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Abstract

Mutations in mitochondrial DNA (mtDNA) lead to a genetically and phgpaally
heterogeneous group of human diseases, mitochondrial disorders. Though patients with
MtDNA disease present with multisystemic abnormalities, the central nervous system is usually
severely affected. Of the neurological deficits, cerebellar atexithe most frequently
presenting symptom of patients recruited to the UK MRC Mitochondrial Disease Patient cohort
with a prevalence of 70%. Furthermore, strike episodes are prominetut not restricted

to patients with the Mitochondrial Encephalgmpathy, Lactic Acidosis and Strokike
episodes (MELAS) syndrome, due to the m.3243A>G point mutation. Both neurological
symptoms are associated with pronounced neurodegeneration. The aim of this thesis was to
gain further insights into the mechanismsp@nsible for neurtal lossin patients who manifest

with cerebellar ataxia and strekke episodes.

A reliable, reproducible and quantitative quadruple immunofluorescent technique has been
developed that allowed the quantification of respiratory cpamtein expression in specific
neuronaldomains and cellular populatiansurthermore, thredimensional reconstruction
helped examine the structural characteristics ofcalliolar compartments. Close investigation

of the intracerebellar microcircuitry gwided evidence for respiratory chain protein expression
defects in Purkinje cell bodies, dendrites and presynaptic terminals. Altered Purkinje cell
innervation of respiratory chain deficient dentate nuclei neurons likelys lmadeuronal
disinhibition aml is accompaniedyy partially disturled glutamatergic connectivity tthe

region.

Additionally, respiratory chain deficiencies were detected in the vasculature of vulnerable to
strokelike episodes brain regions (cerebellum, occipital and temporal lobg)atients
harbouring the m.3243A>G point mutation. Preliminary data suggest that-Bk@lepisode
manifestation and cortical lesion development is due to an additive effect between

neuronal/interneuronal and vascular pathology.

These observations shttbasis for studying the impact of mtDNA defects in synaptic, neuronal
and vascular healtim-vitro and have important implications for identifying good candidates
for drug targeting in mitochondrial disease.
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Chapter 1 Introduction

1.1 Mitochondria

Mitochondria are highly dynamic cytoplasmic organelles present in all nucleated mammalian
cells (with the exception of red blood cells). Although they are most well known for their
capacity for energy production (ing form of adenosine triphosph@&t&TP), their importance

in calcium homeostas{¥andecasteelet al, 2001) reactive oxygen species (ROS) production
(Sena and Chandel, 2B iron-sulphur (FeS) cluster biogenes{®Rouault and Tong, 200and

apoptosigWang and Youle, 2009laces mitochondria at the centre of cellular life and death.

According to evolubnary biology, mitochondria have derived from a mutually beneficial
relationship between frdeszing bacteria(Gray, 2012) The fAseri al hypothe.
alphaproteobacterium was incorporated into a primitive eukaryote cell, which originated from
an Archaebacterium and lacked mitochondria, tovexadly become the mitochondrion (preto
mitochondrion) (Margulis, 1970) However, more recent observations have led to the
Ahydr ogen hy p at¢eshhatsmitcchiondmahhave évolved after an endosymbiotic
relationship between a hydrogdependent Archaebacterium and a hydregerducing
Eubacterium(Martin and Muller, 1998)Regardless of the evolutionary mechanisms that gave
rise to modern day mitochondria, a single endosymbiotic event occurred which was followed
by either partial los or transfer of genetic material from the prottochondrion to the cell
nucleus(Timmis et al, 2004)

1.1.1 Mitochondrial structure

Upon electron microscopy, mitochondria appear as daukel@mbraned organellekdt have a

rod or ovoid shape and measurdeIn in length x 0.3.7em in diamete(Palade 1953) The
intermembrane space separates the outer from the inner mitochondrial membrane, whereas the
interior of the mitochondrion is termed the matrikigure * 1) (Palade 1953) The
mitochondrial matrix contains multiple copies of the mitochondrial genome and the machinery

necessary for its expression.

The outer mitochondrial membrane (OMM) very much resembles normal cell membranes. Its
lipid layer isenriched for the voltagdependent anion channel (VDAC) protein porin, which
allows for the exchange of small molecules and ions, <6kDa, between the cytoplasm and the
intermembrane spadc@lberts B, 2002)

In contrast to the OMM, the high proportion of cardiolipin present within the lipid bilayer of
the inner mi tochondri al me mb r a Mmpern{edbiititp , ac



Chapter 1 Introduction

macromolecules and ions. Instead, the membrane only allows the perfusig@©0f &hd HO

into the matrix, whereas transport proteins located throughout the membranous layer allow
small molecules to enter the interior of mitochondriae TMM is extremely rich in protein

(75% protein content) and has traditionally been though to project into the mitochondrial matrix
through highly folded conformations, known as crisfRalade, 1952; Ardaiét al, 1990)
However, advances in higiesolution microscopy have revealed that the IMM is in fact
comprised of the inner boundary membrane (IBM) and the cristae membrane (CM), which are
connected through crista junctioff®erkinset al, 1997; Frey and Mannella, 200@Qomplexes

of the oxidative phosphorylation system (OXPHOS) and proteins involved-# ¢taster
biogenesis, local protein synthetic machinery and transport are primarily localised within the
CM, whilstthe IBM is enriched for proteins associated with mitochondrial fusion and related

with nuclear DNAencoded protein impoft/ogel et al, 2006)

However, this is not how mitochondria appeavivowhich areoften organised into syncytia
Mitochondrial ultrastructure is highly variable and depends on the cellular physiological state

at the time.
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1.1.2 Mitochondrial biogenesis

The number of mitochondria within tissues varies greatly, depending on the medaipadind

of its cellular populations, and as such mitochondrial biogenesis is tightly regulated so as the
ATP requirements of the tissue are met. Its primarily regulated by the peroxisome proliferator
activated recepton, coactivator U (PGC%U) and has Ing being considered to take place
within the cell nucleugJornayvaz and Shulman, 2010)

1.1.3 Mitochondrial dynamics

Mitochondria are dynamic organelles and as such rarely appear as single entidiad, thsty

are usually arranged in networks constantly undergoing fusion and fission allowing for nutrient
exchange and support between the individual compor{Bet®iterHahn and Voth, 1994;

Chen and Char2004) The balance between mitochondrial fusion and fission is vital since
altered fusion/fission rate and/or disturbed fusion/fission machinery have been linked to human
neurodegenerative diseg€hen and Chan, 2009 oteins that are involved in mitochondrial
fusion include mitofusins 1 and 2 (MFN1 and MFN2) and optic atrophy 1 (OPA1), wiieeeas
dynaminl like protein (DNMLL) is responsible for mitochondrial fissi¢esaet d., 2009)

Further to fusion and fission, mitochondrial dynamics also comprise mitochondrial autophagic
degradation, mitophag¥Kim et al, 2007; Twiget al, 2008) Unwanted or damaged organelles
are selectivelytargeted via the PinkParkin signalling pathway and removed via lysosomal
degradatior{Clark et al, 2006; Parlet al, 2006)

1.1.4 Neuronal mitochondria

Neuronal mitochondria are generated in cell bodies and readfiidtal parts of an axon via
motor proteirassisted transport. There are two types of axonal mitochondrial transport,
anterograde and retrograde. Anterograde transport is promoted via Kinesin motors and involves
mitochondrial transport towards the axomiaal end of microtubulegHirokawa andNoda,

2008) Dyneins on the other hand, facilitate retrograde mitochondrial transport back to the cell
body (towards the minuesnd of microtubules(Vallee et al, 2004) Mitochondria constantly
undergo cycles of moving, stopping and restarting. They are leapalmoving in both
directions, whereas specific neuronal and physiological signals promote mitochondrial
anchoring to particular neuronal sit@4ollenbeck and Saxton, 2005; MacAskill and Kittler,
2010; Schwarz,@.3; Sheng, 2014)

Interestingly, recent evidence on the existence of axonal and presynaptic protein synthetic
machineries suggest that mitochondrial biogenesis does not only take place in neuronal cell
bodies(Schacher and Wu, 2002; Hillefoes al, 2007; NaterdNaranjoet al, 2010) This is

10



Chapter 1 Introduction

explained by the fact that some peripheral neurons can possess axons that are several
centimetres long, making it difficult for slemoving mitochondria to meet the eneiget
demand of distal synapses at any given point. Likewise, Pinkl and Parkin recruitment locally
by damaged axonal mitochondria suggests that mitophagy may also occur in thi@akoals

et al, 2014) Local respase to focal damage presents a neuroprotective mechanism that does
not require retrograde mitochondrial transport.

1.1.5 Oxidative phosphorylation and ATP synthesis

ATP synthesis via the oxidative phosphorylation system (OXPHOS) meets approximately 80%

of the btal cellular energetic demand. Intermediate products from the tricarboxylic acid (TCA)
cycle (also referretb as the citricacidcycleonrKe b 6 s cycl e) donate el e
chain, the transfer of which results in ATP generatidatefi, 1985; Saraste, 1999)

The primary step of cellular respiration involves cytoplasmic glycolysis, Wiagkicose is

broken down into pruvate according t&quation 11 (Berg JM, 2002h)
00 6 ®EGIA O ¢d 0D ¢d © ¢l i 60 c@d OO0 ¢d "YO ¢OU
Equation 1- 1: Glycolysis

Cytoplasmic pyruvate is then transported into the mitochondrial matrix, within which it
undergoes dmarboxylation in a reaction catalysed by pyruvate dehydrogeBgseat{on 1 2):

0wl 60V WEDIOOCOOQHEGOH O 6000 60
Equation 1- 2: Pyruvate decarboxylation
Acetyl CoA feeds into the TCA cycle along with NABnd FADH. The two substrates are
reduced into NADH and FAD#to later become electron carriers, and Acetyl CoA is oxidised
to COx. The overall TCA cycle reaction is summarisedeguation 1 3 (Berg JM, 2002a)

6 DQ6O® ol 60 060600 0 ¢OU

O §&dol d OO0 00O 6"Y0 60

Equation 1- 3: Outcome of TCA cycle
The ETC consists of four transmembrane multimeric complexes (compl¢and two mobile
electron carriers (coenzyme Q and cytochraneavhich along with ATP synthase (complex
V) comprise the OXPHOS systeff@ure t 2). Electrons from NADH and FADfare donated

to complexes | andl respectively which in turn transfer the electrons across the chain. The

energy released from electron transfer at complexes |, Ill and IV, is used to pump préjons (H

11
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from the mitochondrial matrix into the intermembrane space creating an electroghemi
gradient. This gradient drives protons through complex V that facilitates the phosphorylation
of adenosine diphosphate (ADP) to produce AFigyre 1 2) (Berg JM, 2002c)

12
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1.1.5.1 Complex |

Complex | (NADH: Ubiquinone oxidoreductase) is the largest of the respiratory chain
complexes with a molecular weight of approximately 1,000kDa. The mammalian mitochondrial
complex consists of 46 protein subunits, 7 of which are encoded by mitochondrial DNA
(mtDNA) (Ugaldeet al, 2004b) Electron donation to this complex results to the oxidation of
NADH to NAD" (by ubiquinone) and to the translocation of four protons into the

intermembrane space. The reaction is shown bdimpudtion 1 4):
06 000 vO O )0 0O 1O
Equation 1- 4: Complex | reaction

1.1.5.2 Complex Il

Complex Il (succinate dehydrogenase or succinateuuinge oxidoreductase) is the smallest

of all respiratory chain complexes since it is comprised of four protein subunits, solely encoded
by nuclear DNA. Transfer of electrons across this complex does not drive proton translocation
into the intermembrane ape, though it reduces FARB FADH, while converting succinate to
fumarate. The electrons released by the reoxidation of PABDHAD" are used to reduce

ubiquinone to ubiquinolEquation 1 5) (Hagerhall, 1997)
[ 6 0®QEOD QO & Gi B
Equation 1- 5: Complex Il reaction

1.1.5.3 Complex llI

Complex Il (Ubigunol: cytochrome oxidoreductase) is composed of 11 protein subunits, one
of which is mtDNAencoded (cytochrom®. Complex Il utilises the transfer of electrons from
ubiquinol to cytochrome, via s process known as the Q cycle, during which two praioms
pumped into the intermembrane spaeguation 1 6) (Mitchell, 1976)

~

00 0 6 wo 'q0) oc¢ch 00 cOwon 10
Equation 1- 6: Complex Ill reaction, the Q cycle

1.1.5.4 Cytochrome c
Cytochromec is a small, nuclear encoded hegmatein that facilitates the transfer of a single
el ectron from complex |11 to complex | V.

cytosolic release has been linked to apoptoticdedith pathwayfHuttemanret al., 2011)
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1.1.5.5 Complex IV

Complex IV (cytehromec oxidase) is the terminal enzyme of the ETC which also catalyses
its ratelimiting reaction. The complex consists of 13 protein subunits, 3 of which are
mitochondrially encoded, and catalyses the reduction of oxygent¢Qvater (HO). One
reducton reaction requires 4 electrons and results in the translocation of 4 protons into the
intermembrane spacEduation 1 7) (Huttemanret al, 2011)

0 WO ® yo 0 016 wo® T00 10
Equation 1- 7: Complex IV reaction

1.1.5.6 Complex V

Complex V (k F1 ATP synthase) employs the electrochemical proton gradient, generated by
the passage of electrons across the ETC, to thévphosphorylation of ADP to ATP according

to Equation 1 8:

Equation 1- 8: ATP synthesis

The complex contains two domai, theF, is located in the membrane and theektents into

the mitochondrial matrix. Proton movement through tieldmain drives Frotation and
generation of ATP. Eight protons are required for a fulP3é@tion of the k;, which produces

3 moleculs of ATP. Thus, the production of one ATP molecule costs 2.7 proton ions
(Ferguson, 2010; Watit al, 2010)

1.1.5.7 Supercomplexes

Freefloating single respiratory chain complexes within the IMM are believed-exishwith
sophisticated supramolecular complexes, termed supercomplBxelkina et al, 2010)
Evidence for the existence of OXPHOS supercomplexes arises fromdilue PAGE gels
(Schagger and Pfeiffer, 20088 well as electron microscopic images that illustrate the presence
of defined interaction within isolated supercomplef@sdkinaet al, 2005; Schéafeet al,

2006) Almost all mammalian complex | and Il form stable interactions with four copies of
compl ex |V, g i v i n g(SchaggereandtPteiffefi, 2G)@ pesercansndeac s 0
respire independentlytthe rest of the chain in the presence of ubiquinone and cytoclerome
(Acin-Perezet al, 2008) Remarkably, respirasome activation requires the incorporation of the
catalytic subunit of complex | (NADH dehydrogese) to the prassembled supercomplex
(consisted of a complex | scaffold, complex Il and (MjorencLastreset al, 2012, whereas

supercomplex formation is likely to be advantageous to the oxidative phosphorylation capacity
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of the cell(Schagger and Pfeiffer, 2000)hetime needed for ETC substrates to travel across
supercomplexes is decreased, resulting in enhanced catalytic activity of t(fchagger and
Pfeiffer, 2000) Moreover, the demonstration that electron transpbdin complexes are
interconnected could account for combined respiratory chain deficiencies in human

mitochondrial disease.

1.1.6 Other mitochondrial functions

1.1.6.1 C&* signalling and homeostasis

The mitochondrial membrane potential (~180mV), established by & s#riexidation and
reduction reactions across the ETC, enables cytoplasniic&@guestration and contributes to
intracellular calcium homeostasis. Cytoplasmi¢‘@aosses the OMM via the VDAC pore
(Simamuraet al, 2008)and is imported to the mitochondrial matrix via a calcium uniporter
(MCU) found at the IMM(Kirichok et al, 2004) Within the matrix, C& functions as a
signalling molecule serving to regulate cellular communicdtitofer et al, 2000) apoptosis
(Orreniuset al, 2003) ATP production{Tarasowet al, 2012)and metabolisnfDuchen, 2000)

The importance of mitochondrial calaou buffering within neurons should not be
underestimated. Elevated cytosolic fGadrives mitochondrial anchoring to synaptic sites,
whereas mitochondriahediated calcium buffering is key for rapid recovery and therefore
synaptic transmission preservation glutamatergic synapse8illups and Forsythe, 2002)
Moreover, calcium buffering by mitochondria ¢éentral to neuronal polarity and axonal
differentiation(Mattson and Partin, 1999nterestingly, synaptic mitochondria appear to have
a lower threshold for calcium uptake before their membrane potential collapdetheir
function is impaired relative to their na@ynaptic counterpar{¥aranaet al, 2012) implying

that the ability of mitochondria to buffer calcium differs across the neuron.

1.1.6.2 Reactive oxygen species production

Mitochondrial reactive oxygen species (ROS) have histllyicbeing considered to be
damaging to the cells, though more recent investigations have highlighted their importance in
cellular physiology, particularly for cell signalling. Complexes | and Ill possess collectively 10
sites that are capable of producsuperoxide radicals (GRand thus mitochondrial ROS (Chen

et al., 2003; Brand, 2010). Excessive ROS production has been linked to neurodegenerative
di sorder s, cancer and ageing, wher eas it 6

immune cellactivation, autophagy and metabolic adaptation (Sena and Chandel, 2012).
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1.1.6.3 Apoptosisand other cell death mechanisms

Apoptosis or programmed cell death is the process by which unwanted or damaged cells are
degraded so that the whole organism can surWigochondria are directly involved in
apoptotic cell death pathways sinogracellular C&* built-updrives preapoptotic factors (e.g.

Bax, Bad) to act on mitochondria. Organelle depolarization and opening of permeability
transition pore releases cytoohrec that facilitates apoptosome formation via interaction with

the apoptotic protease activating factor 1 (Appf Caspas® activation and downstream
signaling cascades eventually lead to cellular déKitmeme et al, 1998; Wang and Youle,

2009)

Mitochondrid importance imonapoptotic cell death mechanisimasalsobeen reportednd
includes their involvement innecroptosis ferroptosis,and caspacendependent cell death
pathwaygqTait et al., 2014Yangand Stockwell, 2015)Serving as a regulated active type of
cell deatththat resembles necrogfSalluzzi et al., 2011 )necroptosis initiation (following DNA
damage, viral infetion and death recepttigand binding leads to necrosome formation
(containng the receptointeracting serine/threonif@rotein kinase 3 (RIPK3) and the mixed
lineage kinase domaiike (MLKL) protein) which isthentranslocated to mitochondrially
associated endoplasmic reticulum membranes (MANIBgn et al., 2013Phosphoryladn of

a mitochondrial phosphatasPGAM5) by RIPK3 drivesDNM1L activation followed by
mitochondrialfission, ROS production and necroptos{Vang et al., 2012)Mitochondrial
importance in necroptosis is however controversial simganellardepletion @es not affect
the kinetics or the extent of necroptosis induced by factors other thaifTR@8t al., 2013)

Ferroptosis is an irondependent form of oxidative cell detathat is genetically,
morphologically and biochemically unigu®ixon et al., 2012) Two cellular events are
suggested to be necessary for ferroptosis to occur; one being the disruption of cellular
antioxidant defence$®y chemical compounds like erastin, Sorafenib and p53 and/or following
ischemia/reperfusion injurgnd the other beingnincrease of intracellular irofBogdan et al.,

2015 Yang and Stockwell, 20}5 The presenceof small mitochondria with increased
membrane density in cslireated with erastiiDixon et al., 2012gandthe identification of
VDAC?2/3 as direct erastin figets (Yagoda et al.,, 2007)suggests for mitochondrial

participation in erastinduced cell death.

Mitochondrial outer membrane permeablisation is a shraeshanisnbetween apoptosis and
caspaséndependent cell death pathway3ait and Green, 2008)which are overall

biochemically and kinetically distincMitochondria may contribute toaspasendependent
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cellular desth directly, via a lossof-function mechanisnor a combination othe two(Tait et

al., 2014) Outer membrane permeabilisatid@adsto intermembrane protein releage.g
cytochromec, apoptosianducing factor (AlIF), endonuclease G etc) and cellular death
however, definitive proof that this is indeed the case is laqkioges et al., 2008ahi et al.,
2006) Instead, mitochondrial pemabilisation is proposed to be crucial for mitochondrial
function sincelIM23 (an inner mitochondrial membrane translocase subi@w@mans et al.,
2008) and cytochromec degradation (following permeabilisatiorffrerraro et al., 2008)
collectively contribute to respiratory chain (complex | and IV) dysfunct{tartigue et al.,
2009)and loss of mitochondrial membrane potential. These eventealtlytb cellular death.
Finally, reversal of ATPastinction(following mitochondrial permeabilisatiory propogd to
resultin ATP hydrolysis andellular ATP depletion, thuaccelerating caspasedependent cell
death(Tait et al., 2014)

1.1.6.4 Iron homeostasis and F® cluster biogenesis

Mitochondria are central to cellular iron metabolism since the majority of ifitrcdron is
imported into the organelles, via the IMM protein mitofelf@hawet al, 2006) Organellar

iron is then utilised for haem production and$eluster biogenes{®/ang and Pantopoulos,
2011) FeS cluster biogenesis is a complex and rratlige process during which the
mitochondrial proteins Isul/2 and Isal/2 serve as the scaffold for cluster biogenesis and Grx5
and Abcb7 are involved in cluster maturat{®viang and Pantopoulos, 201The primary role

of Fe'S clusters is to facilitate electron transport, exemplified by the presence of 12 different
Fe-S clusters in the ETCSchultz and Chan, 20Qyhile they are also involved in the sensing
and regulation of oxidative stress and irmr@aochondrial iron level§Olsson and Norrby, 2008;
Yehet al, 2009)

1.2 The mitochondrial genome

Mitochondria contain their own genetic material, mitochondrial DNA (mtDXMass and
Nass, 1963)which is a small (16,569bp) and circular douttianded rolecule that resides
within the mitochondrial matrix. MtDNA is composed of a guariicd heavy strand and a
cytosinerich light strand, which collectively house the 37 mtDNA genes. The mitochondria
genome encodes for 13 proteins necessary for the assemdblfunction of the oxidative
phosphorylation system, 2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNiysir¢

1- 3) (Andersonet al, 1981) The only norcoding region within mtDNA is known as the
stranddisplacement loop (foop), atriple-stranded sequence that serves as the site for heavy
strand replication and contains elements necessary for mtDNA transc(iptidrerget al,
1971; Kasamatset al, 1971; Shadel and Clayton, 1990@nique features of the mitochondria

18



Chapter 1 Introduction

genome include the absence of intronic sequences and scarcity -@oding regions
(termination codons created after transcription) within its structure, accounting for the

compactness of the molecykendersoret al, 1981)

Multiple mtDNA copies 2-10) are present within each mitochondrfbee and Wei, 2005nd
numerous mitochondria are contained within each mammalian cell, thus stsnefdee
human body can have up to*I8tDNA copies(Lightowlerset al, 1997) Though originally
believed to be naked and unprotected, mtDNA molecules are packaged into small (~100nm)
proteinrDNA complexes known as nucleoig€hen and Butow, 2005; Kukat al, 2011)
Nucleoids have been reported to contain betwee(KuMKatet al, 2011)and 3(Brown et al,
2011) mtDNA copies and are highly abundant foe tmitochondrial transcription factor A
(TFAM) (Parisi and Clayton, 1991; Kukat al, 2011) Other proteins documented to be
associated with mammalian nucleoids include the mitochondrial DNA helicA88NKLE,
the singlestranded DNA binding proteinmtSSB and the mitochondrial DNA polymerase
P O L(€&hen and Butow, 2005)
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Figure 1- 3: The human mitochondrial genome.

The human mtDNA is a compact, citaudoublestranded molecule comprised of a heavy and a light strand. M
encodes for 37 genes: 13 polypeptides, 2 rRNAs and 22 tRNAs. The outer (heavyhstuard)12 of the protein encoc
genes: 5 complex | subunits!T- ND1-5), 1 complex Il subuit (MT -CYB), 3 complex IV subunitsGOX HI) and :
subunits of complex VATP 6&8. The ND6 subunit of complex | is transcribed from in the inner light strand, wi
tRNA genes are dispersed throughout both stands and interspersed between protgiegimdis. The Boop is the onl
non-coding region within mtDNA and contains the sites for mtDNA transcription (HSP and LSP). The origins fc
(H) and light (L) strand replication ¢&and Q) are also shown.

20



Chapter 1 Introduction

1.3 MtDNA transcription and translation

The three sites of transcription initiation are found within tHedp: the light strand promoter
(LSP) and the heavy strand promstd and 2 (HSP1 and HSP2 respectively). The LSP
transcribes the full length of the light strand (containing\ib6 and 8 tRNAs), so does HSP2

for the heavy strand (12 mitochondrial proteins, 2 rRNAs and 14 tRNAs). On the contrary,
HSP1 only transcribestRNAs and both rRNAs of the heavy strafigire t 3) (Montoyaet

al., 1982; Chang and Clayton, 1989nce TFAM binds directly upstream of the promoter
region, the mtDNAundergoes conformational changes that allow the mitochondrial RNA
polymerase (POLMRT) and mitochondrial transcription factor B1/B2 (TFB1M/TFB2M) to
access mtDNA and thus initiate the transcription profieisheretal., 1987; Dairaghet al,

1995) MtDNA is transcribed bdirectionally, producing a polycistronic molecule that will
subsequently be processed and give rise to mature mRNAs, tRNAs and {Rébsdoet al.,

2011) Following transcription initiation, the mitochondrial transcription elongation factor
(TEFM) associates with POLMRT assuring for transcription elongation followed by the
incorporation of the mitochondrial transcription termination factor (NTERF) andration

of the proceséRebeloet al, 2011) There are currently four members of the mTERF family of
proteins, the function of which might not be restricted to transcription termination but in fact
also be assoated with mtDNA transcription initiation and replicatiRobertiet al, 2009)

Although mammalian mitochondrial translation holds many unique features, it follows the
canonical initiation, elongation and termination stésits et al, 2010) Mitochondrial
MRNA translation is performed within mitoribm®es, structures equivalent to nucleolar
ribosomes that are extremely rich in protein. Mitoribosomes are comprised of a small 28S
subunit (SSU), a large 39S subunit (LSU) and the 2 mitochondrial rRNAs (12S and 16S)
(O'Brien, 2003) The translation initiation factors IK®a and Spremulli, 195) and IF3(Koc

and Spremulli, 2002)the elongation factors mtEFTling et al, 1997) mEFTs(Xin et al,
1995)and mtEFGHammarsuncet al, 2001)and the release factor RF1 assist the initiation,
elongation and termination of the translation procedure respectively. An AUA or AUU codon,
located within the highly compact@mncapped mitochondrial MRNAsS, marks the initiation of
protein synthesis by the 22 mitochondrial tRNAs (contrary to what is suggested by the wobble
hypothesis)Barrell et al, 1980) The site of translation termation is marked by the presence

of an AGG or AGA triplet, in addition to UAA and UA@ sawaet al, 1992) which is
recognised by mtRR1
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1.4 MtDNA replication

MtDNA replication occurs independently of nuclear DNA and of the cell cycle, justifying the
term fAr el ax(Bayenhaggnm and Clayton, D9i70 Birky, 1994)postmitotic cells
MtDNA is turned over in a much slower rate than in actively dividing (élEnget al, 1997)

and there are evidence to suggest that mtDNA synthesis in neurons might take up to 20 hours
(Calkins and Reddy, 2011 here is an omoing debate as to the exact mechanism(s) that
account for mtDNA replication, the most popular of which being: the asynchronous or strand
displacement model and the synchronous mddelt and Reyes, 2012According to the
former, mtDNA replication starts at the origin of heavy strand replicatiaf) @dd processes
around twethirds of the mtDNA molecule (synthesizing the leading strand), before initiation
of lagging strand synthesis starts at the origin of light strand repliqg@igr(Kasamatsu and
Vinograd, 1973; Clayton, 1982) ater, Holt and colleagues (2000) have identified the presence
of replication intermediates with differing sensitivities to sirgfi@nded nucleases givingeais

to the synchronous replication modelolt et al, 2000) A refined version of the model is
suggestive of bidirectional mtDNA replication, initiated in more than a@egions
(encompassinIT-CYB ND5 andND6) and terminated at theq@Bowmakeret al, 2003)

The latest model of mtDNA replication is similar to the strdgplacement model but further
proposes the incorporation of ribonucleuotides (RNAS) in the lagging strand during leading
strand synthesis, hence its name: RITOLS (ribonucleotide incorporation throughout the lagging
strand)(Yanget al, 2002; Yasukawat al, 2006)

Although numerous mtDNA replication models have been proposednigunes are currently
known to be necessary for mtDNA replication. These include: the mtDNA polymerase
(POLG) (Hanceet al, 2005) the mitochondrial TWINKLE DNA helicas@ yynismaaet al,
2004) the mitochondrial RNA polymerase (POLMRTFuste et al, 2010) and the
mitochondrial singlestranded binding protein (rR8SB)(Maieret al, 2001)

1.5 Mitochondrial genetics

1.5.1 Maternal inheritance and the bottleneck effect

MtDNA inheritance does not follow the Mendelian rules; instead mtDNA is strictly inherited
through the maternal germlin&iles et al, 1980) The mechanisms responsible for paternal
MtDNA destruction are specispecific and take place both prnd posffertilisation (Sato

and Sato, 2013%elective proteasomal degradation and autophagy account for paternal mtDNA
elimination in mammalia(Kaned et al, 1995; Sutovsket al, 1999)and nematode fertilised

eggs(Sato and Sato, 201igspectively. On the contrary, paternal mtDNA is degraded during
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spermatogenesis in flig®elLuca and Grarrell, 2012) whereas nucleoid density is decreased
in fish sperm and degraded following fertilisati@dishimuraet al, 2006) However, the
paternal origin of an inherited deletionmtND2 has been documented providing evidence for

the only case of human mtDNA inherited from the fafl@@hwartz and Vissing, 2002)

Pathg@enic mtDNA mutations are therefore transmitted from the mother to her children, though
there is extensive variability in the number of mutated mtDNA molecules that are passed onto
the next generatior{Taylor and Turnbull, 2005)This genetic variability accounts for
phenotypic variability amongst patients with the same genetic d@batneryet al, 1997)

and is attributed to a phenomenon known as genetic bottl¢Gaakneryet al, 2000) There

is an ongoing debate as to the exact mechanism by which the genetic bottleneck occurs, the
most widely accepted being the rapid replication of mtDNA molecules during embryonic
development (~20tDNA molecules in primordial germ cells, giving rise to oocytes which
contain ~100,000 copies of mtDNAreeet al, 2008) The level of pathogenic mutations in
offspring are defined by random genetic drift although specific inheritance patterns for the

various mtDNA defects exigBrown et al, 2001)

1.5.2 MtDNA mutagenesis and repair mechanisms

Both the compact structure of mtDNA and its close proximity to the ETC render the mtDNA
susceptible to acquiring defects. The absence of his{@tiekteret al, 1988)and the less
robust mtDNA repair mechanisniGlayton, 1982]relative to ones in place for nuclear DNA)
constitute mtDNA vulnerable to genetic alterations with &dl@ increased mutation rate
compared to chromosomal DN@Brown et al, 1979) Furthermore, the presence of mtDNA
nucleoids in the ieinity of ROS production sites, occurring during normal OXPHOS

conditions, has a negative impact on mtDNA integrity.

MtDNA point mutations, single largecale or multiple deletions, insertions or duplications can
occur as a consequence of DNA strand kséal-Khamisy and Caldecott, 2007; Kasparek and
Humphrey, 2011)replication errors or incorporation of modified nucleoti€amiya, 2003;
Boeschet al, 2011) Somatic tDNA mutations can also be acquired as a result of normal
ageing whilst ancient genetic variants occur as an adaptive response to differential
environmental conditiongWallace, 201Q) However, pathogenic nuclear and mtDNA
mutations associated with adult mitochondrial disease are the focus of this study, detailed
discussion of whichwvill be provided at the appropriate section.

Contrary to what was previously believed, the mitochondrial DNA repair pathways are very
similar to the nuclear ongg.arsenet al, 2005) These include direct reversal (though its
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function in mammalian mitochondria is yet to be verifiedasuiet al, 1992) base excision
repair (Stierumet al, 1999) mismatch repai{Masonet al, 2003)and singlestrand break
repair(Hegdeet al, 2012) Mitochondria have also evolved a unique DNA repair mechanism
according to which damaged mtDNA fractions are degraded and replaced by replicated

segments of the healthy genof@ross and Rabinowitz, 1959

1.5.3 Heteroplasmy and the threshold effect

The presence of multiple mtDNA copies within a cell allows for a mixture of wild type and
mutant mtDNA molecules to eexist. This significant characteristic of mitochondrial genetics
is termed heteroplasmy andtelenines the phenotypic presentation of mitochondrial disease
(Larsson and Clayton, 1999%)eteroplasmy is expressed as the percentage of mutant mtDNA
copies within a cell or tissue, whereas a homoplasmic state existthi atitDNA molecules
contained within a cell are identical (either homoplasmic wild type or homoplasmic mutant)
(Taylor and Turnbull, 2005)

Random genét drift controls the levels of pathogenic mutations within a cell via a process
known as clonal expansigilsonet al, 2001) that is the selective multiplication of the mutant
genome during successive mitotic events aneénwmally the accumulation of high
heteroplasmic levels in postitotic tissuegWeberet al, 1997) However, there exists a critical
threshold level before a metabolic defect occurs and a clinical phenotyperngealiBhe value

that the threshold level occupies is variable and depends on the individual, the tissue metabolic
requirements and the mutation type. Indeed, the threshold level for mtDNA point mutations
involving tRNA genes is ~90%yYonedaet al, 1995) whilst for single largescale mtDNA
deletions is ~780% (Sciaccoet al, 1994) Furthermore, tissue specificity is evident since
isolated brain mitochondria are thought to have a lower threshold for complex | deficiency
(compared to heart, muscle, liver and kidney), whilst mitochondria isolated from musele w

more vulnerable to complex IV defe¢Rossignoket al., 1999)

1.6 Mitochondrial disease

There are tw sides to every coin and the same is certainly true for mitochondria. The
respiratory chain serves to provide the cell with the majority (~90%) of its energetic
requirements and as such defects in the energy production machinery is a common cause of
inheiited disease.Mitochondrial disease encompasses a genetically and phenotypically
heterogeneous group of disorders that commence due to either primary mtDNA mutations or

defects in nuclear DNA encodggnes involved in mtDNA maintenance, respiratory chain
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assembly and function. Furthermore, mitochondrial disease can arise due to altered
mitochondrial dynamics, disturbed IMM structure and aberrant mitochondrial protein transport.

Since the publication of the human mtDNA sequence in 188&dersonet al, 1981)and its
association wh disease in 198@Holt et al, 1988; Wallaceet al, 1988) over 270 mtDNA

point mutations have been identified and numerous syndromes are linked to mitochondrial
dysfunction. The emergence of new technologiedblesathe identification of nuclear gene
mutations responsible for respiratory chain deficiencies, expanding the list of nuclear DNA
genes involved in mitochondrial disea¢€aylor et al, 2014) Mearwhile, phenotypic
heterogeneity is pronounced since distinct syndromes have unique as well as overlapping
symptoms, constituting clinical diagnosis extremely challendgMgFarland and Turnbull,
2009) Common disease features might include lactic acidosis, mitochondrial proliferation in
muscle fibres (raggered fibres) and muscular respiratory chain deficiency, though exceptions
do occur(DiMauro et al, 2006)

Mitochondrial disorders are much more prevalent than originally anticipated and in fact, the
frequency of pathogec mtDNA mutations is likely to be underestimated. Data gathered from
around the world (England, Finland, Sweden and Australia) suggest that approximately every
1 in 8,500 individuals (adults and children) are affected by mitochondrial disease (both due t
mtDNA and nuclear DNA defectgChinnery, 200Q) According to Schaefer and colleagues
(2008) every ~1 in 10,000 adults in the North East of England are clinically affected, whereas
~1 in 6,000 are at risk of developing mitochondrial disg&haeferet al, 2008) More
recently, the estimated prevalence of adult mitochondrial disease in the same region (North East
of England) was ~1 in 4,3Q@Gormanet al, 2015b)

Mitochondrial dsease is progressiyArpaet al, 2003; Majamad/oltti et al, 2006; Cokuet

al., 2010) and valuable work has been performed that allows the prediction of disease
progression ratéGradyet al, 2014)and the presence of specific system involveni@nady,

2013) No treatments are currently available for patients with mitochondrial disease however,
recent advances in reproductive medicine enable the prevention afhondrial disease
transmission to the next generatig¢@savenet al, 2010; Craveret al, 2011; Gormaret al,
2015a)

1.6.1 Primary mitochondrial DNA disorders in adults
Primary mtDNA disorders arise due to pathmigentDNA defects, including point mutations,

largescale deletions, duplications and inversions. MtDNA point mutations involve protein
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encoding (e.gATPH and rRNA genes but are largely associated with tRNA genes, thus
affecting respiratory chain protegynthesis. Similarly, mtDNA deletions usually span-302

kb region and are accompanied by short repeats on the deletion breakpoints, high density of
which is found within mitochondrial tRNA gengSchonet al, 1989; Mitaet al, 1990; Damas

et al, 2012)

Given the high copy number of mtDNA within each cell, every tissue is likely to possess
defedive mtDNA copies explaininghe multisystemic nature of mitochondrial disorders and

the presence of neurological amoi-neurological symptoms. Neurological disease is the most
common featur¢McFarlandet al, 2010)and symptoms include ataxia, streikes episodes,
myopathy, peripheral neuropathy and deafness. Clinical syndromes with characteristic features

do exist yet many pents are left undiagnosé@hinneryet al, 2015)

1.6.1.1 Mitochondrial encephalomyopathy with lactic acidosis and sttikdecepisodes

The presence of strokike episodes, encephalopathy and elevated laistageniniscent for the
phenotypic manifestation of the mitochondrial encephalomyopathy with -Eatiosis and
strokelike episodes (MELAS) syndromgirano et al, 1992) Originally described by
Pavlakis (1984), this multisystemic disorder affects normally developed adults who upon
disease may present with cerebellar ataxia, cardiomyopathy, diabetes mellitus, gastrointestinal
dysmotiity, hearirg loss and retinitis pigmentogRavlakis et al., 1984; Hirano et al., 2006;
Chinneryet al, 2015) Regardless of the numerous neurological deficits, stik&eepisodes

are the prominent feate of these patients concomitant with headache, nausea and seizures
(Chinneryet al, 2015 Hirano et al., 2006 5trokelike episodes predominantly affect posterior
brain regions (including parietal andcipital lobes) detected as hyperintense lesions Mitin

scan which do not follow the major vascular territor{@hamaet al, 1987; Suet al, 1998)

The m.3243A>G point mutation within th&T-TL1gene (enading tRNASU(UYR) accounts for
80% of the MELAS casg$&otoet al, 1990) although other less frequent mutations have been
described. Some of the mutations within tRNA genes include the thymine (Tiosney(C)
transition at position 3271 (m.3271T>C)MiT-TL1 (Gotoet al, 1991) m.1642G>A inMT-

TV (tRNAVAY) (Taylor et al, 1996)and m.5814A&G in MT-TC (tRNA®YS (Manfrediet al,
1996) Mutations within protein encoding genes also exist and inWdliND1 (Kirby et al,
2004; Malfattiet al, 2007) MT-NDS5 (Santorelliet al, 1997; Coronat al, 2001, Liolitsaet

al., 2003; McKenzieet al, 2007) MT-CO2(Tamet al, 2008) MT-CO3(Manfrediet al, 1995)

and MT-CYB (De Cooet al, 1999; Emmanuelet al, 2013) Interestingly, not all point

mutations are unique to MELAS patients sirsmaneare also associated with overlapping
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syndromes, exemplifgig the phenotypic heterogeneity of mitochondrial dis¢@séeret al,
2006)

1.6.1.2 Myoclonic epilepsy with raggedd fibres

Characteristic features of patients diagnosed with myoclonic epilepsy with reegyédres
(MERRF) syndrome include progressive myoclonus, epilepsyal(f@end generalised),
cerebellar ataxia and myopatlfidirano et al., 2006; Chinnery et al., 201%®eripheral
neuropathy, bilateral deafness, dementia and muscle weakness are frequently observed,
whereas optic atrophy, cardiomyopathy, pyramidal signs @adnktosis may also manifest
(Hirano and DiMauro, 1996)

Patients usually present with symptoms in childhood, though adult onset has been reported,
significantly lowering the life expectan€¢ghinneryet al., 2015) The tRNAY® gene MT-TK)

is considered a mutation hotspot for this syndrome since it houses ~90% of pathogenic
mutations associated with MERRF, the most frequent of which being the m.8344A>G
(Shoffneret al, 1990;Hirano et al., 2006)Point mutations in other tRNA geneshilst rare,

also exist MT-TF, MT-TL1, MT-TI and MT-TP) and may also give rise to a differential
diagnosigYoon et al, 1993; Shtilbangtal., 2000; DiMauro S, 2003; Nishigakt al, 2003;

Emmanuelest al, 2011)

1.6.1.3 KearnsSayre syndrome

Serving as the first multisystem mitochondrial disorder to be clinically defined, the Kearns
Sayre syndrome (KSS) is characterised bitlsgimoplegia andigmentary retinopathy that
preserd before the age of 2A&Kearns and Sayre, 195&)atients with KSS have a relatively low
life expectancy and the majority of them display with sktature, hearing loss, limb weakness
and cognitive impairment (executive function and visuospatial percegBmspachet al,
2003) Additional features include cerebellar ataxia, cardiac condition block, teteva
cerebrospinal fluid protein and proximal myopatyaceluch and Niedzia, 2006)
Genetically, KSS is defined by sporadic laggale deletions or complex rearrangements of
M{DNA (Zevianiet al, 1988; Moraegt al, 1989)

1614Leberds Hereditary Optic Neuropathy
Leber 6s h emeerapathy & HQN) mrquaminantly affects young males that lose their
bilateral central vision sequentially. The vast majority of LHON cases (over &&d)e to
MtDNA point mutations within genes encoding for complex | protein subunits: m.11778G>A
(MT-ND4), m.3460G>A MT-ND1) and m.14484T>CMT-ND6) (Mackeyet al, 1996) but

rare secondary mutations have also been documé@ogedlli et al, 2004; Yumet al, 2014)
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Symptoms develop in a small percentage of homoplasmic mutation carriers (~50% of male and
~10% of female) implying that epigenetic modification and/or environmental factors are
important for the clinical manifestation of the eise(Newman, 2002)Moreo\er, the strong
disease predilection for males suggests that nucldanrk®d loci control disease phenotypic
presentatiorfBu and Rotter, 1991; Nakamueaal, 1993)

1.6.1.5 Chronic progressive externaphthalmoplegia

Chronic progressive external ophthalmoplegia (CPEO) is the most common mitochondrial
myopathy in adult¢JeanFrancoiset al, 1997) Datingback from 1867 CPEO is characterized

by ptosis, ophthalmoparesis and mitochondrial myop@isgnFrancoiset al, 1997) Proximal

limb muscle weakness, facial muscle paralysis, early fatigue, exercise intolerance,
sensorineural hearing loss, axonal umpathy, ataxia, depression, cataracts and

cardiomyopathy may also manif¢§tohen and Ndaux, 2010)

CPEO can be sporadic or familial, a primary or secondary mitochondrial disorder. Single
MtDNA deletions account for the majority of CPEO cases, whereas mtDNA duplications and
single nucleotide substitutions in tRNA genes may ofidolt et al, 1988; Fassa#t al., 1994;
Silvestri et al, 1996; Tayloret al, 1998) Mutations in nuclear genes involved in mtDNA
maintenance result in secondary mitochondrial disease due to multiple mtDNA deletions
(Carrozzeet al, 1998; Moslemet al,, 1999)

1.6.2 Mitochondrial disease in adults due to nuclear defects

In addition to primary mtDNA mutations, nuclear genetic defects can result in aberrant
oxidative metabolism and mitbondrial disease. Mutations in genes encoding for respiratory
chain protein subunits and/or assembly factors directly impair OXPHOS, whereas mtDNA
integrity is negatively affected by defects in nuclear genes involved in mtDNA maintenance.
There exists anverincreasing list of nuclear genetic mutations involved in mitochondrial
disease whilst multiple alterations in a single gene can account for a plethora of distinct clinical
syndromes(Lightowlers et al, 2015) Nuclear genes most frequently associated with
mitochondrial disease will be discussed below.

1.6.2.1Polymerase gamma

Polymerase gamma (POLG) is the sole mtDNA polymerase described to date, mutations in
which are an impoant cause of mitochondrial disegd€®hen BH, 2010)Over 160 mutations

are spread throughotlte gene, giving rise to secondary mtDNA alterations (mtDNA depletion
and deletionFonzoet al, 2003; Tzouliset al, 2009)and consequent Mendelian inherited

diseases. A wide spectrum of syndromic diseasesekated toPOLG mutations, which may
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have an infantile or adult onset. These include the Aldetsenlocher syndrome (AHS),
autosomal dominant and recessive PEO and the ataxia neuropathy spectrur(H@m&het
al., 2006)

AHS usually has a childhood onset and is characterised by severely impaired development
(psychomotor regression), liver failure, intractable seizures and cortical bliftilzessux and
Nguyen, 2004; Davidzoet al, 2005; Isohanngt al, 2011) Upon magnetic resonance imaging
(MRI), multiple lesions and severe atrophy are apparent in cortical r§@anstcet al,, 2008;
Gropman, 2013)Patients with PEO typically presenith ptosis and strabismus, consequent

to progressive weakness of the extraocular eye muscles, and generalised m{daathy
Goethem et al, 2001) Deafness, ataxia, neuropathy, parkinsonism, depression and
hypogmadism further affect those who acquire the disease dR@It& mutations, giving rise

to the so called PEO+ phenotyp@silosto et al, 2003; Mancusoet al, 2004) ANS
encompasses the previously distinct mitoah@l recessive ataxia syndrome (MIRAS) and
sensory ataxia neuropathy dysarthria antitftgdmoplegia (SANDO)(Cohen BH, 2010Q)
Further to ataxia and neuropathy (maybe sensory, motor or both), patients with ANS may
manifest with encephalopathy, myoclonic seizures, blindness and liver dysfufwiomg et

al., 2008)

1.6.2.2Twinkle

Twinkle helicase is an important protein of the mtDNA replicative machinery and a constituent
of mitochondrial nucleoids, present within the matrix. The protein is encoded B €oaf2

gene, also known as PEOL1, mutations in which r@sgjtialitative (deletions) and quantitative
(depletions) mtDNA alterationSpelbrinket al, 2001)

Large mtDNA deletions are thought to arise due to impaired helicase activity, resulting-4n adult
onset PEO or PO+ phenotypes(Spinazzola and Zeviani, 20050n the contrary,
hepatocerebral depletion syndrome and infatiieet spinocebellar ataxia (IOSCA) are
examples of mitochondrial disease due to quantitative mtDNA changes d0&Otwf2
mutations(Hakonenet al, 2007; Sarziet al, 2007) Infants with hepatocerebral depletion
syndrome premnt with elevated lactate, liver enlargement, hypotonia and psychomotor delay.
Neurological abnormalities are progressive and include ateglahalmoplegianystagmus

and epilepsy(El-Hattab and Scaglia, 2013)nfants with IOSCA suffer from ataxia,
ophthamoplegia sensory neuropathy, encephalopathy with seizures and muscle hypotonia due
to mitochondrial depletion in liver and brgiikali et al, 2005; Hakoneet al, 2007; Hakonen

et al, 2008)
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1.7 Mitochondrial di sease and the brain

Despite the fact that the brain only occupi
organi sms©o o(Mnlg et ral, ¥981) exemplifying the extensive metabolic
requirements of the tissue. The highly specialised neuronal networks formed in the brain
facilitate information processing that occurs via synaptic transmission. This process is highly
dependent on iochondrial function, constituting mitochondrial biogenesis, transport and
quality control in neurons vital to neuronal health and brain function. It therefore comes as no
surprise that the central nervous system (CNS) is vulnerable to mitochondriatoegmhain
deficiencies and as such, neurological deficits are one of the most common features of patients
with mitochondrial disease.

1.7.1 Brain atrophy

Primary evidence ofCNS abnormalities arise from neuroradiological data as well as
macroscopic observatis upon posinortem examination. Despite the great variability in the
phenotypic manifestation of mitochondrial disease, neurodegeneration is a unifying feature
amongst patients with different disorders and is due to brain atrophy and structural
abnormalites. Indeed, decreased fresh brain weight (by about ~19%) in 12 patients with
mitochondrial disease (m.3243A>G, m.8344A>G, m.14709T>C, single large mtDNA deletion
and POLG compared to ageshatched controls is due to profound neuronal loss throughout
the brain (Lax and Jaros, 2012)

1.7.2 Neuroradiological observations

Neuroradiological examination of patients with the m.3243A>G and m.8344A>G point
mutation and of those with mtDNA rearrangements aglétns signifies the presence of
hyperintense lesions in the brain stem and basal ganglia, whereas white matter and cortical
changes also exigHaas and Dietrich, 2004; Sanetbal, 2008; Gropman, 2013erelal
atrophy is commonly observed in many disease subgroups, though not a specific finding.
Cerebellar atrophy might serve as the main finding for some pafMalsnneet al, 1998;
Scagliaet al, 2004; Scagliet al., 2005) whereas it can be linked to more severe disease in
others(Sueet al, 1998) Such an example includes the documentation of enlarged fourth
ventricles in six pedigrees with MELAS (due to the m.32437A¥@edicted to result in
cerebellar atrophy during disease progresésueet al, 1998)

Neuroimaging findings are variable and often depend on the experimental setting (Magnetic
resonance imaging, Computerisedrmiography scan, diffusion tensor imaging, magnetic

resonance spectroscopy); they may hint towards signature features for a specific disorder, non
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specific abnormalities or even demonstrate the occurrence of structurally norma{Saae®

et al, 2008) Such a characteristic feature is the presence of shikakeortical lesions in
posterior bain regions (parietoccipital region) of patients harbouring the m.3243A>G.
Lesions affect predominantly grey matter and adjacent white matter areas, while they do not
conform to the major vascular territories. They may be unilateral or bilateral, tlyenesadve

with time or reappear in neighbouring regions upon sequential examiftdtias and Dietrich,

2004; Gropman, 2013)Neuroradiological imaging of patients with MELAS (due to
m.3243A>G) performed in 1998perts mineral deposition (calcification) in the basal ganglia

as the most common finding, documented in the majority of patients (1#gt al, 1998)

Contrary to the specific neuroradiological abnormalitiepatients with MELAS, MERRF
patients present with a variety of neuroimaging changes ranging from white matter lesions, to
basal ganglia haemorrhage and atrophy of the cerebral cortex and cerefhtdlasnand
Dietrich, 2004) Moreover, scattered cerebral infarcts are documented iryagd8®ld woman
(harbouring the m.8344A>G point mutation) who did not present with the classical clinical
features for MERRKETaniji et al, 2003)

A clinicopathological investigation of 26 patients with a combined mitochondrial
spinocerebellar ataxia and Alpers phenotype due to mutatioROlLG (homozygous or
compound heterozygotes for A467TdakV748S) revealed the presence of focal lesions
involving (with order of frequency) the occipital lobe, deep cerebellar nuclei, the thalamus and
basal gangligTzoulis et al, 2006) Early onset Alpers syndrome (ichildhood) is linked to
progressive occipital lobe hyperintensities, whilst lesions may resolvéharain may be

structurally normal even by the time of deé®anetcet al, 2008)

White matter changes are the distinctive feature of patients with Mitochondrial
Neurogastrointestinal Encephalopathy (MNGIE) and KSS syndrome. Termed leukollystrop
these lesions are diffuse sparing the corpus callosum in patients with MNGHinoet al,

1999; Labauget al, 2002)who also present with demyelinated sensory neyiginanoet al,

1994) In patients with KSS, subcortical, basal ganglia, thalamic and brain stem white matter
lesions are observed, whilst cerebral and cerebellar atrophy are commonly répoutetdal,

1999 LermanSagieet al, 2005)

1.8 Neuropathological features of mitochondrial disease

Further to focal lesions detected macroscopically in the brains of patients with mitochondrial
disease, microscopic neuropathological investigations are indicative of pdofi@uronal cell

loss, spongiform degeneration (mainly in the white matter), glial cell proliferation and axonal
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demyelination(Sparacat al., 1993) Respiratory chain deficiencies and decreased ETC protein
expression in vulnerable neuronal, inteuronal and vascular cell populations have also been
documentedTaniji et al, 2001; Bettset al, 2006; Laxet al, 2012b; Laxet al, 2012c; Laxet

al., 2015) These are usually associated with high heteroplasmic percentages, cellular loss and

structural abnormalities.

1.8.1 m.3243A>G

The presence of pamecrotic foci is a characteristic feature of patievita MELAS, due to the
m.3243A>G, associated with neuronal loss, inflammatory response activation and astrocytic
and capillary proliferatiofSparaccet al, 1993; Sueet al, 1998; Tanahaslet al, 2000; Betts

etal., 2006) These infarctike foci are commonly observed in cerebral cortices (bilateral) and
cerebellum, whilst the basal ganglia, the thalamus, the brain stem and subcortical white matter
may also be affectd@paraceet al, 1993; Suet al, 1998; Bett®t al, 2006; Laxet al, 2012c)

Calcium deposition constitutes the second most frequent lesion in patients with MELAS,
whereas cortical vacuolation (spongiform degeneration) is observed in the cerebrymmaind s

cord (lateral and posterior columf{&paraccet al., 1993)

Vascular abnormalities include vessel wall calcification reportedlabug pallidus, basal
ganglia and thalamu$Sueet al, 1998; Tanahashét al, 2000) decreased immunoreactivity
against mtDNAencoded respiratory chain subur(@araccet al., 2003)and COXdeficient

blood vessels with high heteroplasmic percentages in various brain régettset al, 2006;

Lax et al, 2012c) COX-deficiency is not only observed in association with lesionscse i t 0 s
particularly prominent in meningeal, cortical and white matter vessel (Battset al, 2006;

Lax et al, 2012c) Thinning of the smooth muscle and endothelial cell layers in the cerebellum
is indicative of vascular cell loss, whilst plasma protein (fibrinogen and IgG) extravasation
(Tanji et al, 2001; Laxet al, 2012c)and decreased tight junction protein expres§i@x et

al., 2012c)are reminiscent of bloeHrain barrier (BBB) permeabilitproblem According to
electron microscopic observations, enlarged mitochondria are aggregated within the smooth
muscle and endothelial cell layer of cerebral and cerebellar éeteaind small arteri€d®hama

et al, 1987; Mizukamiet al, 1992; Tanahashet al, 2000) Likewise, mitochondrial
proliferation in choroid plexus epithelial cells is documented and accompanied by COXII
immunodefciency(Ohama and Ikuta, 1987; Tawmji al, 2001)

Generalised cerebellar atrophy is observed, whilst the extent of neurodegeneration inthe olivo
cerebellar pathway varies and involves inferior olivary, Purkoglk and dentate nucleus

neurons(Sparaccet al, 1993; Tanahaskhet al, 2000; Laxet al, 2012b) Preserved neurons
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contain high percentage of mutant mtDNA species and have severely decreased respiratory
chain potein expression (complex | and If)ax et al, 2012b; Chrysostomoet al, 2015)
Selective deficiency in mtDNAncoded respiratory chain protein subunits (COXIl and
ATPase8) are documented in 2 patients harbguhe m.3243A>G point mutatig@paracaet
al.,2003) Swoll en Purkinje celdl axons (fAtorpedc
documente@Mori et al, 2000; Taahashet al, 2000; Bett®t al, 2006; Laxet al, 2012b)and

the latter is usually associated with increased mitochondrial density upor{LUaghet al,
2012b)and electrorn(Tanahashet al, 2000) microscopic observations. Moreover, grumose
degeneration around dentate nucleus neur@reahashiet al, 2000) and decreased
synaptophysin immunoaetivity at the regior(Lax et al, 2012b)suggests altered synaptic

input (probably inhibitory) to the dentate nucleus. Indeed, complex | protein expression defects
detected in GABAergic presynaptic terminals @mting dentate nucleus neurons combined

with inhibitory synapse loss denote aberrant inhibitory neurotransmission to the region
(Chrysostomotet al, 2015) Intracerebellar synaptic remodelling is proposed since enlarged
residual inhibitory synapses may represent means to compensate for synaptic loss
(Chrysostomowet al, 2015)

Profound inhibitory internewanal loss is documented in occipital, temporal and frontal cortices
of four patients with MELAS, accompanied by severe complex | protein expression deficiencies
and high heteroplasmic percentage&) in residual interneurons. This is in accordance with
near homoplasmic 92%) mutation load percentages detected in various brain regions of an

autopsy caséBettset al., 2006)

1.8.2 m.8344A>G

Selective neurodegeneration within the cerebellum, brain stem and spinel cloadacteristic

of patients harbouring the m.8344A>G point mutati§paraccet al, 1993) The cerebellar
dentate nucleus neurons andrkinje cells, the inferior olivary neurons within the brain stem
and cells in Clarkeds nucleus of the spina
eosinophilia, neuronal atrophy and astrocytic proliferation is apparent in affected areas
(Sparacoet al, 1993; Zhouet al, 1997; Laxet al, 2012b) Heteroplasmic levels for the
m.8344A>G point mutation in individual neurons do not necessarily correlate with percentage
cell loss(Zhouet al, 1997; Laxet al, 2012b)and axonal demyelination in cerebellar peduncles
and posterior spinocerebellar tracts is likely consequent to neuronal/axonal degeneration
(Sparaceet al, 1998; Laxet al, 2012hb)
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Preserved neurons have combined complex | and 1V protein expression defidiescietal,

2012b) contrary to selective decrease in COXIl protein expression in the frontal cortex,
cerelellum and medulla documented during autogSparacoet al, 1995) Abnormal
intracerebellar microcircuitry is suggested following the documentatiorstrotturally
abnormalPurkinje cellaxons (spheroidsdegeneative Purkinje cellpresynaptic terminals
(grumose degeneration) and decreased synaptophysin immunoredctaiitly involving the
dentate nucleus(Sparacoet al, 1993; Laxet al, 2012b) This notion is strengened by
observations made by Chrysostomou and colleagues who report complex | deficiency in
Purkinje cell presynaptic terminals, associated with inhibitory synapse loss from the dentate
nucleugChrysostomouet al, 2015)

Additional to neuronal populations, GABAergic interneuronal density is severelgas®ed in

the occipital, temporal and frontal lolfeax et al, 2015) Near homoplasmic percentages for

the mutated mtDNA species is detected on homogenised tissue, whilst surviving interneurons
have combined regjtory chain protein expression deficiencies involving complex | and 1V
(Lax et al, 2015)

Necrotic foci detected in MERRF are accompanied by vascular proliferation, whilst respiratory
chain deficiency, high heteplasmy £ 86%) and cellular loss have been detected in cerebellar
blood vesselqLax et al, 2012c) Moreover, Purkinje cell and dentate nucleus neurons
immunoreactive against plasma proteins and decreased tigbtion protein expression
suggests BBB leakageax et al, 2012c)

1.8.3 MtDNA rearrangements and deletions

The most frequent neuropathological manifestation in patients with KSS is spongy degeneration
in the cerebrumcerebellum and spinal cord, although grey matter changes have been observed
in the brain sten{Oldfors et al, 1990; Sparacet al, 1993; Laxet al, 2012b) Axonal
demyelination is related to spongiform degetien since its most frequently detected in
cerebral and cerebellar white mattSparacaet al, 1993) Lax and colleagues (2012) dabtite
demyelination to oligodendrocyte dysfunction since loss of myelin associated glycoprotein
from the dentate nucleus is accompanied by high mtDNA deletion levels, glial depletion and

respiratory chain protein expression deficien¢ies et al, 2012a)

Extensive neurodgneration and gliosis is detected in brain stem and the cerebellum, most
commonly affecting the substantia nigra, the red, vestibular and oculomotor nuclei as well as
cerebellar Purkinje cells and dentate nuclei neu¢@dforset al, 1990; Sparacet al, 1993;
Tanjiet al, 1999; Laxet al, 2012b) Cactuslike Purkinje cell dendritefranji et al, 1999; Lax
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et al, 2012b) axonal swellings (torpedoes) proximal andaliso Purkinje cell bodief_ax et

al., 2012b)and decreased axonal density in the white mé@keamji et al, 1999)are reminiscent

of neuronal structural disorganisation and likely altered intracerebellar signalling. Indeed,
synaptophyi® immunoreactivity to the dentate nucleus is scarce and Purkinje cell terminal
arborisations are swollefTanji et al, 1999) Structurally abnormal mitochondria (enlarged

with disturbed cristae organisation) have been detected in the Purkinje cells of a single case
(Adachiet al, 1973) whereas residual Purkinje cell and dentate nu&arons have marked

complex | and IV protein expression deficiendjeax et al, 2012b)

GABAergic interneuron loss has recently been documented in the occipital and (to a lesser
extent) temporal cortex of a KS&tment accompanied by severe complex | and IV protein
expression deficiencies detected upon quadruple immunofluoregtence al, 2015) COX-
deficient interneurons and blood vessels in these regions haveealsodportedLax et al,

2015)

Vascular proliferation is evident in various brain regions, whereas iron and calcium deposition
is found within and around capillary and arterial wéparaccet al, 1993; Tanjet al, 1999)
Moreover, fibronectin extravasation in the cerebral cortex provides evidence towards BBB
breakdown(Oldfors et al,, 1990) though no fibrinogen or IgG extravasation was detected by
Lax and colleaguefLax et al, 2012c) Remarkably, decreased Ol immunoreactivity in

the epithelial cells of the choroid plexus and high levels of delgieahfDNA species implies

that the threshold for impaired mtDNA translation has been excé&derjiet al, 2001)

184 Leberds hereditary optic neuropathy
Degeneration of the ganglion cell layer and optic nerve along with relative preservation of the
rest of the retina constitutes the typical pathological finding in patients with Lg@Ntken

and Barest, 1958; de @Gauet al, 1992; Kerrisoret al, 1995; Sadurt al, 2000) Marked
axonal depletion in the optic nerve has been observeskotition with demyelination tie

spinal cord and peripheral nerV&svittken and Barest, 1958nd gliosis within the optic nerve
(Kermodeet al, 1989; Smittet al, 1990; Kerisonet al, 1995)and spinal cordkwittken and
Barest, 1958)Lateral geniculate body lossiggests for transneuronal degeneratiGnittken

and Barest, 1958)vhereas calcium depositisdetected on preserved swollen retinal ganglion

cells which contain swollen mitochond(iderrisonet al, 1995)

1.8.5 Mitochondrial disease associated with Polymerasautations
Originally described by Cottrelind colleagues, neuropathological changes in a patient with

multiple mtDNA deletions involved selective neuronal degeneration, axonal demyelination,
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diffuse astrocytosis and a mosaic pattern of neuronal COX defic{€@utirell et al, 2000)
Astrogliosis was pronounced in superficial occipital cortex and hippocampal layers depleted of
neurons (CA#4), in the dorsal columns of the spinal cord and in the white matter of the
cerebellum, basal ganglia, thalamus and otlyplamus. Extensive neurodegeneration is
reported in pyramidal cell layers of the hippocampus (@Rplthe substantia nigra of the
midbrain, the inferior olivary nucleus of the medulla and the Purkinje cells and dentate nucleus
of the cerebellum. Degendirge changes are also detected in the dorsal root and paraspinal
sympathetic ganglia, whereas myelin pallor in the inferior olivary nucleus, the cerebellar white
matter and the cervical spinal cord suggest axonal demyelination. Neuronal respiratory chain
deficiency is detected throughout the brain, though variable, and does not necessarily correlate

with the extent of neuropathological chan{€sttrell et al, 2000)

Considerable substantia nigra neuronal lossaiep been documented in association with Lewy
body pathology, high mtDNA deletion levels, COX deficierfiBgttsHendersoret al, 2009)

and severely decreased complex | and IV protein expression in remainingsi@eeveet

al., 2013) Betts and déeagues further document gracile nucleus, Purkinje cell and dentate
nucleus neurodegeneration and cervical spinal cord axonal demyelination in accordance with

neuropathological features of mitochondrial disg&stts-Hendersoret al, 2009)

Tzoulis and colleagues have described the neuropathological changes observed in patients with
POLGrelated encephalopathy (Alpers syndrome and spinocerebellar gftzallis et al,

2006; Tzouliset al, 2010; Tzouliset al, 2014) Cerebral cortical lesions detected upon
neuroradiological examination were associated with extensive neurodegeneration, cortical
vacuolation, astrocytic proliferation and microglia activatibpouliset al, 2010) Vacuolation

and eosinophilic necrosis was also detected in the thalamus, where neuronal loss appeared more
selective compared to the cortex. The cerebellar cortex (Purkinje cell layer) suffered neuronal

loss, gliosis and eosinophilic necrosis, which was also detected in the dentate nucleus.

A sequential study performed by the same group reports the presence of acute focal lesions in
the neocortex, hippocampus, thalamus and cerebellar cortex, all ssbowmith selective
neuronal loss, eosinophilic necrosis, neuropil vacuolation, astrocytosis and microglia activation
(Tzouliset al, 2014) Strokelike cortical lesions detected on MBdrrelated with the lesions
documented on poshortem tissue. The thalamus, substantia nigra and deitedey and
dentatorubral systems suffered severe neuronal loss and gliosis, whereas more selective
changes were observed in the spinal cord. Inteigdgticomplex | protein expression defects

were more severe in regions with chronic changes and higher neuronal density (compared to
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regions with acute focal lesions), where complex IV deficiency also occurred to a lesser extent.
The most severe electroransport chain protein expression deficiencies were detected in the

substantia nigra, red, olivary and pontine nuleiouliset al, 2014)

Similarly, Lax and ceworkers report the psence of cerebellar microinfarcts and associated
astrogliosis in patients with heterozygoBOLG mutations (Lax et al, 2012b) Marked
neuronal loss in the dentate nucleus correlates with massive outflow trgeidetion, though
neurodegeneration across the oloarebellar pathway does not relate to the low heteroplasmic
levels for mtDNA deletion detectedlax et al, 2012b) More recently, profound inhibitory
interneuon loss has been detected in the occipital, temporal and frontal cortices with associated
complex | and IV (to a lesser extent) protein expression deficiencies in preserved GABAergic

interneurongLax et al, 2015)

Neurophysiological examination of 11 patients with compound heterozygous chaR@dsGn
confirmed sensory neuropathy (usually in association with motor neuropathy) due to dorsal root
ganglion abnormalities. Neuropathological examination revealed ex¢emsurodegeneration

in the dorsal root ganglia, axonal and myelin loss in posterior spinal funiculus. Mitochondrial
density and complex IV protein expression was intact in posterior horn neurons of the spinal
cord, whereas complex | protein expression s&gerely decreased. On the contrary, altered
mitochondrial mass, defective oxidative metabolism (Gd&Xciency), decreased respiratory
chain protein expression and mtBNleletion and depletios documented in dorsal root
ganglia(Lax et al, 2012d)

1.9 Animal and cell culture models of mitochondrial disease

Examining human postortem brain tissue and characterising the biochemical defects and
neuropathological features of patients with mitochondrial disease is important since it
strengthens our understanding of to@sequences of mitochondrial dysfunction in a biological
system. However, this only provides the chance to document chronistagedisease changes
without providing any information as to the molecular pathways and mechanisms responsible
for initiation and progression of the neurodegenerative process. Animal models and cell culture
systems that successfully recapitulate the human disease are therefore an invaluable tool for

exploring mechanisms of neurodegeneration and choosing appropriate drug targets

Skin fibroblasts extracted from patients with mitochondrial disease are routinely employed in
order to investigate the pathophysiological changes in different tissues as a consequence of
disease. Fibroblast reprogramming, into induced pluripotent st#sn(i®®SCs), may alter the
heteroplasmic levels for any given mtDNA mutat{gfamalaineret al, 2013; Kodairaet al,
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2015)however it provides the opportunity to model specific mitochondrial diso(edaira

et al, 2015)and screen potential therapeutic compouBteueret al, 2013) High mutation

load for the m.3243A>G poirmutation in iPSC¢Kodairaet al, 2015) differentiated neurons

and teratomagHamalainenet al, 2013)was demonsttad to selectively impair complex |
activity, in accordance with observations in tissue from MELAS patients. Interestingly,
complex tpositive mitochondria were clustered around neuronal cell bodies and were
eliminated by mitophagy with tim@Hamalaineret al, 2013) Likewise, aberrant complex |
activity was detected in fibroblasts extracted from patients with Leigh syndrome, ddeftzl
mutations, accompanied by complex Il deficiencies and subassembled co@updely units
(Scaccoet al, 2003; Ugaldeet al, 2004a) Moreover, altered mitochondrial morphology,
membrane potential, calcium signalling and ROS production levels demonstrate organellar

vulnerability to damaigg factors(Valsecchiet al., 2013)

Further to neurons differentiated from patient iPSCs, mouse embryonic stem cells engineered
to express pathogenic mtDNA mutations were exploited in order to establish the whpa
mitochondrial dysfunction on neuronal morphology and h€Kitiby et al, 2009; Abramo\et

al., 2010; Trevelyaret al, 2010) Transmitochondrial cybrids with severe complex | (~10%
residual activity) and iid complex IV (40% residual activity) defects were able to successfully
differentiate into neurons and form functional synaptic connect{lirby et al, 2009)
However, cybrids harbouring severe respiratory chain defects had decreased neuronal
differentiation capacityKirby et al, 2009)and increased membrane potential upon neuronal
maturation(Abramovet al, 2010) Increased ROS production rgfdbramovetal., 2010)and

altered C&" handling following repetitive stimulatiofTrevelyanet al, 2010)in both neuronal

cell lines suggests that more than one mechanisms are likely to collectively contribute to

neurodegeneration observed in patients with mitochondrial disease.

An everincreasing number of mouse models have been developed in an attempt to mimic
mitochondrial disease, both in terms of pathophysiology and neuropathology. Pioneering work
from Sligh (2000) and Inoue (2000) involved the introduction of pathogenic mtDNA meecul

into embryonic stem cell§Sligh et al, 2000) or fertilised embryogInoue et al, 2000)
achieving the transmission of pathogenic mutat{@igh et al, 2000)and deletionglnoueet

al., 2000) into successive generations. A similar approach to directly manipulate mtDNA
involved the mtroduction of severe complex MT-ND6) and mild complex IV MT-COXI)
mutations into the female germline, though severe defects were selected against during

oogenesigFanet al, 2008)
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Alternatively, manipulation of nuclear DNAncoded genes involved in mtDNA maintenance

has proved to be an effective method for altering mtDNA integrity. Examples include the
Nfdelredot and t he fAmut at or dwinkile(Tygnsmadetiad, 2G0®andnu t a t
POLG(Trifunovic et al, 2004)respectively. Accumulation of multiple mtDNA deletionsihe

deletor mouse induces the muscle features of patients with PEO. Respiratory chain deficiency
has mainly been detected in muscle and hippocampus, though low percentage aéfiei@xt
neurons exists in the cerebellum, olfactory bulbs, substantiaa agd hypothalamus
(Tyynismaaet al, 2005) In contrast, the mutator mouse demonstrates an accelerated ageing
phenotype with weight and hair loss, kyphosis, osteoporosis, anaemia, reduced fertility and
cardiomegaf (Trifunovic et al, 2004) Accumulation of mtDNA mutations with time results

in extensive respiratory chain deficiencies without elevated ROS prod(Etibmovic et al,

2005)

Recent technologies allow inactivation of genes in selective tissues or cell types providing the
opportunity to replicate the features of specific mitochondrial disorders. Such an example is the
inactivation ofNdufs4from Purkinje cells and glian an effort to simulate Leigh syndrome
(Quintanaet al, 2010) Spongiform degeneration, astrogliosis and vascular proliferation in the
cerebellum constitute the main neuropathological findings, accompanied et
mitochondrial structure within presynaptic terminals contacting Purkinje cell b@ligstana

et al, 2010) Phenotypic manifestations of these mice recapitulate those of Leigh syndrome
including ataxia, dilure to thrive, motor dysfunction and premature d€gthintanaet al,

2010) However, no basal ganglion pathology is detected, contrary to observations in patients

with the disease, highlighting the need fdempreting the results with caution.
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1.10 Aims and Objectives
How do synapses and microvessels contribute to neurodegeneration due to mitochondrial

disease?

Cerebellar ataxia is the most common neurological deficit of patients with mitochondrial

diseas. Neuropathological observations include pronounced neuronal degeneration,
documented in association with synaptic disturbances and likely consequent altered
intracerebellar circuitry. The relatively simple and wstlidied cerebellar microcircuitry will

be used in this thesis to answer the following questions:

A Is synaptic pathology a primary event in neurodegeneration or consequent to the
degenerative process?

A Is there any evidence for structural synaptic abnormalities and/or respiratory chain
deficiencyin Purkinje cell presynaptic terminals contacting dentate nucleus neurons?

A How do presynaptic abnormalities relate to postsynaptic neuronal deficiency and loss?

Extensive neurodegeneration and-pa&crotic foci are also detected in association with stroke
like cortical lesions. These are prominent but not restricted to patients with MELAS syndrome.

The brain microvasculature will be examined in this thesis to answer the following questions:

A Is there any evidence of respiratory chain protein expressiorietefycn arterioles
and capillaries of posterior cortical regions?
A How do neuropathological observations relate to clinical and neuroradiological data

for these patients?
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Chapter 2 Materials and methods

2.1 Equipment and consumables

2.1.1 Equipment
2100 Antgen Retriever

3510 benchtop pH meter

AxioCam ICcl

AxioCam MRc

AxioCam MRm

Chemi DocE Imaging System
Eppendorf Centrifuge 5418

Veriti® 96-Well Thermal Cycler
Horizontal gel electrophoresis tank

IKA Magnetic stirrer hotplate RCT basic
MP-250V power supply

OHAUS adventurer® balance

Nikon A1R scanning confocal system
Olympus microscope BHX54

PALM MicroBeam Observer 21
Pyromark Q24 workstation

Zeiss Axio Imager M1

2.1.2 Software
ZEN imaging software

Aptum Biologics
Jenway

Carl Zeiss microscopy
Carl Zeiss microscopy
Carl Zeiss microscopy
Bio-Rad

Eppendorf

Life Technologies
Peqglab

Fisher Scientific
Cleaver Scientific
OHAUS

Nikon

Olympus

Carl Zeiss microscopy
Qiagen

Carl Zeiss microscopy

Cal Zeiss microscopy

Volocity® 3D image analysis and deconvolution software (v.6PgrkinElmer

IMARIS scientific 3D/4D Image processing & analysis softwaritplane

ImagelLab software (v.4.1)
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PALM RoboSoftware Carl Zeiss microscopy
StereInvestigator software MBF Bioscience

2.1.3 Consumables

0.2ml ThinWalled PCR Tubes Thermo Scientific
0.5ml PCR Tubes Thermo Scientific
1.5ml Eppendorf Tubes Thermo Scientific
2ml Eppendorf tubes Biogene

96-well plate SemiSkirted with Raised Rim Starlabs
AdhesiveCap 200 clear (D) PCR Tubes (0.2ml) Zeiss

Aerosol resistant Pipette tips Starlabs

Coverslips (22x20, 22x32mm, 22x40mm, 22x50mm) VWR International
Charged adhesion slides (26x76x1.@mm) CellPath

ErgoOne® Singlehannel Pipettes (P1000, P200, P20, P10) Starlabs

Gel extraction Kit Qiagen
HIQA Mega converslips (37x58mm) CellPath
HIQA Supa Mega coverslips (50x64mm) CellPath

HISTOBOND® + supa mega slides (75.2 x 50.4 x 1mm) CellPath
ProLong® Gold AntifadéMountant Life Technologies
PyroMark Gold Q24 Reagents Qiagen

Super FrostE Plus Adhesi on s TherdheSsien(fid 8 x 75 x 1 mn

2.2 Solutions and chemicals

2.2.1 Solutions
Solutions and buffers were prepared in Nanopure (18 Mega Ohms activity) water and

subgquently autoclaved.
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1% Acid-alcohol solution

3% Hydrogen Peroxide

3% Sudan Black B

Acetate Buffer pH 4.5

Cresyl fast violet (CFV) staining solution

DNA Loading Buffer

Electrophoresis Buffer (1)

50l O0.5M TrisHCL pH 8.5

Scottds tab water

Single cell Lysis Buffer

44

500ml Ethanol

5ml HCL

485ml dH20

15ml Hydrogen peroxide
0.3g of Sudan black B
100ml of 70% ethanol
13.5mlAcetic acid

23.5g Sodium acetate
2L dH20

500ml Acetate Buffer pH 4.5
500ml dH20

50ml CFV

0.25% (w/v) Bromophenol Blue
0.25% (w/v) Xylene Cyanol
30% (v/v) Glycerol

100ml 10x TAE
900ml Nanopure water

30.275g Trisma base
500ml dH20

2g Sodium bicarbonate
20g Magnesium sulphate
1L tap wder

26066DellWw Tween 20
50l 0.5M Tri sHCL

1951l dH2O

5¢l proteinase K
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Phosphate Buffered Saline pH 7.4 0.276g NaHPOQy*H 20
1.136g NaHPQy
8.5g NaCl
1L dH20

Tris-Buffered SalingpH7.4 1.2g Trisma base
179 NacCl
2L dH20

Tris-Buffered Salinég Tween pH7.4 1.2g Trisma base
179 NacCl
2L dH20

1ml Tween 20

10mM Tri-sodium citrate pH6.0 2.941g trisodium citrate
1L dH20

1mM EDTA pHS8 0.416g EDTA
1L dH20

2.2.2 Chemicals
2.2.2.1 Antibodies

Anti-Synaptophysin DAKO
Anti-GADG65/67 SigmaAldrich
Anti-Gephyrin BD Biosciences
Anti-Calbindin Swant
Anti-panAMPA Millipore
Anti-VGLUT1 NeuroMab
Anti-GLUT1 Thermo Scientific
Anti-USMA Abcam
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Anti-VDAC1
Anti-NDUFBS8
Anti-NDUFA13
Anti-COX |
Anti-COX IV
Alexa Fluor®405
Alexa Fluor®488
Alexa Fluor®546
Alexa Fluor®647
Biotin-XX
Streptavidin, Alexa Fluor® 647 conjugate
Biotin-SP

Rhodami n¢ RedE

2.2.2.2 Histological reagents
Acetic acid

AntiaVlouse/Rabbit PolyVue HRP Labe

Cresyl violet acetate

3 , Diandinobenzidine Tetrahydrochloride

Di-Sodium hydrogen orthophosphate anhydrous

DPXE

Ethanol

Ethylenedaminetetraacetic Acid, Disodium Salt, Dihydrate
Hi stocl ear E

30% w/v Hydrogen Peroxide

Mayers Haematoxylin
46

Abcam

Abcam

Abcam

Abcam

Abcam

Life technologies
Life technologies
Life technol@ies
Life technologies
Life technologies
Life technologies
Jackson ImmunoResearch

Jackson ImmunoResearch

VWR

Diagnostic BioSystems
Sigma

Sigma

VWR

Merck

Fischer Scientific
Affymetrix

National Diagnostics
Sigma

TCS Biosciences Ltd
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Normal goat serum Sigma
Paraformaldehyde solution 4% in PBS Sarta Cruz Biotechnology

Polymer Penetration Enhancer Diagnostic BioSystems

Sodium acetate VWR

Sodium chloride Sigma

Sodium dihydrogen orthophosphatéyldrate VWR

Sudan Black ENoir Soudan) RAL diagnostics
Tri-sodium citrate VWR

Trizma base Sigma

Tween 20 Sigma

2.2.2.3 Molecular Biology reagents

Agarose MP Roche

AmpliTaqg GOLD® DNA polymerase

10X AmpliTag Gold® PCR Buffer

Life Technologies

Life Technologies

Buffer QX1 Qiagen
Buffer PE Qiagen
Deoxynucleotide Triphosphates Rovalab

Diethylpyrocarbonate (DEPGjreated water

Life Technologies

GelRed nucleic acid stain Biotium
GO Taq Hot Start DNA Polymerase Promega
Hyperladder IV Bioline
La Taqg DNA polymerase Takara
Protanase K Invitrogen
PyroMark Annealing buffer Qiagen
PyroMark Binding buffer Qiagen
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PyroMark Gold Q24 Reagents (5 x 24) Qiagen
PyroMark Wash buffer (x10) Qiagen
Quick-load 1kb DNA ladder BioLabs
Streptavidin sepharoseTM highrfigmance beads GE Healthcare
Tris-HCI Sigma

2.3 Central nervous system samples

2.3.1 Patient cohort

Central nervous system (CNS) tissue from thirteen adult patients was obtained from the
Newcastle Brain Tissue Resource (NBTR). All patients includedisnstihdy were clinically

and genetically diagnosed with mitochondrial disease and received regular clinical assessments
using the validated Newcastle Mitochondrial Disease Adult rating Scale (NM[Bx&pefer

et al, 2006) Patients and tlrefamilies provided informed consent to donate their tissue for
research purposes and ethical approval for this study was gained from Newcastle and North
Tyneside Local Research Ethics Committee (LREC 2002/205). A summary of the clinical,
genetic and neopathological details of patients is providedlable 2 1 (paient numbering

is the saméhroughtout the thesis for consistency).

Upon patient death, NBTR pathologists remove the whole brain for dissectionofHhH
cerebral hemisphere (left hemisphere) is snap frozen and steBfiGafor molecular genetic
investigation, whilst the other half (right hemisphere) is fixed in 10% formalin and embedded

in paraffin wax.

Frozen tissue was cut at 15¢thick sectons using a cryostatl2°C) and mounted on
SuperFrost glass slides. Frozen sections were left to air dry before st@&@Catntil required.
Formaliri fixed ParaffirEmbedded (FFPE) tissue was cut using a microtome at either 20um
or 5umtthick sectionand mounted on SuperFrost glass slides. Fixed tissue was then incubated
at 37C for 35 days in order to ensure tissue adhesion onto the slide and was then stited at 4

until required.
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2.3.2 Control tissue

To determine the extent of neuropathological chamg@stients with mitochondrial disease,
neurologically normal agmatched controls are used. Frozen control tissue was obtained from
the NBTR, whereas FFPE brain sections were obtained from the NBTR and the MRC Sudden
Death Brain and Tissue Bank, Edinburghhe neuropathological details of controls are

summarised iTable 2 2.
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Chapter 2 Materials and méiods
Length Post
Age of mortem
Type (years) Sex fixation delay Cause of death Source
(weeks) (hours)
Control 1 69 Female 6 16 Gadric cancer NBTR
Control 2 68 Male 8 54 Bowel cancer NBTR
Control 3 78 Female 23 metastatic oesophageal carcinon] NBTR
Control 4 74 Female 13 67 Lung cancer NBTR
Control 5 55 Male 14 41 Liver cancer NBTR
Control 6 74 Female 9 53 Heart failure and Ing cancer NBTR
Control 7 70 Male 11 72 Metastatic prostate cancer NBTR
Control 8 73 Male 7 25 ND? NBTR
Control 9 78 Female 8 34 MEESEIE ERMBEIEL) Oilg/in NBTR
unknown (probably ovarian)
Control 10 45 Male 13 13 ND NBTR
Control 11 48 Male 1 72 Coronary artery atherosclerosis| Edinburgh
Control 12 48 Male 1 46 Coronary artery atherosclerosis| Edinburgh
Control 13 61 Male 1 61 ND Edinburgh
Control 14 48 Male 1 43 Coronary artery thromb05|s and Edinburgh
atherosclerosis
Control 15 25 Male 1 53 ND Edinburgh
Complications of
Control 16 44 Male 1 83 bronchopneumonia and coronary Edinburgh
artery atherosclerosis
Control 17 | 43 Male 1 96 Gty SO DIErsesE s | o pen e
atherosclerosis
Control 18 74 Female 1 41 Pulmonary thromboembolism | Edinburgh
Hypertensive and ischaemic hea
Control 19 70 Male 1 ND disease, Type 2 diabetes and Faj Edinburgh
degeneration of the liver
Ischaemic heart disease, Coronal
Control 20 52 Male 1 52 artery atherosclerosis and Type { Edinburgh
Diabetes Mellitus
Control 21 71 Female 1 41 Ischaemic a(r;_d hypertensive hea Edinburgh
isease
Control 22 75 Male 1 78 Ischaemic heart disease and_ Edinburgh
Coronary artery atherosclerosis
Control 23 51 Male 1 71 [sinisteimits aset olEeess E.ind Edinburgh
Coronary artery atherosclerss
Control 24 41 Female 1 50 Unascertained Edinburgh
Control 25 33 Male 1 47 Isnisteimits aset olseess and_ Edinburgh
Coronary artery atherosclerosis
Control 26 68 Male 1 96 Complications of familial amyloid Edinburgh
polyneuropathy

Table 2- 2: Neuropathological details of controls included in this study

IND i not determined
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2.4 Two-dimensional neuronaldensity
In order to assess the degree of neuronal loss in the cerebellum of patients with mitochondrial
disease, 20urhick FFPE sections fro patients and controls were subjected to a- two

dimensional neuronalensityprotocol previously describgtlax et al, 2012) In summary:

2.4.1 Cresyl Fast Violet (CFV) stain

Dewaxed and rehydrated sectiored sectio2.6) were fixed in 1% acid alcohol solution for

5 minutes and nised 34 times in distilled water. Following this, sections were incubated in
prewarmed CFV staining solution for 46 minutes at 6 and were then left to cool for 5
minutes at room temperature in staining solution. A final wash in distilled watérrfonute

was followed by dehydration in a graded ethanol series (70%, 95% and 100%) and mounting
on DPXE (Merck).

2.4.2 Quantification of Purkinje cell and dentate nucleus neuronal populations

For Purkinje cell neuronal count, the cerebellar cortex was igmhtif x10 magnification and

the boundaries of the Purkinje cell layer were outlined to give distinct lobular(&igase 2

1) using the closed contour function of the Stereolnvestigator software. Cells wélbla v
nucleolus and a clear cytoplasm were couirtegach lobular areat x40 magnification using

the Meander scan. Purkinje cell density for each lobule was deviated after dividing the number
of identified ne u(numbesofneyongermatlobutabatehpadoserath r e a

Pukrinje cell density was evaluated after pooling together the data for each lobule

Similarly, the dentate nucleus (DN) grey matter ribbon was identified at x2.5 magnification and
was divided into quadrants accordinge and colleagudSuet al, 2000)(Figure 2 1). Cells

that fulfilled the criteria of a visible nucleolus and a cleaoplgsmwere counted for each
guadranat x100 magnificationsing the Meander scalDentate nucleus neuronal cell densities

for each quadrant were calculated after dividing the number of identified neurons by the
quandr arfnurdber ofaneugoas per nfquadrant area)whereas the overall dentate

nucleus neuronal cell density deviated after combing the data for each quadrant
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Chapter 2 Materials and méibds

2.5 Dual cytochromec oxidase (COX)/ Succinate dehydrogenase (SDH) stain

Frozen brain tissue sections mounted on SuperFrostgs sl i des (15e&-m t hi
dry for one hour before being subjected to a dual COX/SDH histochemical protocol. COX
medi um was prepar ed by cstodkdsolutian (5ROM@ytothromdc c y t ¢
in 0.2M phosphate buffer, pH7.0)to &0 of 3, 30di ami nobenzi dine
stock solution (5mM DAB in 0. 2 M1lqgtalass.fEéclat e |
section was incubated with 2€10of the COX solution for 50 minutes at ®7 Following
incubation, sections were washin phosphatbuffered saline (PBS) (3x5 minutes). SDH
medium was prepared by adding 8008litroBlue tetrazolium (NBT) stock solution (1.5mM

NBT in 0.2M phosphate buffer pH 7.0) to B08odium succinate stock solution (1.3M sodium
succinate in 0.2M phgsh at e buf f er pH 7.0), 100¢l phen
solution (2mM PMS in 0.2M phosphate buffer
(100mM sodium azide in 0.2M phosphate buffer pH 7.0). Sections were incubated with the
SDH solution (2061 on each section) for 45 minutes aP@7Tissue sections were washed in

PBS (3x5 minutes), dehydrated through graded ethanol series (70%, 95% and 2x 100%), cleared
in two changes of HistoclearE (National Di ¢
(Merck).

2.6 Immunohistochemical staining

FFPE (5um) cerebellar tissue sections mounted on SuperFrost glass slides were dewaxed by
placing in a 60UC oven for 20 minutes and
(National Diagnostics, Charlotte, NC) ampladed ethanol series (2x100%, 95% and 70%) for

5 minutes. Following a thorough wash under distilled water, heat mediated antigen retrieval
was performed. This involved immersing the sections in Immol Ethylenediaminetetraacetic
Acid (EDTA) (pH 8.0) and presure cooking for 40 minutes or microwaving in boiling-Tri
sodium citrate (10mM; pH 6.0) for 10 minutes and cooling, depending on the antibody used.
Endogenous peroxidase activity was blocked by incubating in 3% Hydrogen peroxide (Sigma)
solution for 30 nmutes at room temperature (RT). Sections were washed (3x5 minutes) with
tris-Buffered salineTween (TBST) followed by incubation in the appropriate primary antibody
dilution (Table 2 3) for 1 hour at RT. The seotis were washed with TBST (3x5 minutes) and

a Polymer Penetration Enhancer (Diagnostic BioSystems) was applied for 30 minutes, followed
by further washes (TBST; 3x5 minutes) and incubation with anddotise/Rabbit PolyVue
horseradish peroxidase (HRP) (Bwestic BioSystems) for 30 minutes, all at RT. Antibody
binding to the epitope of interesta s det ect ed af t ediamimobeozidineat i or

(DAB) (SigmaAldrich) for 5 minutes at RT. Sections were then washed in running water and
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counterstained wih Mayer 6s haematoxylin for 10 min
achieved after incubating in Scottds tab w.
i mmersing the sections i n 70 %, 95 %, 2x1C

Diagnostics, Carlotte, NC) for 5 minutes. Finally, coverslips are mounted on to tissue sections
using DPXE (Merck).

2.7 Immunofluorescent staining

2.7.1 FFPE tissue

Using a microtome 5urthick FFPE CNS tissue sections were mounted on SuperFrost glass
slides and subjected to munofluorescent staining to allow for-tmcalisation studies. Sections
were dewaxed by placing in a 60°C oven for 20 minutes and rehydrated by immersion in
Histoclear (National Diagnostics, Charlotte, NC) and graded ethanol series (100% to 70%).
Antigen retrieval was performed using the 2100 retriever unit (Electron Microscopy Sciences®©,
Hatfield) by immersing sections in Immol EDTA (pH 8) and pressure cooking for 40 minutes.
Sections were blocked in 1 or 10% normal goat serum (NGS) (Sigma) (depending on t
antibody used) for 1 hour at RT and incubated in primary antibobiadse 2 3) at the optimal
dilution overnight at 2C. Mouse monoclonal and rabbit polyclonal primary antibodiese
applied tathe sectionstahe appropriate dilution and for the appropriate time depending on the
experimental protocol (details of these are giverChmapter 3of this thesis). Following
incubation with primary antibodies, sections @rashed with 10mM PBS (3x5 minutes) and
subjected to incubation with a biotinylated secondary antibody (when necessary). Quadruple
immunofluorescent labelling involved tissue incubation with secondaryranise, antrabbit

or streptavidirconjugated aittodies coupled with Alexa Fluor 405, 488, 546 and 647 (Life
Technologies). The signéd-noise ratio was increased by quenching autofluorescence with 3%
Sudan Black b solution for 10 minutes. Sections were then washed in distilled water and
mounted in Primng Gold (Life Technologies). All the primary and secondary antibodies used

for this study are listed ifable 2 3.

Immunofluorescence was performed on positive controls (all antibodiepjimary-antibody
(NPA) and nesecondaryantibody (NSA) controls for each of the four fluorophores to allow
background correction and cressactivity checks respectively. All patient and control samples

were stained under the same conditions and slides were k2pCatintilrequired.
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2.7.2 Frozen tissue

Frozen cerebellar tissue sections (15um) werelded for 1.5 hours at RT before being fixed

in 4% Paraformaldehyde (PFA) (Santa Cruz Biotechnology) for 10 minutes. Washes with
10mM Trisbuffered saline (TBS) (2x2 minutes andlOxminutes) were followed by section
blocking with 10% NGS for 30 minutes at RT and primary antibody incubation overnight at
4°C (Table 2 3). Following TBS washes (3x5 minutes) a biotinylated secondary antibody
(Table 2 3) was applied for 30 minutes at RT. Double immunofluorescence was achieved after
incubating the sections with secondary streptavidinjugated and angoat antibodies
coupled with Rhodamine Redl and Alexa Fluor 488 respectivelféble 2 3) for 2 hours at

4°C. Tissue autdluorescence was blocked by incubating with 3% Sudan Black b solution for

3 minutes.
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Immunohistoche mistry
. . . . Catalog . .
Primary antibody Epitope Host and isotype Source NoO Antigen retrieval
. . . Mouse monoclonal - Microwaving in Tri-sodium citrat
Synaptophysin presynaptic vesicles IgG1 DAKO MO776 (10mM) pH6 for 10 minutes
GABAergic neurons
Glutamic acid GADG67 and Inhibitory Rabbit polyclonal - . Al Microwaving in Tri-sodium citrat
decarboxylase 65/67 axonal terminals - 1gG Sigma-Aldrich 65163 (100mM) pH®6 for 10 minutes
GAD 65
Immunofluorescence
Primary antibody Epitope Host and isotype Source Ca’\tlilog Antigen retrieval
Synaptophysin . . Mouse monoclonal - EDTA (ImM); 2100 antigen
(SY-38)* presynaptic vesicles lgG1 DAKO MO0776 retriever
Glutamic acid GABAergic neurons
decarboxylase 65/67 - (QADG?) and Rabbit polyclonal - Sigma-Aldrich G5163 EDTA (1mM?; 2100 antigen
(GAD 65/67)* inhibitory axonal 19G retriever
terminals (GAD 65)
Inhibitory Mouse monoclonal - EDTA (ImM); 2100 antigen
Gephyrin postsynaptic BD Biosciences 610585 Y 9
1gG1 retriever
compartments
Calcium binding . .
Calbindin D-28k  protein: Calbindin- 0S¢ monocional Swant cB3gp ~ EDTA(ImM); 2100 antigen

. 1gG1
expressing neurons

retriever

Glucose transporter 1 Rabbit polyclonal -

Endothelial cell layer

Thermo Scientific PA1-21041

EDTA (ImM); 2100 antigen

(GLUT-1) 19G retriever
Alpha- S_mooth Smooth muscle layer Rabbit polyclonal - Abcam ab5694 EDTA (1mM?; 2100 antigen
muscle actin (SMA) 1gG retriever
Complex | Mouse monoclonal - EDTA (ImM); 2100 antigen
subunit NDUFA13 NDUFAL3 IgG2b Abcam ab110240 retriever
Complex | Mouse monoclonal - EDTA (ImM); 2100 antigen
subunit NDUFB8 NDUFBS8 IgG1 Abcam ab110242 retriever
Complgx v COXA+COXAL2 Mouse monoclonal - Abcam ab110261 EDTA (lmM?; 2100 antigen
subunit 1V 1gG2a retriever
Comple?< \ coxi Mouse monoclonal - Abcam ab14705 EDTA (1mM?; 2100 antigen
subunit | IgG2a retriever
Voltgge-dependent Outer mltochondrl.al Mouse monoclonal - EDTA (ImM); 2100 antigen
anion channel 1 membrane protein 1aG2b Abcam ab14734 retriever
(VDAC1) (VDAC1/porin) g
Vesicular glutamate . ) .
transporter 1 Neg;c:;ar;glrtter Mo u sI eGl mo n NeuroMab 73-066 EDTA (1Te'\t/2év2;00 antigen
(VGLUTY) P g
Pan-AMPA receptor Mouse mon - EDTA (1ImM); 2100 antigen
lut t tors Mill MABN832 .
(GUR1-2) Glutamate receptor: IgG2h, ilipore 83 retriever
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Secondary antibody Target Host Source CT\T:'OQ Antigen retrieval

Biotin-XX* Mouse |1 gGl ( Gadat) Life technologies A10519 N/A

.. » Jackson 115-065-

Biotin-SP Mouse | gGl ( Gdht) ImmunoResearcl 205 N/A
HRP-conjugated Mouse | gGl ( 6dht) Life technologies A10551 N/A
Alexa Fluor® 647 HRP N/A Life technologies ~ T2095 NIA

Tyramide
Streptavidin, Alexa

Fluor® 647 Biotin N/A Life technologies S32357 N/A

Conjugate
Alexa Fluor® 405 Rabbit IgG (H+L) Goat Life technologies A31556 N/A
Alexa Fluor® 488 Mouse | gCG2b (God&b) Life technologies A2114 N/A
Alexa Fluor® 488* Rabbit IgG (H+L) Goat Life technologies A11008 N/A
Alexa Fluor® 488 Mouse | gG2a (God a) Life technologies A21131 N/A
Alexa Fluor® 546 Mouse | gG2a (God a) Life technologies A21133 N/A
Alexa Fluor® 546 Mouse | gCG2b (Goé&b) Life technologies A21143 N/A
Rhodamine

. - Jackson 016-290-
XD26:134 (RRX) Biotin N/A ImmunoResearcl 084 N/A

Streptavidin*

Table 2- 3: Primary and secondary antibodies used in this study.

* Indicates antibodies used for frozen tissue immunofluorescence.
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2.8 Microscopic and image analysis techniques

2.8.1 Point-scanning confocal microscopy

Immunofluorescently stained FFPE brain sectitmosn patients and controls were imaged
using an A1R confocal system (Nikon). The system is equipped with a fully motorised inverted
point scanning confocal microscope (Nikon), four spectrally unmixed lasers (405nm, 488nm,
561nm and 647nm), six differenbjectives (air or oil) and the NiElements software (v4.2)
(Nikon). Specific neuronal and suteuronal compartments and vascular cell populations were
easily detected using an immersion oil x60 objective with numerical aperture 1.4 and working
distance A.3cm. Regions of interest were identified, a Sigystep Nikon Al Piezo Z scanner

and Nikon T+S-EJOY (Nikon) defined the z dimensions (top and bottom limits) of each region
on the software surface. The depth of the tissue was then automatically cdleumdtéhe
appropriate number of z stacks was captured at x180 magnification (x60 objective and x3
electronic zoom) according to the recommended microscope settings: Pixel sizen,0z14

step size: 0.17%5m, optical resolution: 0.E3n and optical sectioning 0.8v. The resonant
scanning mode was chosen that facilitated fast scanning at high resolution (512x512 frames).

Laser settings for each experiment were chosen by adjusting thenphitiplier tube gain

(HV), laser power and offset functions on the software work surface. Tissue from
neurologically normal controls was chosen for setting up the lasers, making sure that the
intensity profiles for each channel would fall within themal range (avoiding undeor over

exposure of samples). All the patient and control samples were imaged under the same laser
settings; while laser stability and dayday vari ati on was test ed

Fluorescence Microscope Test slides (Malécar Pr obesE, I nvitrogen)

2.8.2 Threedimensional analysis software

Z stacking and confocal microscopy produced ttliegensional (3D) images (sampled on x

y- and zplanes) and enabled the investigation of respiratory chain protein expression within
fine strictures, for example, synapses. Two thidesensional software packages were used
throughout the study, each with certain advantages over the other. Volocity® 3D image analysis
and deconvolution software (v.6.1.1, PerkinElmer) was used for image decamvanitl
generation of protocols that allowed for respiratory chain protein expression quantification in
neuronal cell bodies, dendrites, presynaptic terminals and vascular cell populations. For
quantification of dendritic length extension and isolation @spnaptic terminals directly

opposed to postsynaptic sites tiARIS scientific 3D/4D Image processing & analysis
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software (Bitplane) was used. All the patient and control images were processed using the same
software and experimental protocols dependinghe research question at the time.

2.9 Molecular techniques

2.9.1 Isolation of different neuronal subcompartments

In order to dissect out individual neurons and synapses, -iBigknfrozen cerebellar sections
were mounted on SuperFrost glass slides and gedjeo double immunofluorescence (as
described above) followed by laser capture microdissection (Zeiss PALM microdissection
system). Immunofluorescently stained sections were left to air dry for 1 hour in the dark before

tissue was cut and collected irgierile 0.2ml AdhesiveCap PCR tubes (Zeiss).

Purkinje cells were identified at x40 magnification by diffuse GB®)67 staining. Twenty
randomly selected neuronal cel | bodi es wer
LPCO functi on $oftwate m® sePatate MFCRRubéso

Areas of celocalisation between GAIB5/67 and SY38 at the periphery of dentate nucleus
neurons indicated the presence of GABAergic presynaptic terminals at x63 magnification.
Given the small size of presynaptic termgal O3 i nhi bitory axonal
nucl eus neuron were isolated into separate

employed to isolate three terminals from twenty randomly selected dentate nucleus neurons.

2.9.2 DNA extraction

Isolated tissueaptured onto the adhesive caps was later subjected to centrifugation (14 000rpm
for 10 minutes) into 10 pul of cell lysis buffer (50mM THECL pH 8.5, 1% Tweet20, 20mg/ml
proteinase K and nanopure wat@raylor et al, 2003) Samples were lysed after incubation at

55°C overnight followed by 10 minute incubation aP@3or proteinase K inactivation.

2.9.3 Polymerase chain reaction (PCR) for pyrosequencing

Cell lysates were used as template DNA to establish the nA3Z318r m.8344A>G mutation

load in Purkinje cells and presynaptic terminals from patients harbouring the m.3243A>G or
m.8344A>G mutations respectively. 1ul of the Purkinje cell and 2l of the synaptic lysate were
subjected to two rounds of PCR amplificatian order to have enough DNA for
pyrosequencing. All the samples were run in triplicate. PCR reactions were set up in a sterile

UV hood and were implemented in 25ul volumes.

2.9.3.1 M.3243A>G point mutation
To define the levels of m.3243A>G mutation load, a Bmahbiotinylated and a reverse primer

(Primer sequences and positions are summarisethlole 2 8) amplified a 210bp PCR
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fragment that spared the m.3243 mutation site. The PCR mastermix consisted of 11.8ul
DEPGtreated water (Life Technologies), 5ul, 5x GoTaqg Flexi Buffer (Promega, UK), 2ul
MgCl. (Promega, UK), 2.5ul 10x dNTPs (Rovalab), 2.5ul primersep (forward and
reverse) and 0.2ul Go Taq Hot Start DNA polymerase (Promega, UK). The PCR conditions on
the Thermal cycler (Life Technologies) were as fokgWable 2 4):

Process Temperature Time Cycles
Initial 95°C 10 minutes | 1
Denaturation
Denaturation 95°C 30 seconds
Primer 62°C 30 seconds| 30
annealing
Extension 72°C 30 seconds
Final Extension 72°C 10 minutes 1
Hold 4°C b

Table 2- 4: PCR conditions for the m.3243A>G point nutation assay.

2.9.3.2 M.8344A>G point mutation

The m.8344A>G assay involved the use of a biotinylated forward and a reverse pabier (

2- 8) that generated a 147bp fragment spanningnibé&tion site. The mastermix fdine
specific PCR amplification reaon was made up of 10.8ul DER€eated water (Life
Technologies), 5ul, 5x reaction buffer (Promega, UK), 3ul MdBtomega, UK), 2.5ul 10x
dNTPs (Rovalab), 2.5ul primers @®I) (forward and reverse) and 0.2ul Go Taq Hot Start
DNA polymerase (Promega, UK). The Thermal cycler conditions for this assay are summarised
below (Table 2 5):

Process Temperature Time Cycles
Initial 95°C 10 minutes | 1
Denaturation
Denaturation 94°C 30 seconds
Primer 62°C 30 seconds| 30
annealing
Extension 72°C 30 seconds
Final Extension 72°C 10 minutes 1
Hold 4°C b

Table 2- 5: PCR conditions for the m.8344A>G point mutation assay.

1pl of known heteroplasmy (74% and 33% for m.3243A>G; 81% and 20% for m.8344A>G)
and wildtype (WT) human homogenate DNA and mastermix were run alongside the lysates

and were employed as positive aregjative controls respectively.

61



Chapter 2 Materials and méibds

2.9.4 PCR amplification for known heteroplasmy DNA stock generation

For the generation of mtDNA stocks with known heteroplasmy levellef homogenate DNA

was subjected to a twstage PCR amplification protocol with an intermediate gel extraction
step. The primary PCR reaction involved the use of a forward and a reverse primer (Primer Pair
B;Table28) i n order to amplify mitochondri al DN
the mutation site. The reaction was i mpl en
consi sted o f-tredté&d water (Life @dchn@dgiBsEISx LA PCR bufer (Mg?")

(Takara Bio Inc), 8] 10x dNTPs (Rovalab),&2 primers (1@M) (forward and reverse) and

0.%1 LA Taq DNA polymerase (Takara Bio Inc). The PCR conditions were as follal¢

2- 6):

Process Temperature Time Cycles
Initial g
Denaturation 94°C 30 seconds 1
Denaturation 94°C 30 seconds
Primer
annealing 58°C 30 seconds| 35
Extension 68°C 11 minutes
Final Extension 72°C 10 minutes 1
Hold 4°C b

Table 2- 6: Thermal cycler condtions for the first round of DNA amplification.

Following gel extraction (see secti@rd.5, the purified DNA fragments were used as template
DNA to generate a 568bp product spanning the mutation site. RECEores were performed
at 2%l volumes using a mastermix that consisted of 11.87JEPCtreated water (Life
Technologies), 28 10x AmpliTag Gold PCR buffer (150mM TrdCL, pH 8.0, 500mM
KCI), 2.5¢1 10x dNTPs (Rovalab),&2 25¢eM MgCly, 2¢l primers (1@M) (Primer Pair 6Table

2- 8) and 0.181 AmpliTag Gold Hot Start DNA polymerase (Applied Biosystems). rivred
cycler conditions are listed ifable 2 7.

Process Temperature Time Cycles
Initial .
Denaturation 95°C 10 minutes 1
Denaturation 94°C 45 seconds
Primer 58°C 45 seconds| 35
annealing
Extension 68°C 45 seconds
Final Extension 72°C 8 minutes 1
Hold 4°C b

Table 2- 7: Thermal cycler conditions for the secondound of DNA amplification.
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2.9.5 Gel electrophoresis

Two different concentrations of agarose gel were prepared depending on the size of the PCR
products to be resolved; 1.5% (W/V) for PCR pyrosequencing products and 1% (W/V) for PCR
products used to geneeagtocks of known heteroplasmy DNA. Gels contained GelRegét

100ml) that intercalated with DNA to allow for visualisation under UV light and were loaded
with either Quickload 1kb DNA ladder (BioLabs) or 100bp Hyperladder IV (Bioline). &

each PCR product was mixed withlloading dye (0.25% (w/v) bromdenol blue, 0.25%

(w/v) xylene cyanol, 30% (v/v) glycerol) and were loaded on to the gels. Gels were submerged
in IXTAE buffer (0.8mM Tris acetate, 0.02mM EDTA, gAml Ethidium Bromide) and
electrophoresis was performed at 75V for 45 minutes to allparagon and sizing of the PCR
products. A ChemiDoc Imaging System (BRad) was used to visualise and take digital images

of the gel. An example of a 1.5% gel loaded with Purkinje cell and synaptic products is shown
in Figure 2 2.

3 7l ) ’ . ;

100bp Hyperladder IV ! R .. Purkinje cell samples in tfiplicate
:l- - - -...‘ A !
- o | = oo EEPIRED e o : —gpen -
g — - ..
- “— . ; s
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i
v
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Figure 2- 2. A 1.5% gel loaded with DNA extracted from Purkinje cell bodies and synapses |
triplicate) alongside with homogenate WT and known heteroplasmy DNA.
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2.9.6 Gel extraction and DNA fragment purification

Following the first PCR amplification step of known heteroplasmy mtDNA, the products were
loaded on to a 1% agarose gel and were electrophoresed to allow adequate separation and sizing
of the PCR products. Bands of the appropriate size were excised into 1.5ml Eppendorf tubes
and were subjected to DNA extraction using a QIAEX Il gel extraction kit (Qiagen) per

manufacturerds instructions.

2.9.7 Pyrosequencing to define levels of mutated mtDNA

The final PCR amplification products were used to define the levels of mutated mtDNA in
Purkinje cells and presynaptic terminals of patients harbouring the m.3243A>G and
m.8344A>G point mutations. Depending on the intensity of the bands on the agarose gel, 10pl
or 20ul of PCR product were combined with 28ul or 18ul of DEirR€ated water (Life
Technol ogies), 400l PyroMark binding buffer
performance beads (GE Healthcare) to give 80ul volumes of the binding soluticsanpkes

were agitated for 10 minutes to promote DNA binding to the beads and were then transferred
to the PyroMark Q24 workstation (Qiagen). A hedgehog (Qiagen), attached to a dry vacuum
pump (Welch), was used to drive the samples through 70% Etharetqbds), denaturation
solution (0.2M NaOH) (5 seconds) and 1x PyroMark wash buffer (Qiagen) (10 seconds). The
vaauum pump was then turned off and the hedgehog was held at an angle before immersing it
into a 25ul sequencing solution in a 24 well pyrosegungnplate to release the beads. The
sequencing solution consisted of 24.25ul PyroMark annealing buffer (Qiagen) and 0.75ul
pyrosequencing primer specific to either the m.3243A>G or the m.8344A>G assay (Table 2.4).
DNA denaturation of the samples and animgabf the pyrosequencing primer required heating

at 80C for 2 minutes and cooling at room temperature for 5 minutes minimum. The PyroMark
Q25 cartridge (Qiagen) was then loaded with the appropriate volumes of PyroMark Gold Q24
reagents (Qiagen), enzymaxn{DNA polymerase, ATP sulfurylase, luciferase and apyrase),
substrate mix (adenosine 506 phosphosul fate
PyroMark Q24 software (Qiagen). The m.3243A>G or m.8344A>G assay was selected on the
PyroMark Q24 platform@iagen) with each plate containing Purkinje cell samples, presynaptic
terminal samples, WT and known heteroplasmy DNA. Once the pyrosequencing run was
finished, results were uploaded on to and analysed using the allele quantification application of
the PypMark Q24 software (Qiagen). If the mutation load for WT and known heteroplasmy
samples was within 4% of the expected value, the heteroplasmy levels for the samples to be

tested were averaged amongst the triplicates.
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Chapter 3 Optimisation of a quadruple immunofluorescence assay to

quantify respiratory chain subunit expression in human brain tissues

3.1 Introduction

3.1.1 Detection and quantification of respiratory chain deficiency

The electron transport chain (ETC), composed of four complexes and two mobiterelect
carriers, is located in the inner mitochondrial membrane and along with complex V (ATP
synthase), constitutes a vital part of the oxidative phosphorylation system responsible for ATP
production in mitochondrigHatefi, 1985. Of the respiratory chain complexes, complexes |
and IV are most frequently deficient in patients with primary mitochondrial digBageuro

and Schon, 2003Bwalwellet al, 2011, hence many studies focus on studying the enzymatic

activity and/or protein expression levels of the different complex subunits.

In order to assay thenzymatic activities of the mitochondrial respiratory chain, two approaches
can be used, one which relies on fresh tissues to measure enzyme activities using
spectrophotometryKirby et al, 2007 and the other on sequential cytochromexidase
(COX)/succinate dehydrogenase (SDH) histochemistry performed on frozen tissue sections
(Old and Johnson, 1989COX/SDH histochemistry was origifly developed to measure the
enzymatic activity of complex IV (COX) relative to complex 1l (SDH) at the single cell level

in human skeletal musc{®Ild and Johnson, 1988nd was employed to determine the level of
COX-deficiency in muscle fibres of patients with mitochondrial myopd®giaccoet al,

1994). Complex Il (SDH) consists entirely of naar DNA-encoded subunits, and its activity
gives some indication of mitochondrial mass. COX on the other hand has both nuclear and
mitochondrial DNAencoded subunit€Chinneryet al, 2008) making this respiratory chain
complex vulnerable to mitochondrial DNA defects and therafefieiency. Hence, COX/SDH
histochemistry in skeletal muscle has traditionally been used as means for the clinical diagnosis
of patients with mitochondrial disease.

Since similar histochemical assays are not available for complex |, measuring the anzymat
activity for this respiratory chain complex is not feasible on a single cell (Evéhewaldet

al., 2019. Instead, enzymatic activity is quified spectrophotometrically using homogenised
tissue, and protein expression is evaluated through immunohistochemistry (IHC) using

monoclonal antibodies and chromogens to visualise the protein of interest.

Employing the techniques mentioned above, eraic activity can only be reliably detected

in homogenate tissues using spectrophotometry or by COX/SDH histochemistry; while protein
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expression can be measured by presence or absence of DAB staining (IHC). The current
methods do not account for mitochoiadl mass and are dependent on the subjective
interpretation of the pattern of staining. Hence, any mild or intermediate changes in respiratory

chain protein expression may be overlooked.

Patients with mitochondrial diseabave beerextensively documenteto be affected with a

wide spectrum of neurological deficislcFarlandet al, 2010, whilst research demonstrates

the farreaching signs for structural and functional neuronal abnormalities in the brains of
patients with mitochondrial disease. Takimgoi careful consideration the urgent need for
understanding the mechanisms that account for neuronal loss in mitochatidease
combined with the short comia@f current protein expression quantification techniques, one
realises the necessity for demging a quantitative multiple immunofluorescent protocol that
would enable the simultaneous exploration of neuronal network organisation and respiratory

chain protein expression.
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3.2 Aims

The major aim of this study was to develop a quantitativeunofluorescent method to allow

precise detection of multiple proteins of interest, including mitochondrial respiratory chain
subunits within specific neuronal subtypes, synapses and blood vessels. More specifically |

aimed to:

1. Optimise a quadruple immofluorescent technique that would allow the simultaneous
detection of neuronal cell bodies, inhibitory synapses and mitochondrial populations
within these.

2. Distinguish the mitochondria found in neuronal cell bodies from those located within
presynapticgrminals, which would enable the precise and reliable quantification of key

respiratory chain protein subunits within each neuronaksufgpartment.

3.3 Samples

3.3.1 Cerebellar tissue samples

FFPE cerebellar tissue sectionsrd thick) from ten cognitivelnormal controls were
employed to develop an immunofluorescent protocol for respiratory chain protein expression
investigation in neuronal and sweuronal compartments. Tissue sections were obtained from
the NBTR and the MRC Sudden Death Brain and Tissue Bamkb&gh. Neuropathological
details of controls included in this study are summarisdabie 3 1.
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3.4  Methodological approach

3.4.1 Immunohistochemistry for synaptic and mitochondrial pran expression
Neuropathological studies conducted on patients with mitochondrial disease suggest an
intrinsic vulnerability of cerebellar Purkinje cells to mitochondrial defects and highlight their
central importance to the development of cerebellakiataExtensive neuronal loss is
accompanied with respiratory chain protein deficiencies in remaining cells, whilst the synaptic
connections between Purkinje cells and dentate nucleus neurons can appear &baojireal

al., 1999 Lax et al, 2013). These features highlight the need to study the-gerabellar
circuitry in greater detail, including the investigationstructural synaptic characteristics and

respiratory chain protein expression within these.

For the purpose of this studgr-thick FFPE control cerebellar tissue sections were subjected

to immunohistochemical staining according to the protocol described in se@&idine general
presynaptic marker synaptophysin and the GAdp&cfic neuronal and axonal terminal
marker GAD65/67 were employed in order to study the amount, the distribution and the
structural characteristics of synapses to the dentate nucleus. As reve&lgmiran 3 1,
syngtophysin immunoreactivity indicates synaptic connections on Purkinje cell bodies and
dendrites in the Purkinje cell layer and highlights the presence of glomerulignaimeéecell

layer of the cerebellar cortex. At the dentate nucleus, synaptophyaunsiantly expressed

with punctate staining surrounding large glutamatergic (GADnL) and smaller
GABAergic/glycinergic (GAD") neurons. GAEG5/67 is diffusely expressed in Purkinje cells

due to their inhibitory (GABAergic) nature, outlining neuronal bodies dendrites at the
molecular layer Kigure 3 2). The protein is also widely expressed at the boundaries and in
some circumstances at the cell body of dentate nucleus neurons. When at the periphery of
neurons, @D immunoreactivity indicates the presence of inhibitory presynaptic terminals
contacting dentate nucleus neurons, while cytoplasmic GAD stain is reminiscent of the presence

of local GABAergic neuronfUusisaari and Knopfel, 2018Figure 3 2).

Mitochondrial presence and distribution within neurons was examined following
immunohistochemical staining against the outer mitochondrial membrane protein porin. As
demonstrated ifigure 3 3 (top panel) neurons contain a high density of mitochondria that are
localised both within neuronal cell bodies and their neuritic processes. Similarly, a monoclonal
antibody against NADH dehydrogenase [ubiquindnbgta subcomplex subunit 8 (NDUFBS8)

was used to examine complex | protein expression in neurons and was indicative of cells with

intact (black arrow), decreased (white asterisk) or absence (black asterisk) (compatible with
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complex | deficiency) of compleexpressionKigure 3 3) (middle panel). Furthermore, COX
subunit protein expression was studied using chromogen stain against cytochrome c oxidase
subunit 1 (COX1)Kigure 3 3) (bottom panel). Some neurons were exhibitive of normal COX1

protein levels (black arrow) while others had decreased protein expression (white asterisk).

Despite the fact that synaptic proteins follow the expected pattern of expression and
mitochondrial proteins indicate changes in protein expression levels, there are a number of
factors that render chromogen immunohistochemistry and brightfield microscopy unsuitable
for the type of analysis | am interested in performing. The pronounced ¢éggisaptic protein
expressionn the dentate nucleus neuropil makegyle synapse identification challenging and
often impossible Kigure 3 1 and Figure 3 2), while immunohistochemical staining for
mitochondrial protein expression only enables the subjective identification of neurons which
are intact, intermediate or negative for the protein of interest. Moreover, protein expression
quantification using indirect immundtochemistry is not reliable since the protein signal is
amplified in a norlinear fashion, establishing the relationship between protein presence and
signal inaccurate(Gustashawet al, 201Q. Chromogen immunohistochemistry is also
restrictive since it only enables a single marker to be studied at a time. Hence, a direct
comparison betweesynaptophysin and GAD expression, the potential use of synaptic and
mitochondrial protein expression markers on the same tissue section or investigation of
respiratory chain protein subunit loss relative to mitochondrial mass would not be feasible.
Finaly, two-dimensional brightfield microscopy does not provide the possibility to examine
synaptic structural characteristics since synaptic size measurementsbsadeovedrom 2D

datasets.
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Porin/VDACI1

NDUFBS

COx1

Figure 3- 3: Mitochondrial protein expression using immunohistochemical staining in control cortex.

Top panel: Neuronal mitochondria are detected using the outer mitochondrial membrane protein porin/VDAC1
as a mass marker. Cell bodies and processes (black arrows) corftaitehgity of organelles, demonstrated by
high DAB immunoreactivity.Middle panel: NDUFB8 is employed as a marker for complex | expression,
highlighting intact (black arrow), decreased (white asterisk) and absence of immunoreactivity (black asterisk),
compdible with complex | deficiency in neuron&ottom panel: Complex IV subunit protein expression
employing COX1 immunohistochemistry is denotive of neurons with normal (black arrow) and decreased (white
asterisk) protein levels. Scale barg2®

75



Chapter 3 Optimisation of a quadruple immunofluorescence assay for quantifying
respiratory chain subunit expression in human brain tissues

3.4.2 Optimd immunofluorescent staining conditions

Bearing the drawbacks of chromogen immunohistochemistry into consideration, | have decided
to optimise an immunofluorescence technique in order to investigate respiratory chain protein
expression in different cellul@opulations and subellular compartments (neuronal cell bodies

and inhibitory presynaptic terminals heregn®thick FFPE cerebellar tissue sections from
neurologically normal controls were subjected to a standard immunofluorescent staining

protocol as previously described (see sec@ianl).

| have decided to useause monoclonal antibodies against cytochrome ¢ oxidase subunit 4
(ant-COX4 (+4L2)) and NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13
(anttNDUFA13) for mitochondrial identification and complex | protein expss
investigation respectiyg. A mouse monoclonal antibody against the presynaptic protein
synaptophysin (anttY-38) was employed for the identification of presynaptic terminals and a
rabbit polyclonal antibody directed against Glutamic acid decarboxylas€AB{65/67) was
usedto mark GABAergic neurons and axonal terminalse original choice of mitochondrial
markers was based on pragmatic reasons. Since the majority of antibodies employed were raised
in mice (Table 3 2), different anbody isotypes should have been combined to avoid cross
reactivity and unspecificity.COX4 is a nuclear DNAncoded subunit of COX that was
previously shown to be preserved in patients with mitochondrial diseasee{ladx 2012),

hence justifying its usas a mitochondrial mass marker. Moreover, NDUFA13 served as a
marker for complex | deficiency since protein expression deficiencies were previously detected
in our patients (Laet al, 2012).

Different antigen retrieval solutions were employed includingsodium citrate (10mM) and
EDTA (1mM), whereas different retrieval methods involved microwaving for 10 minutes and
pressure cooking for 40 minutes. Likewise, serial dilutions of each of the antibodies were tested

before the optimal working dilution faach was selected.

The optimal staining conditions (summarised able 3 2) were decided for each of the four
markers based on the strength, the-selhular distribution and the specificity of protein
expresn. As shown irFigure 3 4, both COX4 and NDUFA13 demonstrate punctate staining
throughout cortical grey matter and high protein expression in control neurons (white arrows)
indicative of densely packed neuronateuhondria with preserved complex | protein subunit.
Furthermore, synaptophysin is widely expressed in grey matter areas with each punctum
representing a single axonal terminal, whereas @GAIB7 stains the neuronal cytoplasm of

GABAergic neurons (whitereow) and inhibitory presynaptic terminals in the cortex (punctate
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staining throughout grey mattefigure 3 4). Once single antibody immunofluorescence was
optimised, double, triple and quadruple immunofluoresstaining followed so as to verify

that antibody immunoreactivity was similarly strong and specific. Indeed, COXecalised

with NDUFA13 in neuronal cell bodies and processes, demonstrative of mitochondria with
intact complex | protein expression (dde IF) (Figure 3 5). Synaptophysin (S¥8)
expression was prominent around neurons, reminiscent of synaptic terminal presence, while
GAD-65/67 was punctate and-egisted with S¥38 on the periphery of neurongygestive of

GABAergic presynaptic terminal convergence.

Furthermore, antibody specificity and fluorescent channel crosstalk was tested after including
no-primary-antibody (NPA) controls to the study. As verifiedRigure 3 6, each antibody is
specific to the targeted protein since omitting primary antibody incubation (one antibody
omitted at a time) but still incubating the sections with all the secondary antibodies
demonstrates an absence of immunoreactinitife channel to be tested.
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. . Optimal
Primary antibody Isotype Source Catalogue An’qgen thlmal incubation
No. retrieval dilution "
conditions
Mouse EDTA (1mM);
Synaptophysin (SY-38) monoclonal - DAKO MO776 2100 antigen  1in50 OJ/N at4C
IgG1 retriever
Glutamic acid decarboxylase Rabbit Sigma- G5163 Ele-g'g glnr:l\/(la)n 1in800 oy P
65/67 (GAD 65/67) polyclonal - IgG ~ Aldrich anig O/N at4C
retriever
Mouse EDTA (1mM);
Complex | subunit NDUFA13 monoclonal - Abcam  abl110240 2100 antigen 1in100 O/N at4C
1gG2b retriever
Mouse EDTA (1mM);
Complex IV subunit IV monoclonal - Abcam  abl110261 2100 antigen 1in200 O/N at4C
IgG2a retriever
. . Optimal
Secondary antibody Isotype Source Sl Ant.lgen thlmal incubation
No. retrieval dilution "
conditions
30

Biotin-XX GoatAnt-Mouse ~ Life 55 N/A 1in100 minutes,
I gG1 ( technologies

RT

Streptavidin, Alexa Fluor® 647 Life 30
P A N/A 532357 N/A 1in100 minutes,

Conjugate technologies RT

30

Alexa Fluor® 405 Goat Ant-Rabbi — Life 51 5cg N/A 1in100 minutes,
IgG (H+L)  technologies RT

Alexa Fluor® 488 GoatAnd-Mouse ~ Life ), N/A 1in100 1 hour, RT
I gG2b technologies

. . 30
Alexa Fluor® 546 GoatAnt-Mouse ~ Life )44 N/A 1in100 minutes,
I gG2a technologies RT

Table 3- 2: The optimal working conditions for each of the primary and secondary antibodies used for
immunofluorescence
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Nuclei-DAPI Protein of interest Merged

Figure 3- 4: Optimised single immunofluorescence against mitochondrial and synaptic protein markers
interest.

COX4 is employed as a mitochondrial mass marker and demonstrates punctate staining in grey mattema
neurons (white arrow). Similarly, the complex | protein expression marker NDUFA13 is punctate in corti
matter and is enriched neurons, indicative of complex | intact cells. Synaptophys38) &Yfeminiscent of axor
terminal convergence an@AD-65/67 stains for inhibitory neurons (white arrows) and GABAergic syr
terminals. Scale bar: 2.
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GAD-65/67 SY-38 COX4 NDUFA13 Merged

Figure 3- 6: NPA controls for crossreactivity and assay specificity checks.
Control A: Section stained with all four markers is demonstrative of positive staining in all channels. Omi

GAD-65/67 (Control B), SY38 (ControlC), COX4 (Control D) or NDUFA13 (Control E) is accompaniec
absence of signal in the corresponding charBedle bar: 1dm
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3.4.3 Autofluorescence and Sudan Black b treaént

Tissue autofluorescence is a natural phenomenon which occurs either due to the intrinsic
properties of the tissue under investigation or is induced during tissue pro¢Bssialgonget

al., 200). Nevertheless, autofluorescence is an important restricting fabtm it comes to
immunofluorescence analysis since it may mask true fluorescence or may be mistaken for the
fluorescent labg|Del Castilloet al, 1989 Noonberget al, 1992 Viegaset al, 2007.

Amongst the reagents frequently used to eliminate tissue autofluorescence is Sudan Black b
(SB) (Baschonget al, 200 thus | have performed immunofluorescence with (+) or without (

) SB treatment to test for the this reagen
tissue autofluorescence. Control FFPE sections (5um thick) were subjected to a standard
immunofluaescent protocol (sectioB.7.1), according to the previously optimised staining
conditions, and included positive and NPA c
the NDUFA13 channel is removed af®B application for 10 minutes, whereas fluorescence

emitted in NPA control sections is eliminated following reagent applicafiguie 3 7).
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GAD-65/67 SY-38 COx4 NDUFAIL3 Merged

NPA+SB Quadruple IF Quadruple IF
-SB +SB

NPA-SB

Figure 3- 7. The importance of Sudan Black b treatment in removing background and increasir
signakto-noise ratio.

Scale bar: 1m. SB-Sudan Black, NPA no primary antibody
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3.4.4 Respiratory chain protein expression in neuronal cell bediand presynaptic

terminals
Purkinje cells utilise the inhibitory neurotransmitter GABA to suppress neurons of the deep
cerebellar nucle{Uusisaari and De Schutter, 2Q;1projecting inhibitory synapses mainly
around neuronal cell bodies (axosomatic synapses).-6&67 was uniformly and highly
expresed in GABAergic neuronal cell bodies (GAD67) and inhibitory presynaptic terminals
(GADG65) (Figure 3 8) , in accordance to the anticipated subcellular distribution of the two
enzymatic isoformgKaufmanet al, 199). Synaptophysin demonstrated strong and punctate
staining surrounding neuronal cell bodies, representing presynaptic terminals. Timasalser
were suggestive of a mixture of excitatory and inhibitory synapses since only a portion of those
co-localised with GAD65Figure 3 8).

COX4 was expressed strongly and abundantly, with each individualgpurditating the
presence of a potentially small network of mitochondfigyre 3 8). Though a nuclear DNA
encoded subunit of complex |, NDUFA13 has been demonstrated to be necessary for complex
assembly and stdiby (Angebaultet al, 2015. Hence, by using NDUFA13 in combination

with COX4 we can determine the relative loss of this complex | subunit.

Similar to Purkije cell bodies, GABB65/67 is expressed in different neuronal compartments of
dentate nucleus neurons. When expressed in the neuronal cytoplasm, GADG67 is suggestive of
Glutamic acid decarboxylase synthesis and hence of inhibitory local neuron pi&sesiseari

and Knopfel, 2018 When expressed around the neuronal cell body, GAD65 potentially
represents the occurrence of GABAergic Purkinje cell axonal terminals. To verify the existence
of presynaptic terminals, synaptophysimaunoreactivity was taken into consideration. Areas

of co-localisation between S88 and GAD65/67 around the dentate nucleus neuronal soma
are indicative of GABAergic axonal terminal divergendag(re 3 9). COX4 protein
expression is strong throughout the dentate nucleus grey matter ribbon and within inhibitory
presynaptic terminals, the same was true for the NDUFA13 subunit of complgxig 3 9).

The majority of syapses demonstrated a single CE6sitive punctum, likely to be
reminiscent of a small mitochondrial network (microscopic resolution does not allow for

identification of single mitochondria), eexisting with NDUFA13.
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3.4.5 Confocal microscop

An A1R confocal system (Nikon) was employed since it presented with significant advantages
over other, conventional microscopic systems. The inverted point scanning confocal
microscope enabled thremensional image sampling, while the four spectraltynixed

lasers (405nm, 488nm, 561nm and 647nm) allowed high resolution;ahaitnel images to

be acquired. Moreover, confocal laser scanning microscopy eliminates-fmaus light

interference, thus generates images specific to the plane of view.

Areasof interest (neurons or blood vessels) were identified using the microscope eyepiece at
x60 magnification whilst the depth of the tissue was specified using eb$&pp Nikon Al

Piezo Z scanner on the software surface {Eli&nents, v4.2). Ztacks wee captured at x180
magnification (x60 objective plus x3 digital zoom) and according to the recommended
mi croscope settinegdepPisixeagle:si0ze:75G.m,4omptizx
optical sectioning 0. 54 ¢ m. adriiple rfluohescent eaxls 1 me
(TetraSpeckE Fluorescent Mi crosphere Stand

measure the systemdbs Point Spread Function

3.4.6 Image processing

Since the data set acquired is thdé®mensional, the appropriate 3D analysaftware and
analysis protocol is required in order to benefit from the advantages provided by laser scanning
confocal microscopy. The Nikon files (.nd2) generated by the Bl¢Eents software were
imported into various different software, amongst whichewtke Volocity® 3D image analysis

and deconvolution software (v.6.1.1, PerkinElmer) dMARIS scientific 3D/4D Image
processing & analysis software (Bitplan®ifferent analysis approaches were undertaken

before the one that generated the desired outasitselected.

For studying respiratory chain protein expression in Purkinje cell bodies and inhibitory
presynaptic terminals to dentate nucleus neurons, z stacks were initially cropped and
deconvolved using the freemand utneadli oandfth
software respectively. Image cropping helped analyse single neurons, whereas deconvolution
facilitated light reassignment back to its original point source giving rise to crisper images
(Sarder and Nehorai, 20p@-igure 3 10). Thus, identifying distinct synaptic terminals would

be feasible and distinguishing somatic from synaptic mitochondria would be possible.

Purkinje cell bodies were manually wergd ect e
synapses were identified as areas of3BY and GAD65/67 celocalisation. Mitochondrial

objects within each neuronal sabmpartment were then detected, using the deconvolved
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COX4 channel as a reference and regemployegddout o m
acquire intensity measurements for COX4 and NDUFA13 protein expressgome 3 11).

Furthermore, thredimensional reconstruction of structures was made plausible since all
iImages were sampled 13, y- and zplanes. As demonstratedfingure 3 11 andVideo 31,
fluorescent staining can be substituted by artificial surfaces and finenesmbnal

compartments like synapses can be modelled.
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3.4.7 Quantification of respiratory chain protein expression and Z scoring

Once the mean optical density (OD) measurements for COX4 and NDUFA13
immunofluorescence were acquired using the Volocity® software (PerkinElmer), data were
initially analysed manubl. The (NDUFA13YP/(COX4)°° ratio was used to calculate the
amount of NDUFA13 protein expression relative to mitochondrial presence (COX4 employed

as a mitochondrial mass marker).

Later, the SAS (v.9.3) (Cary, NC) statistical software package was esdgimgenerate z score
values for each protein of interest, indicative of the degree of protein expression deviation from
control values. Data normalisation and transformation was performed automatically, so was the

estimation of regression parameters stathdard error values.

For each area of interest (Purkinje cell body or GABAergic presynaptic terminaiptsired

OD valuesof COX4 and NDUFAl13mmunofluorescencevere background correctedince

the data were not normally distributedhet backgroundorrected values weré¢hen log
transformedto allow for datanormalisation (yielding COX4T and NDUFAL13T). The
distribution for COX4T and the regression of NDUFA13T against COX4T were plotted and
were used to estimate the mean and standard error (from thdTC@3tribution) as well as

the regression parameters and the standard error of the estimate (from the regression of
NDUFA13T against COXA4T). For each Purkinje cell or presynaptic terminal the z score for
COX4 levels was calculated, while the z score faMNFA13 levels deviated from the linear
regression based on the level of COX4. Furthermore, areas of interest were classified based on
standard deviation (SD) limits (for COX4 and NDUFA13: normaRi z <2SD, low if z <

2SD, deficient if z <3SD and veryleficient if z <4SD).

For example, quantification of control inhibitory presynaptic termin@iewever many
synapses weredetected around twenty randomly selected dentate nucleus neurons)
demonstrates high protein expression levels for COX4 and NDURA&Bré 3 12). Indeed,
statistical analysis and z scoring for the levels of COX4 and NDUFA13 indicated normal
protein expression-Z< z <2SD) Table 3 3), consistent with arery low percentage of
GABAergic axonal terminals that were low or deficient for either of the two prof€aidd 3

3).
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Z scores

Z scores

COX4 protein expression in inhibitory
presynaptic terminals

NDUFA13 protein expression in inhibitory
presynaptic terminals

Figure 3- 12: Boxplots for the standard deviation limits of COX4 and NDUFA13 proteit
expression in control GABAergic presynaptic terminds.

The majority of inhibitory synapses have normal levels of C@X4and NDUFA13(B) proteir
expression, with few data points above or below the normal £2 SD |Bhits.boxplots: contro
grouped; Purple boxplots: individual control samples. Each jg@iht represents protein expres:
in a single GABAergic presynaptic terminal.
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3.5 Discussion

The severe neurological impairments affecting patients with nototiinel disease highlight

the need for developing a reliable, precise and reproducible quantitative immunofluorescent
protocol that would facilitate the investigation of mitochondrial protein expression in the central
nervous system. The increasing bodgwidence for cerebellar vulnerability to mitochondrial
dysfunction(Taniji et al, 1999 Hakonenet al, 2008 Lax et al, 2012 and the weHknown
structural and functional organisation of the cerebellum, enable its use as a tool for protocol

development.

Changes in mitochondrial proteins have previously been studiedy usonventional
histochemical (COX/SDH) and immunohistochemical techniques. Despite the fact that
COX/SDH histochemistry is an invaluable tool for identifying cells that are clearly deficient
for COX (Ross, 201}, it relies on the subjective decision for the presence, absaniow
immunoreactivity of DAB and does not allow subtle changes in protein activity to be detected.
Similarly, indirect immunohistochemistry is semi quantitative, lacks correction for
mitochondrial mass and requires a number of-papture processindeps for it to serve as a
reliable quantitative methodTaylor and Levenson, 2006Nguyen, 201R Furthermore,
immunohistochemistry is restrictive in the number of proteins that can be examined per section,

constituting the simultaneous investigation of several proteins impossible.

Here | report the development of an accurate, quadruple immunofluorescent tedmau
relies on the densitometric quantification of fluorescence to determine protein expression
levels. The intracerebellar circuitry and more specifically the Purkinje-delhtate nucleus
inhibitory synapse is employed as an example for establishivejteod that allows respiratory

chain protein expression investigation in neuronal anehsuibonal compartments. Strong and
punctate staining of the inhibitory neuronal and presynaptic terminal marker85/40 and

the general synaptic marker $8 enabls the detection of GABAergic neurons and inhibitory
axonal terminals, whereas the abundant immunoreactivity of antibodies against NDUFA13 and
COX4 facilitates the examination of complex | protein expression relative to mitochondrial
mass. Moreover, lasecanning confocal microscopy and thhgienensional analysis software
enable the detection of synaptic mitochondria and inhibitory presynaptic terminal
reconstruction. Hence, a single cerebellar tissue section can be employed to simultaneously
examine compbe | protein expression in the Purkinje cell soma and its inhibitory presynaptic
terminals and to further quantify the number and the size of synaptic connections established

between Purkinje cells and dentate nucleus neurons.
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The technique is specific ithat there is absence of antibody crosactivity thus channel
densitometry only reflects the extent of protein expression investigated at the time. The use of
a similar quadruple immunofluorescent technique for the investigation of respiratory chain
protein expression in dopaminergic midbrain neurons further verifies the reliability and
reproducibility of the assaysrinewaldet al, 20149.

3.5.1 Future work

Given the evidence for cerebellar dysfunction and the extensive neuronal and synaptic
abnormalities in patients with mitochondrial dise@&an;ji et al, 1999 Lax et al, 2013, there

needs to be an in depth study of the respiratory chain deficiencies in neuronal-apdreual
compartments and further a quantitative assessment of the type and nature af sgpapes.
Investigating the extent of respiratory chain protein deficiencies and of structural synaptic
abnormalities and associating the observec
clinical phenotype is likely to provide further insights intsedhse mechanisms and explain for

the progression of ataxia.

Indeed, future work involves the employment of this quantitative quadruple immunofluorescent
technique for the establishment of neuronal cell body and synaptic respiratory chain protein

deficiercies and for the characterisation of synaptic morphological changes.

3.6 Conclusion

For the purposes of this study | have developed a quadruple immunofluorescent technique that
serves as an objective, quantitative, reliable and reproducible alternativgteuoeisly used
histochemical and immunohistochemical methods. Simultaneous assessment of expression
levels of four different proteins is madmssible while precise spatial distribution and
morphological characterisation of synaptic terminals is passitiie method is versatile and

can be adjusted to incorporate different markers depending on the research question at the time,
hence serving as a valuable tool for quantifying the degree of protein expression changes in

postmortem brain tissue.
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Chapter 4 Cerebellar ataxia in patients with mitochondrial disease

Part 1: Synaptic terminal pathology in the cerebellum of ataxic patients

4.1 Introduction

4.1.1 Cerebellar structure

The cerebellum is crucial for muscle tone and motor movement coordination, critidaddde
by the fine harmonisation between ascending sensory and descending moto(ldiginas,
1939 Chambersand Sprague, 1955Cooper, 1958 The structure is also important for
cognition(Parsons and Fox, 199Fhach and Thach, 199#vhilst recent studies on cerebellar
dysfunction were exhibitive of its importance in language, working memory and arecisi
making skills(Martin, 2003.

The cerebellum is located on the posterior part of tAenpdorsal to the medulla and pons
when viewed on a sagittal pl ane. The struc
phylogenetic and functional compartmentalisation. The cerebellum is divided into three sagittal
zones(Martin, 2002 Apps and Garwicz, 200%&nd futher into ten lobules {X) (Voogd and
Glickstein, 1998 Functionally, he cerebellum is organised into the spinocerebellum, the
vestibulocerebellum and the pontocerebellum (cerebrocerebellum), which, as the names
suggest receive, input from the spinal cord, the vestibular system and the cerebral cortex
respectivelyRajakumar, 2013

The cortexthe medullary core of white matter and the deep cerebellar nuclei make up the basic
cerebellar structure. The cortex is subdivided into three stratwinesmolecular, Purkinje cell
andgranulecell layer and contains two neuronal and three interneunoojulations. Cortical
interneurons include the inhibitory stellate and basket cells, which reside within the molecular
cell layer, and the inhibitory Golgi cells found at tiranulecell layer. The excitatory granule

cells constitute the most abundaeuronal subtype of thgranulecell layer (and of the brain

as a whole), whilst the inhibitory Purkinj
between thgranuleand molecular cell layefartin, 2003. Furthermore, there are three types

of deep cerebellar nuclei (DCN), the dentate, the fastigial and the interposed nucleus, which
contain different neuronal/interneuronal populations with distinct electrophysiological
capacitiegUusisaari and Knépfel, 201&ohen, 2014
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4.1.2 Cerebellar connectivity

Afferent signals to the cerebellum arrive from the inferior olive (10), the brain stem and spinal
cord. Excitatory climbing fibres (CF) project their axons from the 10 and synapse onto Purkinje
cell s, evoking fc ¢Moggt &nd Gliskpteink F0@RAphs @amd réarwvicz,o n
2009, and onto DCN neur@n Mossy fibres (MF), originating from the brain stem and spinal
cord, indirectly excite Purkinje cells (via granule cell parallel fib(®ogd and Glickstein,

1998; Apps and Garwicz, 2005Rajakumar, 2013and neurons of the DCN. Cerebellar
efferents include DCN projections onto brainstem nuclei, the red rsucfehe midbrain and

I via the thalamu$ to premotor and primary motor corticé®ajakumar, 2013 A summary

of the intra and extracerebellar circuitry pgsesentedn Figure 4 1.

The Purkinje celdentate nucleus neuronal synaps the main component of intracerebellar
circuitry, since Purkinje cells are the sole output neurons from the cerebellar cortex, projecting
their synapses onto deep cerebellar nufléusisaari and De Schutter, 2011Synaptic
communication between the two neuronal populations is established vianhtiiory
neurotransmittep-aminobutyric acid (GABA). The majority of Purkinje cell axonal terminals
form connections on the dentate nucleus neuronal soma (cell body), giving rise to axosomatic
synapses, with some synapses also being formed on neurodateor axons (axodendritic

and axoaxonic synapses respectively).
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Precerebellar nuclei Interior olivary Motor
(brainstem,spinal cord) neurons systems

Figure 4- 1: A summary of the intra- and extracerebellar circuitry.

The cerebellum receives efferents from the inferior olive, the braim aite the spinal cord. Climbing fib
arise from the inferior olive, project onto and excite Purkinje cells (located in the cerebellar cortex) i
cerebellar nuclei (DCN). Mossy fibres, originating from precerebellar nuclei (brainstem and spin;
project their excitatory presynaptic terminals onto DCN and indirectly excite Purkinje cells (via granul
Intracerebellar connectivity is established via the inhibitory Purkinjedegitate nucleus neuronal syna
GABAergic Purkinje cells caact DCN (principally dentate nucleus neurons), which form local feedba
global signal transduction networks by projecting their axons to the brainstem, red nucleus, pren
primary motor cortices.
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4.1.3 Cerebellar ataxia

ALack of ordero and inability to coordina
Amongst the pioneers in recognising and characterising the aomdigire Babinski (1899) and

Holmes (1939)whonit r oduced t he (Babmskinmi899%imd yimeelggpyed i1
of voluntary movementgHolmes, 1939 to describe this pathologit state. Damage to or
dysfunction of the cerebellum or of its input/output pathways result in cerebellar ataxia
(Marsden and Harris, 20},1with associated symptoms including dyssyrerglysmetria,

tremor, dysdiadochokinesia, asthenia and hypotonia, balance and gait dysfunction as well as

dysarthria and oculomotor deficiKlockgether, 200).

Cerebellar dysfunction and altered inteand extracerebellar connectivity is the pathological
hall mark of many inherited ataxi as(Scherezedudi n
et al, 2012 Koepperet al, 2013. Proteins involved ihereditary forms of ataxi@re associated

with mitochondria and in fact, mitochondrial dysfunctionis involved in the
neuropathological/neurodegenerative profiles of Spinocerel{@lget al, 201Q Sykoraet

al., 2011, spastic(Girardet al, 2019 and Fr i e dr (&onzaleZabo antl Rakau, a
2013.

The intrinsic vulnerability of the cerebellum to mitochondrigéfdinction can be explained by

its remarkably high neuronal density. Altho
cerebellum contains 50% of (Knierim,b1993.iNeudat t o't
computation models for the estimation of en
celPwr ki nijees td enlalt sé'molecuteadf ATP gré réquired per secéifdwarth

et al, 201Q. Surprisingly, the in@ased density and the excitatory nature of another cerebellar
neuronal cell typ&granule cell§ implies that these cells outrank Purkinje neurons in terms of
their energetic requirementdowarthet al, 201Q. Thus, a considable amount of energy is
necessary to maintain cerebellar neuron function, assuring for the structural and functional

preservation of the regiqiknierim, 1997.

4.1.4 Mitochondrial disease and cerebellar ataxia

Bearing h mind the frequent involvement of mitochondria in the pathogenesis of several
hereditary ataxiagDaset al, 201Q Sykoraet al, 2011 Girardet al, 2012 GonzalezCabo

and Palau, 20)3it comes as no surprise that patients with mitochondrial diseageaquently

and severely affected by cerebellar ataxia. The increased metabolic demand of the CNS
combined with the importance of mitochondria in providing the cells with the energy they

require, explains the severe neurological impairments of patietitawitochondrial disease.
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Despite the plethora of neurological deficits, including sensorineural deafness, cognitive
decline and strokéke episodes(McFarlandet al, 2010, cerebellar ataxia is the most
frequently presenting symptom. In fact, approxieha?0% of the patients recruited to the UK
MRC Mitochondrial Disease Patient cohort are affected by ataxia which is progressive and
very disablinglLax et al, 2012 Nesbittet al, 2013.

The recently developed and validated Newcastle Mitochondrial Disease Adult rating Scale
(NMDAS) is routinely employed by neurologists in order to assess patient progression and
decide on personalised patient céBehaefeet al, 200§. According to the NMDAS scale for
cerebellar ataxia, patients are scored with. A score of zero indicates an absence of
pherotype, whereas 5 is given to patients that are severely impaired and as such become
wheelchairdependent. The highly heterogenic and multisystemic nature of mitochondrial
disorders implies that cerebellar ataxia affects patients with different genetiosksgto a
currently unpredicted extent. Valuable work has been performed into understanding the
progression of ataxia in patients with the m.3243A>G point mutation, suggesting that patient
age and urine heteroplasmy levels can collectively help predicsekierity of the ataxic
phenotype. However, there is more | eft to
progressior{Grady, 2013

Cerebellar abnormalities are routinely detected though neuroradiological imagxgnd
Jaros, P12). Patients with the KearfSayre syndrome (KSS) demonstrate an atypical
cerebellar structure (upon neuropathological examinat{Baykovich et al, 1993, with
Purkinje cell loss from the cerebellar cor{@anji et al, 1999, spongiform deterioration of the
white matteOldforset al, 199Q Tanjiet al, 1999 and decreased synaptic input to the dentate
nuclei microscopically detectd@an;ji et al, 1999. Cerebellar ataxia is a prominent feature of
patients with the myoclonus epilepsy with ragged fibres (MERRF) syndron{@ustinet al,

1998 McFarlandet al, 2002. Patient brains have atrophic pons, cerebellar hemispheres and
middle and superior cerebellar pedungles et al, 2008. Neuropathologically, cerebellar
lesions are pronouncdérukuhara, 1991whilst neuronal loss affects the inferior cerebellar
cortex(Lax et al, 2012. Similarly, enlarged fourth ventricles in patients with mitochondrial
encephalomyopathy, lactic acidosis and stitkeepisodes (MELAS), due the m.3243A>G

point mutation, are reminisceoftthe presence of cerebellar atrofByeet al, 1999. MELAS
patients present with severe cerebellar neuropathological abnormalities, some of which include
neuronal loss, axon demyelination and microinfarct pres@raeet al, 2019. Generalied

pontocerebellar atrophy is evident in patients with the neurogenic weakness, ataxia and retinitis
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pigmentosa (NARP) syndronf{Renard and Labauge, 2Q12taxia also affects patients with
secondary mitochondrial disease, due to mutations in mtBiditenance genes. Autosomal
recessive polymerase(POLG gene mutations have been associated with cerebellar ataxia
(Van Goethenret al, 2004 Tzouliset al, 2009, whereas neuronal loss in both the midbrain
and the cerebellum of a patient suffering from multiple mtDNA deletions, due to recessive
POLG mutations, were also detect@gkttsHendersoret al, 2009.

4.1.5 Synaptic plasticity and mitochondria

The highly sophisticated neuronal structure ensures the formdtaynamic and functional
networks with extensive energetic demands which can render neurons vulnerable to fluctuations
in mitochondrial function. Specific neuronal sabmpartments, including synapses, are more
metabolically active than others accounting the increased mitochondrial density in these
regions(Hollenbeck and Saxton, 20P5%As a matter of fact, synaptic mitochoradrfunction

goes beyond energy production, ensuring structural integrity and functional maintenance of the
synaptic compartment. A summary of synaptic mitochondrial function is providédure 4

2.

More specifcally, signal transduction and synaptic transmission requires most of the ATP
produced in the brain as demonstrated from studies on rat cdfghbsedll and Laughlin, 2001

and human corticed.ennie, 2003 Cortical regions enriched with neurons, and high synaptic
density, consume considerable amounts of en@fgyriset al, 20129, whereas ATP supplied

by mitochondria is required by both axonal terminals and neuronal dengriéesnd post

synaptic compartments respectively) for synaptic transmission to take place.

Action potential initiation at the presynapse requires ionic flux balance, regulated by
mitochondrialgenerated ATP which ensures for fine tuning of ionic puri#tsvell and
Laughlin, 200} Additionall vy, synaptic activity
mitochondrial densityBrodinet al, 1999, whereas ATP supply from mitochondria is needed
for synaptic vesicle transpof¥erstrekenet al, 2005, exocytosis and recyclingRowlandet

al., 200Q Perkinset al, 201Q. Postsynaptically, the energy required for reversal of ionic
gradients created following excitatiofiHarris et al, 2012, and to a much lesser extent

following inhibition (Howarthet al, 2010, is provide by mitochondria.

Further to ATP production, calcium buffering by mitochondria is essential for the establishment
of neuronal polarity and thus for axonal differentiatidiattson and Partin, 1999Also,
maintenance of synaptic transmission capacity following tetanic stimulation in glutamatergic

synapses is achied thanks to mitochondrial calcium buffering that ensures for rapid recovery
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(Billups and Forsythe, 2002Moreover, studies performed on hippocampal neuronal cultures
(Kang et al, 2008, hippocampal slicegLevy et al, 2003 and crayfish auromuscular
junctions (Tang and Zucker, 1997are demonstrative of the importance of mitochondrial

calcium buffering in synaptic plasticity.
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Figure 4- 2: Synaptic mitochondrial functions.

Mitochondria are enriched at synaptic sites (axonal terminals and neuronal dendrites), wt
function is crucial for synaptic transmission. At the presynaptic terminal, mitochondrial ge
ATP is used to drive syndptvesicle transport, release and endocytosis (synaptic vesicle rec
regulate ionic fluxes necessary for action potential propagation (via fuelling ATPases) an¢
protein assisted organelle transport to/from the synapse. Postsynaptic mitazlwadsssential f
synaptic transmission preservation since mitochondrial ATP production and calcium b
capacities are key for reversing ionic gradients generated following transmitter release and
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4.1.6 Evidence of synapticgthology in mitochondrial disease

Generalised neurodegeneration observed in-pastem brain samples from patients with
mitochondrial disease is accompanied by structural abnormalities, specific to neurenal sub
compartments. The synaptic terminal conrewilinking the Purkinje cells to dentate nucleus
neurons within the cerebellum have been the centre of attention, since these efferents constitute
the main component of the intracerebellar circujbysisaari and De Schutter, 2011

Detailed neuropathological studies performed by Lax and colleag@é4®)(2emonstrated
decreased Purkinje cell efferent density to the dentate nucleus of patients carrying the
m.3243A>G and m.8344A>G point mutations, despite Purkinje cell number preservation in the
cerebellar corteXLax et al, 20129. Mor eover, Aghost theyderdaes e s O
nucleus of a patient harbouring the m.14709T>C point mutation, which consisted of large
presynaptic structures (detected following synaptophysin immunoreactivity) in the absence of
postsynaptic dentate nucleus neurrex et al, 2019. Likewise, Tanji and cavorkers (1999)
employed synaptophysin and Calbindin immunohistochemistry in KSS patients to demonstrate
the decrease in axonal terminal density and the existence of sparse and swollen Purkinje cell

terminals to the dentate nucleus respecti{&anji et al, 1999.

Changes in the number and structural characteristics of Purkinje cell presynaptic terminals were
followed by abnormalities in neuronal dendrites and regions proximal to Rudei bodies.
Main observations include swollen axons, k

which are extensively arboriz€dax et al, 2012.

The importance of mitochondrial presence and function in synaptic structural integrity and
functional preservation is& demonstrated through the use of genetic modification techniques
and cell culture/animal models. Mitochondrial localisation in dendritic protrusions following
repetitive excitation favour the formation of new spines, whereas altered mitochondrial
dynamics, via disturbed fusion/fission balance, results in decreased mitochondrial density in
dendrites and decline in dendritic spine numfheret al, 20094. Moreover, disturbed Optic
Atrophy 1 (OPA1) gene expression in mice is indicative of a link between mitoghlond
dynamics, mitochondrial localisation and synaptic densityd 3 honth old mice heterozygous

for OPAL (a mitochondrial fusion protein) were demonstrative of mitochondrial fragmentation
with retraction back to the soma and a consequent decreasenal getinglion cell synaptic
density (Williams et al, 2012. Finally, mutations of the mitochondrial fission protein
Dynaminrelated proteinl (Drpl) results in mitochondrial abseinom the synapse in fly

models Drosophila melanogastgrin spite of maintained basal synaptic function under resting
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conditions, flies are unable to transduce neuronal signals after high (10Hz) electrical current
application(Verstrekeret al, 2009.

4.1.7 Synaptic protein expression

Bearing in mind Purkinje cell vulnerability to mitochondrial dysfunction, the importance of
deep cerebellar nuclei in controllingbgnition, emotion and language and mitochondrial
significance in maintaining synaptic structure and function, | have decided to investigate
dentate nucleus neuronal innervation with a focus on the Purkinjdesgtite nucleus neural

synapse.

GABA synthesis requires the enzymatic activity of Glutamic acid decarboxylase (GAD) that
acts to convert iglutamate into the inhibitory neurotransmit{&rlander and Tobin, 1991
GAD exists in two isoforms, GAD65 and GAD67, which are encoded by two distincs gene
and have differential neuronal distributiof&rlander et al, 199). The 67kDa isoform
(GADG67) is expressed throughout the neuronal cell, while the 65kDa isoform (GADG65) is

specific topresynaptic terminal@aufmanet al, 199J.

One of the key presynaptic proteins is synaptophysin, the most abundant (by mass) glgicoprote
(Takamoriet al, 2006 that surrounds SMJahnet al, 1985. Synaptophysin isqually present

in glutamate and GABA-containing SVgTakamoriet al, 2000a Takamoriet al, 2000h and

has been demonstrated to control SV endocytosis following neurotransmitter (&lease

and Chapman, 20)1Hence, synaptophysirs iuseful for determining the presence of a
presynaptic terminal, regardless of the nature of the synaptic connection (excitatory or

inhibitory).

Taking into consideration the expected neuronal distribution for ®BMB7 and
synaptophysin, these two markees be used in conjunction in order to closely investigate the
cerebellar microcircuitry. GAD67 will enable the detection of inhibitory Purkinje cell bodies
within the cerebellar cortex, while areas oflcoalisation between GADG65 and synaptophysin

couldbe indicative for the presence of Purkinje cell efferents onto dentate nucleus neurons.

106



Chapter 4 Cerebellar ataxia in patients with mitochondria disease

4.2 Aims of the study

Notwithstanding the clinical relevance of the cerebellum to mitochondrial disease and the
previous detailed neuropathological studies in ptieith mitochondrial disease, the presence

and extent of respiratory chain defects in and the morphological characteristics of synapses

have never been the point of focus. Hence, this study aims to answer the following questions:

1. Is there evidence of mithondrial dysfunction in Purkinje cell synapses?
2. If so, does synaptic mitochondrial dysfunction have any effects on synaptic
morphology and/or density?
3. Could these changes represent a primary event in neuronal degeneration? l.e. is
mitochondrial diseasesynaptopathy?
| will achieve these by combining a validated quantitative immunofluorescent technique with
sophisticated molecular biology methods to evaluate the distribution of respiratory chain
deficiencies and assess the degree of synaptic and dentbiphological abnormalities. The
frequent involvement of the cerebellum in mitochondrial disease and the simplistic architecture
of the intracerebellar circuitry provide the possibility to employ the Purkinjedeeliate
nucleus synapse as a tool tangamore mechanistic insights into cerebellar ataxia and to further
understand the importance of synapses in neurodegeneration due to mitochondrial disease.

4.3 Methodology

4.3.1 Cerebellar tissue samples

This study involves the neuropathological investigation ofwgvadult patients who have been
clinically and genetically diagnosed with mitochondrial disease. The patients were routinely
assessed by neurologists using the validated Newcastle Mitochondrial Disease Adult Scale
(NMDAS) (Schaefeet al, 2006, while the scores for cerebellar ataxia confirm that all patients
included in this study were ataxic. Patient clinical and neuropathological details are

summarised ifable 4 1.

Ten cognitively normal controls that were matched for age andnpagém interval (PMI)
with patients were included in the study (Age: Mann Whitney U test, p value =0.3390; PMI:
Mann Whitney U test, p value =0.7667). Patiend acontrol tissue characteristics are

summarised iTable 4 2.
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Length of
Age o Postmortem
Type Sex fixation Cause of death Source
(years) delay (hours)
(weeks)
Control 2 68 Male 8 54 Bowel cancer NBTR
metastatic oesophaged
Control 3 78 Female 5 23 . NBTR
carcinoma
Control 4 74 Female 13 67 Lung cancer NBTR
Metastatic cancer
Control 9 78 Female 8 34 primary origin unknown| NBTR

(probably ovarian)

Coronary artery )
Control 11 48 Male 1 72 . Edinburgh
atherosclerosis

Coronary artery

Control 12 48 Male 1 46 Edinburgh
atherosclerosis

Control 13 61 Male 1 61 ND Edinburgh
Coronary artery

Control 14 48 Male 1 43 thrombosis and Edinburgh
atherosclerosis

Control 15 25 Male 1 53 ND Edinburgh

Complications of
bronchopneumonia ang _
Control 16 44 Male 1 83 Edinburgh
coronary artery

atherosclerosis

Patient 1 36 Female 1 42 Cardiac arrest NBTR
Patient 2 60 Female 6 10 Multi-organ failure NBTR
Patient 3 30 Male 10 69 Mitochondial disease NBTR
Patient 4 45 Female 8 43 Mitochondrial disease | NBTR
Patient 5 20 Male 6 187 Aspiration, pneumonia NBTR
and MELAS
Patient 6 57 Male 50 36 Cardiac failure NBTR
Patient 7 42 Male 8 59 Respiratory failure NBTR
Patient 8 58 Male 6 66 Mitochondrial disease | NBTR
Patient 9 59 Female 4 67 Mitochondrial disease | NBTR
Patient 10 79 Female 8 85 Mitochondrial disease | NBTR
Patient 11 55 Male 7 112 Mitochondrial disease NBTR
Patient 13 55 Male 17 10 Mitochondrial disease | NBTR

Table 4- 2: Characteristics of control and patient postmortem tissue included in this study.
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4.3.2 Immunofluorescence
Various different immunofluorescent experiments were performed depending on the research
guestion at the time, though all protoceisiployed were slightly modified versions of the

previously developed immunofluorescent technidtieapter 3f this thesis and secti@7.]).

Forevaluatingcomplexk pr ot ei n expression in Purkinje
thick FFPE cerebellar tissue sections were immunofluorescently stained according to the
protocol described itChapter 3of this thesis (setion 3.4) (seeTable 2 3 for primary and
secondary antibody combination). Triple immunofluorescence was used to study complex |
protein expression in Purkinje cell deités and involved the use of primary and secondary
antibodies included iffable 4 3.
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Triple immunofluorescence

. Optimal
Primary antibodies HOSt i Source el Antigen retrieval O_ptlmal incubation
isotype No. dilution .
conditions
Mouse EDTA (1mM);
Calbindin (D-28k) monoclonal -  Swant CB300 2100 antigen  1in 1000 O/N at £C
IgG1l retriever
Mouse EDTA (1mM);
Complex | monoclonal -  Abcam  abl110240 2100 antigen 1in100 O/N at £C
subunit NDUFA13 anig at
1gG2b retriever
Mouse )
Complgx v monocl Abcam  abl110261 EDT.A (1mMZ 210¢ 1in200 OJIN at4C
subunit IV antigen retriever)
IgG2a
. Optimal
Secondary antibodies Hos_,t and Source Catalogue Antigen retrieval O_ptlmal incubation
epitope No. dilution .
conditions
Goat Anti- Life
Alexa Fluor® 647 Mouse IgG1 ) A21240 N/A 1in100 1 hour, RT
technologies
(21)
Goat Anti- Life
Alexa Fluor® 488 Mouse 1gG2b . A21141 N/A 1in100 1 hour, RT
. technologies
(o02b’
Goat Anti- Life
Alexa Fluor® 546 Mouse IgG2a . A21133 N/A 1in100 1 hour, RT
(02a technologies

Table 4 3: Primary and secondary antibodies used in this studylang with their optimal workin g

conditions.
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4.3.3 Confocal microscopy and image processing

Immunofluorescently stained sections were imaged using an inverted point scanning confocal
microscope (Nikon A1R) as described earlier (sei@land3.4.5. Z stacks were acquired

for twenty randomly selected neuronaccording to the recommended microscope settings

and were employed for image analysis.

Respiratory chain protein expression quantificatironeuronal cell bodies involved outlining

and defining the soma as a AROI 0. Pur kinje
calbindin immunoreactivity and were manually cropped, whereas GABAergic synapses were
identified as the regions of docalisation between GABS5/67 and SY38 around dentate
nucleus neuronal cell bodies. Once the neuronateuipartment of interest was manually or
automatically selected, mitochondria were identified within each using COX4 as a reference
channel (and th&@ aut omati ¢ t hresholdo function}. Mi
neuronal compartment were employed to acquire the fluorescence intensity measurements for
different respiratory chain proteins (COX4 and NDUFA13). All intensity measurements were

performed using Volocity® (PerkinElmer).

Synaptic terminal density quantification was performed using both Volocity® and IMARIS
software. Volocity® facilitated image cropping and deconvolution (se@idr§, wheeas
IMARIS was employed for surface reconstruction. GA&nd SY¥-positive puncta were
substituted by surfaces mimicking the pattern of staining and GABAergic synapses were
detected when both surfsx were present. The number of inhibitory presynaptic taimin

detectedvas normalised to cell circumferengerem circumference)

Due to limited tissue availability, dendritic length extension was investigated in thin tissue
sections (& m-thick) that were subjected to triple immunofluorescence (Tabl&)4Confocal
images were manually cropped using Volocity® a stacks of individual Purkinje cellsere

later importedinto IMARIS software (Bitplane). The Filament tracer module enabled the
creation of a continuous surface that resembled neuronal dendrites through tifeanse
AAut opat ho al g onrchannelrAlexalFlue 64T avaskempioged as the source,
while the filament startandendpoints were manually addeHowever, his techniquéholds

significant drawbacks whh arediscussed below (see sectibb).
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4.3.4 Defining the levels of mutated mtDNA in neuronal cell bodies and presynaptic

terminals
15em-thick frozen cerebellar tissue sections mounted on SuperFrost glass slides were employed
to determine mtDNA heteroplasmic levels in Purkinje cell bodies aahah terminals.
Sections were initially subjected to a double immunofluorescent protocol (for demggction
2.7.1and Table 2 3) and were then employed for siagheuronal and synaptic isolation as
described in sectioR.9.1 DNA was extracted from the isolated tissue as previously described
(secton 2.9.2 and was amplifiedising the appropriate primers depending on the type of point
mutaton (section2.9.3and Table 2 8). The levels of mutated over witgpe mtDNA were
determined througpyrosequencing as described in secfdh7.

4.3.5 Statistical analyses

The mean optical density (OD) values for NDUFA13 and COX4 immunofluorescence were
employed to calculate the z score values for respiratory giratein expression in different
neuronal sultompartments using SAS 9.3 (Cary, NC). Each area was categorised according to
the standard deviation limits for NDUFA13 protein expression as being normal, low, deficient
or very deficient. A detailed descriph on data analysis is provided@iapter 3f this thesis
(section3.4.7).

Z score differences between smburonal compartments or patients with different genet
diagnoses were assessed using-$ample (for parametric data) or Mawhitney U (for
nonparametric data) tests. Paired nonparametric data were tested using the Wilcoxen Signed
Rank test, whilst associations between continuous variables were evakidted g S p e ar me

rank correlation. All statistical testing was performed in Minitab®.
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4.4 Results

4.4.1 Complex | deficiency in Purkinje cells and inhibitory presynaptic terminals

Control Purkinje cells had high expression of COX4 and NDUFAIufe 4 3), indicating

that control neuronal cell bodies had an abundance of mitochondria that were intact for complex
| protein expression. Although patient Purkinje cells were enriched for mitochondria, in
agreement to the corapable levels between control and patient COX4 protein expression (two
sample ttest, p value =0.323), NDUFA13 expression was variably decreased in the majority of
cells Figure 4 3). Protein expression quantiftean verified variable NDUFA13 expression

and helped define the exact protein expression leVetgie 4 4). Some of the patients
carrying the m.3243A>G point mutation (Patient 1, 3 and 5) and a patient wgkikecBOLG
mutations (Patient 11) contained Purkinje cells deficient for complex | (NDUFA133[3s),

whilst patients 4 (m.3243A>G), 6 (m.3243A>G) and 7 (m.8344A>G) had milder changes in
NDUFA13 expression consistent with low protein expression leveldJ@®A13z <-2SDs)

(Figure 4 4) (Table 4 4). Patients harbouring the m.3243A>G point mutation had more severe
complex | defects relative to patients with other genetic tefg@e.8344A>G, m.14709T>C

and recessivBOLG) (Mann Whitney U test, p value= 0.0306). The derived z score values for
NDUFA13 expression were not af f-@22, p daludry e
0.449) or fixation time (rho=0.035, p=0.913) (Speaann 6 s r a n k Theoarrelatidna t i or
for PMI are displayed in Appendix A.
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Similarly, inhibitory presynaptic terminals present around control dentate nucleus neurons
contained mitochondria with normhdvels of NDUFA13 protein expression (NDUFA13z =
0.0562SDs) kigure 4 5). Patient GABAergic synapses had similar COX4 expression to that
of control terminals (two sampletést, p= 0.620) nevertheless, NDUFA13 eegsion was
variably different. Inhibitory presynaptic terminals that belonged to patients had mild (Patient
1, m.3243A>G), intermediate (Patient 7, m.8344A>G) or severe (PatidROLL;) decreases

in NDUFA13 expression Higure 4 5). Z score analysis for NDUFA13 expression
demonstrated that all patients possessed a mixture of normal, low, deficient or very deficient
synapsesKigure 4 6) (Table 4 4). In contrast to Purkinje cell bodies, synaptic NDUFA13
protein expression was similar between patients with the m.3243A>G point mutation and others
when genetic defects were grouped (m.8344A>G, m.14709T>G and rede&di@ (Mann
Whitney U test, p value= 0.6889). Neither PMI (rh@®:126, p value= 0.69@Appendix A)

nor fixation length (rho=0.007, p value= 0.983) affected the z score values for NDUFA13
expression in inhibitory presynaptic ter min

Interestingly, NDUFA13 expression in synapses was negatively related to the NMDAS scores
for cerebellar ataxia such that patients with higher NMDAS scores, indicative of more severe
ataxia, possessed synapses with lower NDUFA13 z scores, consistent withomgptex |
deficiency (rho=0.60, p value= 0.0493). Likewise, synaptic complex | protein expression is
inversely related to the percentage of dentate nucleus neuronal loss. That is patients with lower
synaptic complex | protein expression, indicative airencomplex | deficiency, had more
dentate nucleus neuronal loss (rfh6=. 92, p= 0. 0013) (Spear manods

NDUFA13 expression is variable in Purkinje cells and GABAergic synapses among patients
with different genetic diagnoses. Patients harimguthe m.3243A>G point mutation have more
pronounced complex | deficiency in Purkinje cell bodies compared to presynaptic terminals.
On the contrary, patients with other genetic defects (m.8344A>G, m.14709T>C and recessive
POLG) possess Purkinje cellsathare less deficient relative to synapSexb{e 4 4). Following
statistical analysis, there is a significant difference betwkenwo patient groupgMann
Whitney U testfor the difference between Purkinje lcahd synaptic deficiengyp value=
0.0051). When taking into account the patient group as a whole, there is no difference in
complex | expression levels between neuronal cell bodies and axonal terminals (Wilcoxon
SignedRank test of differences, p= 0.666)
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