution Company (Product number)

Primary antibodies

MTCOI (IgG2a) Mouse 1:100 Abcam (Ab14705)

NDUFBS8 (1gG1) Mouse 1:100 Abcam (Ab110242)

Porin (IgG2b) Mouse 1:100 Abcam (Ab14734)
Lamininh -1 (rabbit IgG polyclonal) Rabbit 1:50 SigmaAldrich (L9393)

Secondary antibodies

Anti-rabbit IgG Alexa fluor 405nm Goat 1:50 Life Technologies (A31556)
Anti-mouse 1gG2b Alexéuor ¢ 488nm Goat 1:200 Life Technologies (A21141)
Anti-mouse 1gG1 Alexa flugr546nm Goat 1:200 Life Technologies (A21123)
Anti-mouse IgG2a Biotin Goat 1:200 Life Technologies (M32315)
Anti-mouse IgG2a Alexa fluqgrd88nm Goat 1:200 LifeTechnologies (A21131)
Anti-mouse 1gG2b Alexa flugr546nm Goat 1:200 Life Technologies (A21143)
Anti-mouse IgG1 Biotin Goat 1:200 Jackson IR Lab (1:065-205)
Streptaviding 647nm Goat 1:100 Life Technologies (S31556)

Key: Jackson IR Lab: JacksemunoResearch Laboratories

4.3.5 Imaging

Brightfield and fluorescent images were acquired at 20x magnification using Zeiss Microscope

(see sectior.2.7 from chapter 3.
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4.4 Results

4.4.1 Automation of image analysis

In order to simplify image analysis and accelerate assessment of mitochondrial respiratory
chain dysfunction in individual muscle secticagoliclonakntibody detectindamininh -1 was
included in the immunohisithemical protocol. As laminin is a major glycoprotein of the
basement membrane (Sanes, 1982), its labelling marked the boundaries of individual muscle
fibres and allowed automated object recognition by the imaging software IMARIS. To develop
the new imageanalysis protocol using IMARIS, a section from patient P6 was labelled with a
cocktail of antibodies recognising GOiotin/streptavidin 647, purple), NDUFB8 (Alexa fluor
546, red), porin (Alexa fluor 488, green) dndl Y A AL (Algxa fluor 405, white(Figured.1A).

Images acquired using a fluorescent microscope were opened in IMARISasiieiles and
segmentation was performed in order tcetkct individual muscle fibred-igure 4.1B). 405
channel (labellingt I Y A ¥\ Was ftorrected for background noise using the option
aol O1 3 NPNdzyORi Kiguned.fi B4-B2). A first surface was created over 405 channel
(Figure4.1 B3B4) and laminin was maskeBigure4.1 B5). Following this, a second surface
was created based on the meed 405 channel. As a result, multiple surfaces were formed
over individual muscle fibregigure4.1 B26). Unwanted areas were removed in a filtering step
(Figure4.1 B7), but an area of the section devoid of fibres was sampled (in order to measure
the background). The mean intensity of 488, 546 and 647 nm channels from individual muscle
fibres (ODCOX ODNDUFB8 and ODporin) and the area devoid of fibres (OD488, OD549 and
0OD647) were automatically measured in a scale ranging from 0 (brightest pixé5)535
(darkest pixels) intensity unit§igure4.1 B8).For each muscle fior&@DCOX, ODNDUFB8 and
ODporin were corrected for background signal dubtracting themean OD647, OD546 and
0OD488, respectively.

4.4.2 Classification of fibres using COXporin and NDUFB8/porin ratios

In order to develop an objective classification based on standard deviation limits, quadruple
immunofluorescence was performed muscle sections obtained from four disease controls
(DC1, DC3, DC4 and DC5) and three patients (P1, P2 an&iBa&)(3). These patients were
selected for the following reasons: P1 showed isolated and wjglead complex IV deficiency,

P2 showed isolated and widspread complex | deficiency and P11 combined complex | and IV

deficiencies. The ODCOXODNDUFB8 and ODporin were measured, corre(tadtracting
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the background as described above) and the ratios (OBEIDPHorin)*100 (yielding COGX
I/porin ratio) and (ODNDUFB8/ODporin)*100 (yielding NDUFB8/porin ratio) were calculated.

A Quadruple immunofluorescence B Image analysis (IMARIS software)

COX-1

NDUFB8

".

b

/

Laminin a-1 :

Figure4.1Image analy5|s using IMARIS software

(A) Representative images of quadruple immunofluorescence detectingl, CIXUFBS8, porin and

f I YA ylLA(®¥) Representative screenshots showing main steps of segmentation: (1) Images were
opened on IMARIS software d6bit czi files (2) Background noise of 405 channel was removed using
Gol OT3aINRBdzyR &dz G NI OQGA2yé¢ (22t |yR GKS MyAfssyaniide
surface was created over 405 channel and used to create a (5) laminin ma&kséépnd surface was
created over the masked 405 channel thereby filling the area of muscle fibres. (7) Using edit tool bar,
unwanted areas such as background were removed. (8) The software measures automatically the
optical density of the different chamts in each muscle fibre.
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Laminin a-1 COX-l NDUFB8 Porin Overlay

Disease
Control
(DC1)

Disease
Control
(DC3)

Disease
Control
(DC4)

Disease
Control
(DC5)

LRPPRC i
mutations
(P1)

m.4175G>A
MT-ND1
(P2)

Novel MT-TP
Mutation
(P11)

Figure4.2 Representative images of complex | and IV levels in skeletal muscle sections from controls
and patients.

Quadruple immunofluorescence was performed in muscle sectmasfluorescent detection was used

to visualise: COK¢ purple (biotin/streptavidin 647nm), NDUFRE8red (Alexa fluor 546nm), porig

green (Alexa fluor 488nm) and I Y A yLX; ywhité (Alexa fluor 405nm). Representative images of
respiratorynormal tisse (disease controls DC1, DC3, DC4 and DC5) and mitochondrial deficiency:
compound heterozygous LRPPRC mutations (P1, widespread complex IV deficiency), m.41756G>A MT
ND1 mutation (P2, widespread complex | deficiency), and a novelMmnutation (P11, widpsead
complex | and IV deficiency).

87



4.4.2.1 Control population

The control group was created by combining data from all control muscle fibres DC1 (n=447),
DC3 (n=252), DC4 (n=318) and DC5 (n=289). The distribution-tfpGM@Xwas approximately
symmetric (skemness = 0.37) but the distribution of NDUFB8/porin was right skewed
(skewness = 1.1Figue 4.3 A and B: left graphs) and none of the distributioresged the
normality tests (both Shapird A £ { | Y R 530! NER2ayliQRay 22 Yy A 6dza (Sado.

The BoxCox transformation (Box and Cox, 1964) identified the fourth rod{(1/4) - and the
negative reciprocal square rootl{(SQRT(x)) transformations astiopal to achieve normality

of the COX/porin and NDUFB8/porin control data, respectively. This was confirmed using
both visual inspectionHigue 4.3 A and B: right graphs) and statistical methods: kurtosis and
skewness numerical measures of shape for - @EotinT (skewness=0.03 and kurtosis=0.40)
6DS2dzNES FyR alfft SNESI NMpodgpRa I gRy bRdza2 a G A& ¥ 2
(p>0.05).

Figue 4.3 Control population.

Graphs show the frequency distribution of (A) COX/porin (graph on the left) and COX/porinT (graph on
the right) (B) NDUFB8/porin (graph on the left) and NDUFB8/porinT (graph aigltiheratios from the
control population (DC1 (n=447), DC3 (n=252), DC4 (n=318) and DC5 (n=289)).
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