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his every idea rationalized, by drinking at the fountain of fact, and
devoting all the energies of his life to the cult of truth, not as he
understands it, but as he does not yet understand it, that ought properly
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Summary

Introduction: OPA3 is the causative gene of the autosomal recessive, multi-systemic neuro-
ophthalmological syndrome, 3-methylglutaconic aciduria Type III (MGA-III) and Autosomal
Dominant Optic Atrophy and Cataract (ADOAC). Early onset bilateral optic atrophy is a

common characteristic of both disorders where retinal ganglion cells (RGCs) are lost.

Purpose: To investigate the pathophysiology of the disease and function of the OPA3 protein
we generated a novel ENU-induced mutant mouse carrying the missense mutation p.LL122P in

exon 2 of Opa3 which is predicted to alter tertiary protein structure.

Methods: Visual function was assessed using optokinetic nystagmus and pupillary light
reflex. Histology explored retinal degeneration and metabolic dysfunction. Rotarod, wirehang
and open field analysed neurological, neuromuscular and behavioural aspects of the disease.
Genomic structure of Opa3 was re-examined using RT-PCR and bio-informatic programs

characterized possible upstream transcription factor binding sites (TFBS).

Results: Opa3” mice displayed a multi-systemic disease, including decreased life span and
weight, extra-pyramidal dysfunction, neuro-muscular defect, craniofacial defects, reduction in
intra-abdominal white adipose tissue, elevated marrow adiposity and severe hepatic steatosis.
Opa3™" are functionally blind but pupillary function was essentially intact. Histology showed
loss of RGCs and other cell types through postnatal development onwards. RT-PCR identified
a third exon and analysis of 53 TFBS identified suggests a role for Opa3 in retinal and

craniofacial development, cellular stress response/apoptosis and adipogenesis.

Conclusions: Opa3” display many aspects of human MGA-III syndrome and phenotypes not
observed such as craniofacial defects and a profound disturbance in lipid metabolism. Opa3 is
thought to be involved in the mevalonate shunt and leucine degradation metabolic pathways.
Defects in these pathways can cause a build up of 3-methylglutaconic acid and 3-
methylglyaric acid in the inner mitochondrial membrane which may have a profound affect on
mitochondrial metabolism particularly in high energy demand tissues such as retina, heart and

neurons.
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LPL- Lipoprotein lipase

MGA - Methylglutaconic aciduria

MGA III- Methylglutaconic aciduria Type III
mins- Minutes

mm- Millimetres

MNDA- N-methyl D-aspartate

MRC- Medical research council

MRI- Magnetic resonance imaging

mRNA- Messenger RNA

mtDNA- Mitochondrial DNA

mtPTP- Mitochondrial permeability transition pore
MULAN- MUItiple sequence Local AligNment and conservation visualization tool
m/z- Mass to charge ratio

NADH- Nicotinamide adenine dinucleotide
NBF- Neutral buffered formalin

NBL- Neuroblastic layer

NCBI- National Center for Biotechnology Information
nDNA- nuclear DNA

NFL- Nerve fibre layer

NIF- Non-image forming pathway

Nnt- Nicotinamide nucleotide transhydrogenase
NO- Nitric oxide

OCT- Optimal Cutting Temperature compound
OKN- Optokinetic nystagmus

OMIM- Online Mendelian Inheritance in Man
OMM- Outer mitochondrial membrane

ONbL- Outer neuroblastic layer

ONL- Outer nuclear layer

OPL- Outer plexiform layer

ORF- Open reading frame

OXPHOS- Oxidative phosphorylation

P- Postnatal day

PBDs- Peroxisome biogenesis disorders

PBS- Phosphate buffered solution

PCR- Polymerase chain reaction

PFA- Paraformaldehyde

PLR- Pupil light reflex

PMB- Papillomacular bundle

PPAR- Peroxisome proliferator activated receptor
psi- Pounds per square inch

PWM- Position weight matrix

Rd1- Retinal degeneration 1

RGC- Retinal ganglion cells

RNA- Ribonucleic acid

ROS- Reactive oxygen species

RPE- Retinal pigment epithelium

rpm- Revolutions per minute

RT- Reverse transcription

SCN- Super chiasmic nucleus



secs- Seconds

S.E.M- Standard error of mean

SDH- Succinate dehydrogenase
SHIRPA- Smithkline, Harwell, Imperial, Royal London hospitial Phenotype Assesment
SNP- Single nucleotide polymorphisms
TAG- Triacylglycerol

TCA- Tricarboxylic acid cycle

TF- Transcription factor

TFBS- Transcription factor binding sites
TMS- Trimethylsilyl

TUNEL- Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
UCP-1- Uncoupling protein 1

ug- micro gram

UK- United Kingdom

pl- micro litre

wm- micro metre or micron

UTR- Untranslated regions

UV- Ultra violet

V-Volts

VLDL —Very low density lipoprotein
W- Watts

WT- Wildtype

WAT- White adipose tissue

XLOA- X-linked optic atrophy

XR- X-linked recessive

ZS- Zellweger disorders
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1.1 General Introduction

Hereditary optic atrophies comprise a group of disorders in which the cause of optic nerve
dysfunction appears to be hereditable based on familial expression or genetic analysis
[Newman, 1999; Biousse and Newman, 2001] (Table 1.1.). They typically present as
symmetric, bilateral, central visual loss caused by degeneration of retinal ganglion cells
(RGCs) that form the optic nerve fibres and/or loss of the supporting microvascular tissue
surrounding the optic nerve. Optic nerve damage is usually permanent and, in many diseases,

progressive. Once optic atrophy is observed, substantial nerve injury has already occurred.

Leber's hereditary optic neuropathy (LHON) [Leber, 1871; Wallace et al, 1988] and dominant
optic atrophy (DOA) [Kjer, 1959; Alexander et al, 2000] are the two most frequent hereditary
optic neuropathies with monosymptomatic expression [Yu-Wai-Man et al, 2009]. Autosomal
DOAs are the most common form (prevalence 1: 50,000) and three loci have been reported:
OPAl (3q28-q29; OMIM 165500), OPA4 (18ql12.2—q12.3; OMIM 605293), and OPAS
(22q12.1—q13.1; OMIM 610708). OPAI accounts for about 90% of DOAs and is due to
mutations in the OPA1 protein (OMIM 605290). LHON (OMIM 535000) is a maternally

inherited mitochondrial disorder.

In contradistinction, optic neuropathy can also be part of a more complex syndrome. The
autosomal recessive optic atrophies are often multi systemic diseases involving the central
nervous system (CNS) and other organs. Loci of syndromic recessive optic atrophy include:
OPA3 (3-methylglutaconic aciduria Type III (MGA-II) or Costeff syndrome; OMIM
606580), and WFSI (Wolfram syndrome; OMIM 606201).

There are also acquired types of optic atrophy which may be due to blood supply changes in
the eye or optic nerve (anterior ischaemic optic neuropathy or posterior ischemic optic
neuropathy), maybe secondary to inflammation or swelling within the optic nerve (optic
neuritis), maybe a result of pressure against the optic nerve (such as from a tumour), or maybe
related to metabolic diseases e.g., diabetes, trauma, glaucoma, or toxicity caused by alcohol,

tobacco or other poisons.

Only the sequence of OPAI and OPA3 are known. The locus position of OPA2, OPA4, OPAS
and OPAG6 has been refined to a critical disease region but none of them have been identified

as yet.
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Disorder Locus Inheritance Gene Location
Autosomal dominant OPAl 3927-929
optic atrophy AD

OPA4 18q12.2-q12.3

OPA5 22ql2.1-ql13.1
Autosomal recessive optic ROAI AR 8q21-q22
atrophy (OPAG)
X-linked optic atrophy OPA2 XR Xpll.4-pll.21
Wolfram syndrome - AR 4plé6.1

4q22-q24

Behr’s syndrome - AR ?
MGA-III AR

OPA3 19q13.2-q13.3
Autosomal dominant
optic atrophy and cataract AD
Leber’s optic neuropathy - mtDNA Mutations at bp

11778,3460,14484

Abbreviations: AD=Autosomal dominant, AR= Autosomal recessive, XR= X-linked
recessive, mtDNA = mitochondrial DNA, DNA= Deoxyribonucleic acid, bp=base pair.

Table 1.1. Genes associated with hereditary forms of optic atrophy.

1.2 OPA3 is associated with syndromic optic neuropathies

OPA3 mutations have been associated with the recessive neuroopthamalogical syndrome
MGA-III and autosomal dominant optic atrophy and cataract (ADOAC). A common
characteristic of both disorders is early onset bilateral optic atrophy where RGCs are lost and

visual acuity is impaired from an early age.

1.2.1 3-Methylglutaconic aciduria syndromes

3-methylglutaconic aciduria (MGA) is used to describe a group of heterogenous disorders that
impair the body’s ability to make energy in the mitochondria. This impairment is
characterised by an abnormal organic acid profile of 3-methylglutaconic acid and 3-
methylglutaric acid which can be detected in the urine. To date, five different types of MGA
have been described (Table 1.2.). MGA seems to be most prevalent amongst the Jewish

population of Iraq. However, a high concentration of Type V is found in the Saguenay region
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of Canada. This tends to show that the disease is more frequent in insular areas where there is
an increased chance that both parents are carriers, a higher birth rate and higher numbers of
consanguineous marriages. As all types of MGA show recessive inheritance it is likely that
consanguineous marriages where both parents are carriers increase the chances of having a

sick child.
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Common OMIM | Mutated Gene Mode of Urinary Symptoms
Name Gene Location | Inheritance Metabolites
MGA-I AUH AUH Chr 9 Autosomal Very high levels of 3- Speech delay, delayed development of both
600529, Recessive methylglutaconic and mental and motor skills (psychomotor delay),
MGA-I 3-hydroxyisovaleric abnormal muscle tone (dystonia), and spasms and
250950 acids. weakness affecting the legs (spastic
quadriparesis) and metabolic acidosis.
MGA-II Barth TAZ TAZ Xq28 X-linked Moderate increase in Dilated cardiomyopathy, neutropenia, skeletal
Syndrome 300394, Recessive 3-methylglutaconic myopathy, and abnormal mitochondria. By
Barth and 3-methylglutaric electron microscopy, the mitochondria showed
302060 acid, normal levels of concentric, tightly packed cristae and occasional
3-hydroxyisovaleric inclusion bodies.
acid.
MGA-III Costeff OPA3 OPA3 19q13.2- Autosomal Urinary excretion of It is characterized mainly by degeneration of the
Optic 606580, 13.3 Recessive 3-methylglutaconic optic nerve. Other nervous system problems
Atrophy MGA-III and of 3- occur such as an inability to maintain posture,
Syndrome 258501 methylglutaric acid is poor muscle tone, the development of certain
increased. involuntary movements (extrapyramidal
dysfunction) and a general decrease in brain
function.
MGA-IV MGA-IV Genetic Inheritance A clinically heterogenous group of disorders with
250951 factors unknown variable psychomotor retardation, hypertonicity,
unknown hypotonia, optic atrophy, dysmorphic features,
seizures, cardiomyopathy and hepatic
dysfunction. Some patients have elevated lactic
or citric acid cycle intermediates, and some have
abnormalities of the mitochondrial electron
transport chain.
MGA-V MGA-V DNAJCI19 3q26.3 5-10 fold increase in Early-onset dilated cardiomyopathy with
610198, both plasma and urine | conduction defects, nonprogressive cerebellar
DNAJC19 3-methylglutaconic ataxia, testicular dysgenesis, and growth failure
608977 and 3-methlyglutaric in addition to 3-methylglutaconic aciduria

acid.

[Chitayat et al, 1992; Davey et al, 2006].

Table 1.2. Overview of all five methylglutaconic aciduria syndromes. The syndromes were divided into four different disease
categories by Gibson et al, 1993. In 2006 Davey et al, added MGA-V to the list.




1.2.2 3-Methylglutaconic aciduria Type III or Costeff syndrome

MGA-III (OMIM 258501) presents with early-onset bilateral optic atrophy, late-onset
spasticity, extrapyramidal dysfunction, and cognitive deficit. Urinary excretion of 3-
methylglutaconic acid and of 3-methylglutaric acid is increased. The disease was first
reported by Costeff ef al, in [1989]. Disease characteristics include, infantile optic atrophy
sometimes associated with infantile-onset horizontal nystagmus; extrapyramidal movement
disorder, dominated by chorea, with onset before age ten years, which is often severe enough
to restrict ambulation. Some are confined to a wheelchair from an early age. About half the
patients developed spastic paraparesis during the second decade of life. Ataxia and cognitive
defects are common, but usually of mild degree. Nine of the 10 families described by Costeff,
including all of those with multiple affected siblings, belonged to the Iraqi Jewish community
in Israel, a group with an estimated minimal prevalence rate of 1:10,000, with a carrier rate
estimated to be 1:10 [Anikster et al, 2001]. The disorder bore some similarity to Behr

syndrome (OMIM 210000) but the neurological aspects were distinctive.

The occurrence of MGA in this disorder was discovered by Chitayat et al, [1992], only then
was it designated MGA-III. Elpeleg et al, [1994] reported 11 new patients of Iraqi Jewish
origin with the same clinical syndrome associated with MGA and reviewed the clinical and
biochemical findings in 36 patients. The report defined a homogeneous group of patients with
MGA-III. They differed from patients with MGA-I by the normal 3-methylglutaconyl-CoA
hydratase activity in their fibroblasts and differed from patients with MGA-II by the absence
of cardiomyopathy, short stature, and neutropenia. In addition, the mode of transmission in

MGA-III is autosomal recessive, whereas MGA-II appears to be X-linked.

1.2.3 Symptoms and genetics of the other syndromes of 3-Methylglutaconic aciduria

1.2.3.1 3-Methylglutaconic aciduria Type I (MGA-I)

MGA-I is a very rare autosomal recessive disorder where fewer than 20 cases have been
reported. The clinical features are nonspecific and variable, ranging from minimal to severe
symptoms. The characteristic features include speech delay, delayed development of both
mental and motor skills (psychomotor delay), dystonia, spasms and weakness affecting the
arms and legs (spastic quadriparesis) and metabolic acidosis [Shoji er al, 1999; Ijlst et al,

2002; Arn and Funanage, 2006; Di Rosa et al, 2006]. Furthermore, tissues with higher
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requirement for oxidative metabolism, such as the CNS, cardiac and skeletal muscle, are
predominantly affected [Gunay-Aygun, 2005]. Patients with MGA-I excrete higher levels of
3-methylglutaconic acid and of 3-methylglutaric acid than those affected by other variants of

MGA.

The excretion of organic acids in MGA-I is due to mutations in the AU-specific RNA-binding
enoyl-CoA hydratase (AUH) gene. This gene provides instructions for producing 3-
methylglutaconyl-CoA hydratase, an enzyme that is involved in processing the amino acid
(aa) leucine. This aa is broken down in the mitochondria during the process of energy
production. The isolated deficiency of 3-methylglutaconyl-CoA hydratase [Duran et al, 1982]
leads to a build up of 3-methylglutaconic acid, which is eliminated in the urine. It is believed

that other genes or environmental factors also contribute to the development of this disorder.

The precise etiology of the increased organic acid excretion in MGA II-V has not been

elucidated.

1.2.3.2 3-Methylglutaconic aciduria Type II (MGA-II) or Barth syndrome

Barth syndrome was first reported by Barth et al, [1981, 1983]. He described a large pedigree
showing X-linked inheritance of a disorder characterized by dilated cardiomyopathy
associated with skeletal myopathy, neutropenia and growth retardation [Walsh et al, 1999;
Ijlst et al, 2002; Barth et al, 2004]. Dilated cardiomyopathy presents within first year of life or
even prenatally [Barth et al, 2004]. Cognitive development is normal, although an associated
learning disorder has been described. Abnormal mitochondria have been observed by electron
microscopy which showed concentric, tightly packed cristae and occasional inclusion bodies.
The incidence of Barth syndrome is approximately 1 in 200,000 male infants. Female carriers
of the Barth syndrome gene appear to be healthy. This could be due to a selection against cells

that have the mutant allele on the active X chromosome.

Mutations in the tafazzin (TAZ) gene cause Barth syndrome. This gene provides the
instructions for making a protein called tafazzin which is thought to be involved in the
metabolism of cardiolipin. Barth syndrome was the first identified inborn error of metabolism
that directly affects cardiolipin. Cardiolipin is a component of the inner mitochondrial
membrane (IMM) and is required for the optimal function of many proteins within the

mitochondria, particularly the electron transport chain. It is also involved in mitochondrial-
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mediated apoptotic process. The appropriate content of cardiolipin appears to be critical for
these functions. Cardiolipin is synthesized de novo in mitochondria and is rapidly remodelled
to produce cardiolipin enriched in linoleic acid. Mutations in TAZ result in a decrease in tetra-
linoleoyl species of cardiolipin and an accumulation of monolysocardiolipin within cells from
Barth syndrome patients. This results in abnormalities in the structure and function of

mitochondria, leading to the heart defects and other problems seen in this disorder.

1.2.3.3 3-Methylglutaconic aciduria Type IV (MGA-1V)

Only one case of MGA-IV (autosomal recessive, with severe psychomotor phenotype and
cerebellar dysgenesis) has been described. Chitayat et al, [1992] described an 18 year old
male proband with MGA, severe psychomotor retardation, and cerebellar dysgenesis, which
they designated MGA-IV. He was the offspring of consanguineous Italian parents. At birth,
he was hypotonic, with absent reflexes and respiratory distress. Congenital deformities
included bilateral inguinal hernia, undescended testes, subaortic stenosis with biventricular
hypertrophy and right simian crease with left bridged simian crease. The signs and symptoms
of MGA-IV are variable and overlap with Types I-III. The incidence of MGA-IV and the

genetic factors involved in causing MGA-IV are unknown.

1.2.3.4 3-Methylglutaconic aciduria Type V (MGA-V)

The fifth type of MGA 1is a novel autosomal recessive disorder that shares some clinical
similarity with X- linked Barth syndrome and the other MGAs. It was described by Davey et
al, [2006], who reported 18 patients with dilated cardiomyopathy and ataxia from 11
consanguineous Canadian Dariusleut Hutterite families. Disease phenotype is characterized
by early onset dilated cardiomyopathy with conduction defects, non-progressive cerebellar
ataxia causing significant motor delays, testicular dysgenesis, prenatal and postnatal growth
failure and MGA. Urine and plasma samples consistently showed a 5- to 10-fold increase in
3-methylglutaconic acid and 3-methylglutaric acid. Additional features included
normochromic microcytic anaemia in 12 patients, mild to borderline nonprogressive mental
retardation in 10, a mild increase in hepatic enzymes with microvesicular hepatic steatosis in
5 and optic atrophy in 4. The onset of cardiomyopathy was always before the age of 3 years,
and over 70% of affected individuals died from either progressive cardiac failure or sudden
cardiac death. Candidate genes were sequenced and identified homozygosity for a splice-site

mutation in the DNAJC19 gene in all 16 patients for whom DNA samples were available. The
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protein encoded by DNAJCI19 shares sequence similarity with Timl14, an integral IMM

protein that participates in mitochondrial protein import.

1.2.4 OPA3- Autosomal Dominant Optic Atrophy and Cataract (ADOAC)

More recently OPA3 has also been associated with ADOAC (OMIM 165300). This optic
atrophy, cataract and neurological disorder was first described by Garcin et al, in [1961].
The disorder was found in 14 persons in 7 sibships of 4 generations with several instances of
male-to-male transmission. A blue-dot cerulean cataract was usually recognised in the first
decade. However, mutations causing this disorder were not identified until Reynier et al,
[2004] found two different mutations of the OPA3 gene in another family: gly93 to ser and
gIn105 to glu, respectively. No abnormalities were found in the respiratory chain, the
mitochondrial membrane potential, or in the organisation of the mitochondrial network of
fibroblasts obtained from one affected patient. However, the fibroblasts showed increased
susceptibility to staurosporine-induced apoptosis. Although Garcin et al, [1961] described the
phenotype as a neurodegenerative disorder, Reynier et al, [2004] noted that the neurological
signs are mild or even absent in affected patients. They suggested the disease would be more

appropriately designated ADOAC.
1.2.5 Cataracts as part of ADOAC

1.2.5.1 What is a cataract?

A cataract is a clouding of the crystalline lens or its surrounding transparent membrane, which
lies behind the iris and the pupil. The lens is mostly made of water and protein. The protein is
arranged in a precise way that keeps the lens clear and allows light to pass through it. Either
through age or disease, cataracts can result from changes in lens architecture, from disruption
of intracellular ordered arrangement of proteins or from changes in organisation of lens fibres
due to aberrations in growth or differentiation. These changes will obstruct the passage of

light and cause a reduction in vision.

1.2.5.2 Causes of cataract

Cataracts are the leading cause of blindness in the world. It is also the most treatable cause of
visual problems both in childhood (congenital cataract) and in adults (age-related cataract).
The incidence of congenital cataract is approximately 1-6/10,000 live births, and the condition

can occur in isolation or as part of a more complex syndrome. There are also certain factors
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that can increase your risk of getting cataracts e.g., exposure to UV light, exposure to

radiation, diabetes, hypertension and advanced age.

1.2.5.3 Genetics of cataract

Hereditary cataracts that have been characterized so far show Mendelian inheritance and
either result from single-gene mutations or from chromosomal translocations. They can be
inherited in an autosomal dominant, recessive or X-linked mode. Over 26 of the 39 mapped
loci for isolated congenital or infantile cataracts have been associated with mutations in
specific genes. Of the cataract families for whom the mutant gene is known, about half have
mutations in crystallins, about a quarter have mutations in connexins, with the remaindel‘r
divided among the genes for heat shock transcription factor-4, aquaporin-O, and beaded
filament structural protein-2. There is often some correlation between the pattern of
expression of the mutant protein and the morphology of the resulting cataract. However,
inheritance of the same mutation in different families or even the same mutation within the
same family can result in radically different cataract morphologies and severities. This
suggests that additional genes or environmental factors might modify the expression of the
primary mutation associated with the cataracts. Conversely, cataracts with similar or identical

clinical presentations can result from mutations in completely different genes.

1.3 Pathophysiology of the non-syndromic optic neuropathies

The non-syndromic optic neuropathies are by definition limited to a single cellular target, i.c.,
the RGCs. LHON and DOA are non-syndromic with early and preferential involvement of the
small axons that form the papillomacular bundle (PMB) [Yu-Wai-Man et al, 2009]. Loss of
these cells leads to a reduction of optic nerve tissue and thinning of the nerve along its length.
Pupil function is less affected than visual function suggesting that the retinotectal fibres
responsible for the pupil light reflex (PLR) are less susceptible to damage than the
retinogeniculate fibres. Visual field defects, including diffuse or sectorial scotomas, can

usually be observed but are highly variable.

1.3.1 OPA1- Autosomal dominant optic atrophy and neurological defects

Autosomal dominant optic atrophy (ADOA) is the most common form of non-glaucomatous
optic atrophy and in the general population has an incidence of 1/50,000 [Votruba et al, 1998]
and a prevalence of 1/10,000 [Kjer et al, 1996]. Generally it presents in childhood as slowly

progressive bilateral loss of visual acuity, constriction of peripheral visual fields, central
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scotomas, and colour vision abnormalities. ADOA is caused by mutations in the optic atrophy
1 gene (OPAl) [Alexander et al, 2000, Delettre et al, 2000] mapped to chromosome 3q28—

q29 and has variable clinical expression and penetrance [Toomes et al, 2001].

OPA1 comprises 30 exons and is ubiquitously expressed, with highest expression in the retina,
but also abundantly in brain and muscle [Alexander et al, 2000; Wang et al, 2006]. Common
to all isoforms of OPA1 are a GTPase, dynamin-like domain; a central domain; a C-terminal
coiled coil domain presumably involved in protein—protein interaction; and an N-terminal
mitochondrial targeting sequence that directs the protein to the IMM, facing the
intermembrane space [Olichon et al, 2002]. OPAl has been linked to two importani
mitochondrial activities: fusion [Cipolat et al, 2004], that in equilibrium with fission regulates
mitochondrial morphology [Ishihara et al, 2006], and caspase-dependent apoptosis through
mitochondrial cristae remodelling [Frezza et al, 2006; Olichon et al, 2003]. The equilibrium
between mitochondrial fusion and fission appears very dynamic and links mitochondrial
morphology to mitochondrial function [Ishihara et al, 2006] and vice versa. Recent reports
have also associated common OPAI mutations, predicted to generate a truncated OPAI
protein and typical of uncomplicated ADOA phenotypes, to impaired oxidative
phosphorylation with mitochondrial fragmentation in fibroblasts, and increased susceptibility

to apoptosis [Zanna et al, 2008; Olichon et al, 2007].

1.3.2 OPA2- X-linked optic atrophy

The first report of X-linked optic atrophy (XLOA) appeared in 1947 and described eight
males in a four generation kinship [Lysen and Oliver, 1947]. The next report appeared in 1967
where two brothers and a nephew with apparent XLLOA displaying progressive optic atrophy,

sensorineural hearing loss, and a polyneuropathy [Rosenberg and Chutorian, 1967].

A Dutch pedigree with XLLOA was described by Volker-Dieben et al, [1974] and Went et al,
[1975]. Age of onset was early childhood, and the progressive loss of visual acuity was very
slow. Optic discs were sharply outlined and completely pale. Some affected males were
mentally retarded and showed minor abnormalities on neurologic examination including,
hyperactive knee jerks, absent ankle jerks, extensor plantar reflexes, dysarthria, tremor,
dysdiadochokinesia, difficulty with tandem gait. Female carriers showed no abnormalities and

no abnormality was described in obligatory heterozygotes. Four males from this Dutch
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kindred were subsequently studied and linkage analysis placed the gene in the Xp11.4-Xp11.2
interval [Assink et al, 1997].

Katz et al, [2006] reported 6 males with decreased visual acuity from early childhood; visual
acuities ranged from 20/30 to 20/100, and all had significant optic nerve pallor all from a 3-
generation family in Idaho. Obligate female carriers were clinically unaffected. Linkage

analysis suggested the OPA2 locus.

1.3.5 Leber’s hereditary optic neuropathy (
LHON was first described by Leber in 1871 and is the first disease to be associated with the
mitochondrial genome. The condition is inherited through the female line by maternal
transmission of mtDNA. The majority of patients with LHON are males in their 20s, but

atypical cases may be found in females who may present at any age between 10 and 60 years.

The condition appears suddenly and usually affects both eyes. There is often an acute, severe,
painless loss of vision; both eyes may either be affected simultaneously or sequentially, with a
gap of a few days or weeks between the onset of symptoms. Visual field defects usually affect
central field vision, the peripheral field being spared. The optic disc may appear normal in the
acute stage. Colour vision problems may be present affecting the red-green axis and there may
be some pain during eye movements. There is considerable variation in symptoms between
patients, but most typically cases show disc hyperaemia, dilated capillaries on the disc surface,
deformed blood vessels and swelling of the peripapillary nerve fibre layer (NFL). There is a
modest degree of disc elevation and no dye leakage on fluorescein angiography. Visual
prognosis is poor although there is often some visual recovery. The majority of patients will
exhibit permanent loss of vision with a final visual acuity 6/60, although this will vary with

the type of mutation.

There are three primary mutations of mtDNA in LHON, viz at bp 11778, 3460, and 14484.
The mutation at bp 11778 causes a change in the NADH hydrogenase sub-unit four of
complex I in the respiratory chain, and is present in 64% of cases of LHON. The mutation at
bp 3460 is present in 10% of patients while that at 14484 bp is found largely in the United
Kingdom (UK) and Netherlands accounting for 25% of cases.
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The majority of these mutations result in partial defects of the respiratory chain function
leading to deficits in ATP and an increase in oxidative stress. The presence of myelin
pathology and a multiple sclerosis likeness in some patients, especially those with the 11778
mutation, supports the suggestion that oxidative stress is important in LHON. The visual
prognosis of the condition appears to depend on the type of mutation, with the 11778 mutation
patients having the worst prognosis.

A commonality to all these diseases is the selective loss of RGCs within the retina.

1.4 The Mitochondrion - a unifying theme

The prevalence of neuronal diseases associated with abnormalities of mitochondrial proteiné
encoded by the mitochondrial or the nuclear genomes indicates an important functional
relationship between mitochondria and neurons. In 1988 Wallace identified the first
substitution in the mtDNA causing LHON which was originally described by Leber in 1871,
thereby beginning the list of optic neuropathies linked to mitochondrial dysfunction
[Newman, 2005]. The discovery in the year 2000 that the genetic cause of the most common
group of ADOA is OPA1, a nuclear gene encoding a mitochondrial dynamin [Alexander et al,
2000; Delettre et al, 2000], together with the finding that OPA3, the third gene identified as
involved in primary optic neuropathies, encodes a mitochondrial protein [Da Cruz et al, 2003;
Ryu et al, 2010] definitively demonstrates that the optic nerve is highly dependent on

mitochondrial functions.

1.4.1 Structure

Mitochondria are bacterium size, membrane-bound organelles in the eukaryotic cell and were
descended from prokaryotic endosymbionts about two billion years ago. Mitochondria do not
exist stably as distinct, individual, autonomous organelles but form a highly dynamic semi-
tubular network. They are 0.5pm-1.0pm across and exhibit a complex internal architecture

(Fig 1.1.).

The organelle is encompassed by two membranes, an outer mitochondrial membrane (OMM)
that defines the external boundary of the organelle and an IMM exhibiting numerous folds,
known as cristae, that project into the mitochondrial interior. The outer and inner membranes
divide the mitochondrion into two distinct compartments, the inner membrane space, which is
located between the inner and outer membranes and the mitochondrial matrix, which is

enclosed by the IMM.
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http://academic.brooklyn.cuny.edu/biology/bio4fv/page/mito.htm

Recent studies have indicated that mitofusins (MFNI and MFN2) and OPAI are essential for
mitochondrial fusion whereas FISI and DRP1 are essential for mitochondrial fission. The
overall morphology of the mitochondrial population depends on the relative activities of these
two sets of proteins. In addition to the regulation of mitochondrial shape, these molecules also
play important roles in cell and tissue physiology. Perturbation of mitochondrial fusion results
in defects in mitochondrial membrane potential and respiration, poor cell growth and
increased susceptibility to cell death. These cellular observations may explain why
mitochondrial fusion is essential for embryonic development. Two inherited neuropathies,
Charcot-Marie-Tooth Type 2A and ADOA are caused by mutations of MFN2 and OPAI,
suggesting that proper regulation of mitochondrial dynamics is particularly vital to neurons.
Mitochondrial fission accompanies several types of apoptotic cell death and appears important

for progression of the apoptotic pathway.

1.4.2 Function

Mitochondria are the driving force behind life and serve four fundamental biological roles (i)
provision of ATP, (ii) mediation of cell death by apoptosis, (iii) heat production, and (iv)
contribute to the genetic pool. In addition mitochondria play a crucial role in:- B-oxidation,
citrate cycle (tricarboxic cycle, Krebs cycle), degradation of aa, parts of the haem-
biosynthesis, parts of the steroid metabolism, parts of the uric acid cycle, mitochondrial
protein synthesis, the pyruvate dehydrogenase complex and are responsible for the
decarboxylation of pyruvate. The main metabolic functions of mitochondria are shown in Fig

1.2.
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activity. Electron transfer between these complexes is accomplished by two electron shuttle
molecules; Coenzyme Q (also known as ubiquinone) from Complexes I and II to Complex III
and cytochrome ¢ from Complex III to Complex IV. These enzymes are encoded by either
mitochondrial or nuclear DNA (Fig 1.2.). Therefore a deficit of either mitochondrial or

nuclear DNA may lead to malfunction of OXPHOS.

Metal centres and other co-factors in these complexes act, in essence, as a molecular wire,
carrying electrons from the strongly reducing products of the Kreb cycle (NADH, succinate)
to highly oxidizing dioxygen which is reduced to water. The direct oxidation of these

substrates by O, would release a great deal of energy as useless heat.

Instead, indirect oxidation occurs, whereby during a series of redox reactions, electrons travel
down the chain releasing their energy in controlled steps (Fig 1.3.). These reactions drive the
active transport of H' ions from the mitochondrial matrix, through the inner membrane to the
intermembrane space, creating an electrochemical proton gradient across the IMM. Complex I
(NADH coenzyme Q reductase) accepts electrons from the Krebs cycle electron carrier
nicotinamide adenine dinucleotide (NADH), and passes them to Coenzyme Q, which also
receives electrons from complex II (succinate dehydrogenase). Coenzyme Q passes electrons
to complex III (cytochrome bc; complex), which passes them to cytochrome c. Cytochrome ¢
passes electrons to Complex IV (cytochrome ¢ oxidase), which uses the electrons and
hydrogen ions to reduce molecular oxygen to water. This electrochemical proton gradient
allows ATP synthase (ATP-ase) to use the flow of H" through the enzyme back into the
matrix to generate ATP from ADP and inorganic phosphate. Although electron transport
occurs with great efficiency, a small percentage of electrons are prematurely leaked to

oxygen, resulting in the formation of the toxic free-radical superoxide.

36



1"&: L :L 1
6 6
@ 5 %
% % # (
& " # ) ' (&
u | ## 7
E;X-7
(&
+ % % #
# " &
(& !
8;:=W+
& 4" &
& ! '
l$ (ll &
# ) &
)" # (
* % & &

"&IL !
@ |
0 6 1"&:
"ol 6 I *AA @ @6 AM C
-7, A - I ! & **
( 51 & "& (& &%
=W+ (% %# "
( $ & & $ & * &
) # M 1J & & $ (& ) )$
& * * (( & !
(- & % ) (* (1
&$- * ) ! & #$ %
*#S$ ! ") & * # 9 % |
(& * # 9 $ (" & *$) % $ o
"& + * o ) & ) #$ #
WBT ;/V & ##B,;;CW+
& % ( 1(" 7 & ' #
# # &B;;:V AA B;;EV B;;= W+
( " (( ) & ' (& 7 " & #


http://inoxx.net/?p=26

genomes, affect different biochemical systems and cell functions implicated in mitochondrial
homeostasis. However, in many cases these may converge towards common final pathways,
one of which may link complex I dysfunction and RGCs neurodegeneration [Carelli et al,

2007].

1.4.2.2 Mitochondrial mediated apoptosis

Death of RGCs in LHON occurs in an apoptotic manner, so that changes in the mitochondrial
respiratory chain and/or in oxidative stress could play a role in the induction of apoptosis in
LHON [Wong et al, 2002; Ghelli et al, 2002]. Cells depleted of Opa3 and Opal are sensitive
to apoptosis. The IMM where Opa3 and Opal are expressed is also the site of apoptogenic
proteins such as cytochrome c or the apoptosis-inducing factor. About 90% of cytochrome c is
stored in vesicles created by infolding of the IMM; the remaining 10% is located in the
intermembrane space. Cytochrome ¢ physiologically functions as an electron transfer protein

in many different redox processes.

The mitochondrial pathway of apoptosis (Fig 1.4.) functions in response to various types of
stress such as ultraviolet light, pro-oxidants, viral infections, chemotherapeutic agents,
ischaemia, inflammatory cytokines, neurotoxins, and many others can induce a variety of
intracellular changes, such as increased calcium levels, NO release, ceramide activation, and
antioxidant depletion. Those alterations cause damage to mitochondrial inner and outer
membranes causing (i) the release of cytochrome c into the cytosol in the first phase of
apoptosis, activating caspase 9 [Bossy-Wetzel et al, 1999]; (ii) the Bcl-2 family proteins
(located in the OMM) to form complexes and enter the mitochondrial membrane, regulating
the release of cytochrome c and other proteins [Adachi et al, 1997]; (iii) the decrease of IMM
potential, mediated by opening of the mitochondrial permeability transition pore [Susin et al,
1996]; (iv) electron transport alterations, oxidative phosphorylation dysfunction, and storage
of free radicals [Greenlund et al, 1995]. An alternative pathway may induce swelling and
rupture of mitochondrial membranes, which may lead not only to caspase activation and
apoptosis but also to necrosis due to a breakdown of ATP production and the creation of ROS.
But the crucial step toward irreversible death commitment in many systems is the release of

cytochrome c.
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In the retina, the photoreceptors synapse directly onto bipolar cells, which in turn synapse
onto ganglion cells, which will then conduct action potentials to the brain. A significant
amount of visual processing arises from the patterns of communication between neurons in
the retina. About 130 million photoreceptors absorb light, yet roughly 1.2 million axons of
ganglion cells transmit information from the retina to the brain. The processing in the retina
includes the formation of center-surround receptive fields of bipolar and ganglion cells in the
retina, as well as convergence and divergence from photoreceptor to bipolar cell. In addition,
other neurons in the retina, particularly horizontal and amacrine cells, transmit information
laterally (from a neuron in one layer to an adjacent neuron in the same layer), resulting in
more complex receptive fields that can be either indifferent to color and sensitive to motion or

sensitive to color and indifferent to motion.

1.5.1 The Retinal Ganglion Cell Layer

Adult RGCs are a heterogeneous, finite population of post mitotic neurons. Though mainly
located within the innermost nucleated layer of the mature retina, the somata of some RGCs
are displaced from this GCL to the inner plexiform layer (IPL) [Dann et al, 1988]. The
distribution of RGCs is very non-linear. In the perifoveal macula the RGCs are concentrated
and stacked six or seven cells deep [Polyak, 1941; Fine and Yanoff, 1979]. Further from the
fovea the numbers of RGCs decreases becoming relatively sparse in the periphery with each

of the cells quite distant from the others.

RGCs have been categorised into different classes in a number of species including the mouse
[Doi et al, 1995; Sun et al, 2002a; Badea and Nathans, 2004 and Kong et al, 2005]. RGCs
can be categorized by their morphology, such as soma size and dendritic field dimensions. As
the morphology of RGCs is a direct reflection of the underlying neural connectivity, it
remains the most common way of identifying and classifying retinal neurons. However,
studies of the rat [Huxlin and Goodchild, 1997; Sun et al, 2002b] and mouse [Sun et al,
2002a] retina have shown that with the exception of the largest ganglion cells, considered
homologous to the alpha cells first identified in the cat [Peichl, 1991], there is considerable

overlap in both soma and dendritic field measurements of RGCs in these rodents.

More recent cell-filling methods to assess types of RGCs include: a single cell injection with
diffusible markers, such as Lucifer yellow or neurobiotin; a sparse delivery of lipophilic dyes

by particle bombardment; expression of genetically encoded histochemical or fluorescent
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reporters; and a photofilling method [Badea and Nathans, 2004; Masland and Raviola, 2000].
The systematic surveys indicate that the human, monkey, cat, rabbit, and mouse each contain

approximately 10 to 15 types of RGCs.

RGCs have also been classified based on their processing of visual (image-forming and non-
image-forming) information that is sent to the brain: (i), M-cells, with large center-surround
receptive fields that are sensitive to depth, indifferent to colour, and rapidly adapt to a
stimulus. (ii), P-cells, with smaller center-surround receptive fields that are sensitive to colour
and shape. (iii), K-cells, with very large center-only receptive fields that are sensitive to
colour and indifferent to shape or depth. (iv), Intrinsically photosensitive RGCs (ipRGCs) and

(v), a population that is used for eye movements.

Among the different cell types in the retina, RGCs are the only ones whose axons leave the

retina, transmitting visual information to the brain.

1.5.2 The Optic Nerve

Visual information is transmitted from the retina to the brain via the optic nerve, also called
the cranial nerve II. The optic nerve is the second of twelve paired cranial nerves but is
considered to be part of the CNS as it is derived from an out pouching of the diencephalons
during embryonic development. Consequently, the fibres are covered with myelin produced
by oligodendrocytes rather than Schwann cells of the peripheral nervous system. Similarly,
the optic nerve is ensheathed in all three meningeal layers (dura, arachnoid, and pia mater)
rather than the epineurium, perineurium, and endoneurium found in the peripheral nerves.
This is an important issue, as fibre tracks of the mammalian CNS (as opposed to the
peripheral nervous system) are incapable of regeneration and hence optic nerve damage
produces irreversible blindness. The fibres from the retina run along the optic nerve to nine
primary visual nuclei in the brain, from whence a major relay inputs into the primary visual

cortex (Fig 1.7.).
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being one of the highest oxygen-consuming tissues of the body [Yu and Cringle, 2001].
RGCs are also mainly made up of the smaller calibre P-cells and these have the lowest
volume (energy source) to surface area (energy demand) ratio. They also have a thinner
myelin sheath and a rapid rate of firing [Sadun, 1998]. Their large energy consumption makes
them highly dependent on an abundance of mitochondria for energy production, although
there is a high level of mitochondrial enzyme activity in RGCs [Andrews et al, 1999]. Thus
these fibres have the most disadvantageous condition in terms of energy requirements among
the axons of the optic nerve. Therefore, if any energy depletion did occur the PMB which is
composed mostly of these smaller type axons together with a few M-cells (which in the PMB
are of considerably smaller calibre [Sadun et al, 2000]), would be a highly vulnerable
component of the optic nerve particularly at the prelaminar (unmyelinated) portion. This
vulnerability, however, cannot be explained by a simple energetic deficit since photoreceptors
have a much higher oxidative demand than RGCs and other mitochondrial disorders
characterised by more severe complex I defects do not universally cause optic atrophy. RGCs
may be preferentially involved because they are more sensitive to subtle imbalances in cellular
redox state or increased reactive oxygen species (ROS) levels or vulnerable due to their

unique structure.

1.5.3.2 Lamina cribrosa

The pathway taken by the optic nerve axons as they cover the five centimetres (cms) between
the eye and the visual centres is stressful for the cells. On leaving the eye, axons turn through
90 degrees to enter the optic nerve head. At the optic nerve head, about 1.2 million
unmyelinated RGC axons exit through an opening in the sclera approximately 1.5 mm across
(Fig 1.8.). In doing so, they pass through the lamina cribrosa which is a series of successive
perforated collagen plates that mark the anatomical transition from the unmyelinated (pre-

laminar) to the myelinated (post-laminar) segment of the human optic nerve.
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within the RGC soma and they are replicated through organelle splitting and budding. Hence
the RGCs must transport the mitochondria along their very long axons to distribute them
along strategic, energy dependent locations in the optic nerve. These are mainly the

unmyelinated portions of the axons within the eye (Fig 1.9.).

Myelination confers a great advantage for the cell since it allows saltatory conduction of
action potentials that reduces the energy demand for the cell. The unmyelinated portion of the
RGC axons has much slower conduction velocities and requires far greater energy to restore
the electrical potential, as compared to the posterior myelinated portion of these same axons.
which are energy and temporally efficient because of saltatory conduction [Waxman, 1978].
Recent studies of human retina and optic nerve specimens using electron microscopy and
histochemical stains for the mitochondrial respiratory complexes, such as COX, elegantly
showed an inverse relationship between the mitochondrial activities and myelination

[Minckler et al, 1976; Andrews et al, 1999; Bristow et al, 2002].

These findings indicated an asymmetric distribution of mitochondria along the RGC axons
that matches the energy and functional requirements of the axons related to their state of
myelination (Fig 1.9.). Some particular areas that require high concentrations of mitochondria
are the gap junctions; the prelaminar and laminar regions of the optic nerve head (where
mechanical and hydrostatic factors come into play); under the nodes of Ranvier in the post-
laminar portion of the optic nerve (where most of the sodium/potassium pump work occurs);

and finally the synaptic terminals (Fig 1.9.).
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generation of ROS. Under normal physiological conditions, mitochondria possess a number
of antioxidant defence mechanisms which prevent such reactive intermediates becoming toxic
[Lin and Beal, 2006; Morin and Nicolas, 2006]. However, in compromised mitochondria ROS
may be produced in excess of the cellular capacity to detoxify such species and this can then

lead to apoptotic cell death.

1.6 Mechanisms for retinal ganglion cell degeneration
RGC death is the final common pathway of virtually all diseases of the optic nerve. Research
into the events leading to the death of RGCs has delineated several mechanisms that might be.
responsible. 1) Axoplasmic transport block

2) Glutamate induced excitotoxicity

3) Free radical generation

4) Nitric oxide neurotoxicity

5) Apoptosis

1.6.1 Axoplasmic transport block

An axons length can be 1,000 or 10,000 times the diameter of the cell body but no protein
synthesis takes place in the axon. Only the cell body and proximal dendrites
contain ribosomes, the protein manufacturing organelles. Therefore, mitochondria, lipids,
synaptic vesicles, proteins and other cell parts are constantly transported from the cell body
down the length of the axon to maintain normal axonal function. Transport of molecular
inclusions and organelles within axons occurs both away from the cell body (anterograde
direction) and towards the cell body (retrograde direction) by processes that require energy,

microtubules and certain protein motors.

The energy for axonal transport is generated by mitochondrial OXPHOS. Mitochondria are
transported bi-directionally (antero-retrograde) with the ‘fast component’ of the axonal
transport [Grafstein, 1995; Hollenbeck, 1996]. Their ‘saltatory’ movements are based on
motor proteins. Essentially, the microtubule based motility is supported by kinesin for
anterograde transport and by dynein for retrograde. Moreover, mitochondria can also use actin
microfilaments which represent, most likely, an auxillary system involved in local transport
[Grafstein, 1995; Hollenbeck, 1996]. Both kinesin and dynein present an ATPase activity that

is activated by microtubule binding.
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concentrations activate several types of cell receptors, including MNDA receptors that can
allow entry of excessive amounts of calcium leading to neuronal damage and eventual cell
death by inappropriate activation of complex cascades of nucleases, proteases and lipases.
They directly attack cell constituents including the mitochondria and this leads to the
generation of highly reactive free radicals and activation of the nitric oxide (NO) pathway
[Naskar and Dreyer, 2001]. The resulting interaction between intermediate compounds and
free radicals leads to DNA nitrosylation, fragmentation and activation of the apoptotic

programme.

1.6.3 Free radical generation

Free radicals are not only generated through the activation of glutamate receptors but also
through OXPHOS, the process by which mitochondria capture the energy in pyruvate and
fatty acids (FA) and store it as ATP. This is especially true in the retina which has a very high

metabolic rate.

A small proportion of oxygen that enters OXPHOS is converted to toxic by-products, oxygen
radicals (free radicals). Most of these are detoxified by protective cellular enzymes and
vitamin antioxidants. If they are not neutralized, free radicals can damage lipids, proteins, and
nucleic acids. This damage is more severe at the site of free radical generation, i.e., the
mitochondria. Mitochondria are deficient in protective cellular mechanisms, most of which
reside in the cytosol. OXPHOS dysfunction increases free radical production. This creates a
vicious cycle which increases mitochondrial DNA damage and causes more OXPHOS
dysfunction and more free radical generation. Cellular damage in mitochondrial disorders is
due to free radicals and energy deficiency. Both these factors can also trigger necrosis and

apoptosis.

1.6.4 Nitric oxide neurotoxicity

Another important activated enzyme is nitric oxide synthase, which catalyses the production
of NO from L-arginine. NO synthase is an enzyme in the body that contributes to
transmission from one neuron to another, to the immune system and to dilating blood vessels.
It does so by synthesis of NO from the terminal nitrogen atom of arginine in the presence of
NADPH and dioxygen (O). NO is found through out the body and is particularly abundant in
the central and peripheral nervous system. NO mediates a diverse range of physiological

functions associated with neurons. Studies have also identified skeletal muscle as a major
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source of NO in the body [Kobzik et al 1994] where NO regulates both metabolism and

muscle contractility.

NO neurotoxicity occurs through the reaction of NO with superoxide anion to form
peroxynitrite and other more reactive free radical species. Peroxynitrite is extremely toxic and
acts by S-nitrosylating both proteins and nucleic acids, thus destroying them. NO can also
have a profound effect on mitochondria inhibiting mitochondrial respiration, which in turn
would create more free radicals and cause additional membrane depolarization. It has been
reported by Barsoum et al, [2006] that mitochondria undergo fission in response to NO in
cortical neurons of primary cultures. This fission by NO occurs long before any neurite injury
or neuronal cell death is observed. Furthermore, fission is accompanied by ultrastructural
damage of mitochondria, autophagy, ATP decline and generation of free radicals. The NO—
initiated neurotoxic cascades are important components of the mechanism of cell death in

many neurodegenerative disorders [Christopherson et al, 1997].

1.6.5 Apoptosis
There are two morphologically distinct types of cell death- necrosis and apoptosis (Table

1.3.).

Apoptosis Necrosis
Morphologic Criteria
Membrane blebbing Loss of membrane integrity
Cell shrinkage and formation of apoptotic bodies  Cell swelling and lysis
Lack of inflammatory response Significant inflammatory response
Lysosomal preservation Lysosomal leakage

Biochemical Criteria

Induction by physiological stimuli Induction of non-physiological
disturbances disturbances

Energy requirement Lack of energy requirement
Macromolecular synthesis Lack of macromolecular synthesis
requirement requirement

De novo gene transcription Lack of de novo gene transcription
Nonrandom fragmentation of DNA Random digestion of DNA

Table 1.3. Both morphologic and biochemical characteristics are distinctive between apoptotic
and necrotic cells.
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Necrosis is classically marked by cellular swelling, disruption of organelle and plasma
membranes, random DNA fragmentation, and uncontrolled release of cellular constituents
into extra-cellular space usually resulting in inflammation. The process of apoptosis which is
a process rather than an event is characterised by an orderly pattern of inter-nucleosomal
DNA fragmentation, chromosome clumping, cell shrinkage and membrane blebbing
[Kaushik, 2003]. This is followed by disassembly of cells into multiple membrane-enclosed

vesicles that are engulfed by neighbouring cells without inciting inflammation.

All animal cells are programmed for carrying out self-destruction when they are not needed,
or when damaged. It has been labelled a programmed cell death, or cell suicide. It is not
unique to RGCs alone. Under either physiological or pathological conditions, apoptosis is
driven by interactions among several families of protein i.e., caspases, Bcl-2 family proteins,
and inhibitor of apoptosis proteins (IAP). Other proteases such as granzyme B, calpain and
cathepsin have also been demonstrated to play a vital role in apoptosis occurring under certain

physiological states.

Apoptosis occurs via two main signalling pathways (Fig 1.11.) the extrinsic (death receptor)
pathway or intrinsic (mitochondrial) pathway. The extrinsic pathways involve the delivery of
Granzyme B through perforin to the cells as well as receptor ligation that triggers caspase-8
activation. In the intrinsic pathways, caspase-9 is activated following release of mitochondrial
components to form the Apaf complex. Some forms of intracellular stress can also induce the
activation of caspase-12. Both the extrinsic and intrinsic pathways converge on the activation
of caspase-3 or caspase-7. IAPs can suppress these pathways either by blocking the activation

of caspase-9 or by directly inhibiting caspase-3 activity.
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to consist of 3 exons and is expressed in two transcripts [Huizing et al, 2010]. In human, both
transcripts show ubiquitous expression, with transcript of OPA3A (exons 1-2) showing lower
expression in the brain and transcript of OPA3B (exons1-3) showing higher expression in the
testis. Huizing et al, [2010] also performed localisation studies of the two transcripts in
normal fibroblasts. Green fluorescent protein (GFP) was fused to either the C-terminus
(OPA3A-GFP, leaving the putative mitochondrial signal free), or the N-terminus (GFP-
OPA3, leaving the potential peroxisomal signal free). OPA3A-GFP localised only to the
mitochondria. With expression of GFP-OPA3 mitochondrial localisation was lost and GFP
co-localized with a peroxisomal marker. This confirms a functional peroxisomal sorting
signal in OPA3A although peroxisomal localisation only occurred in the absence of the N-
terminal mitochondrial signal. OPA3B however, only localised to mitochondria whether or
not its SEK signal was available indicating that its C-terminal SEK is not a functional
peroxisomal targeting signal. NRIKE was also shown not to be essential for mitochondrial
localisation [Huizing et al, 2010; Ryu et al, 2010]. With a mutated/deleted NRIKE signal the
protein still predominantly localised to the mitochondria. It was only with the leader

sequence disrupted as well that a more diffuse cellular distribution was seen.

1.7.1 Function of human OPA3

Whilst the function of the protein remains unknown, there are several lines of evidence that
support mitochondrial function. Firstly, most primary optic atrophies are caused by
mitochondrial defects [Carelli, 2004]. Secondly, most of the other MGA syndromes i.e.,
MGA-I and MGA-II and MGA-V are known to be associated with mitochondrial defects.
Also the presence of MGA in the urine itself suggests mitochondrial involvement. Increased
MGA is a common finding in many mitochondrial respiratory disorders [Gibson et al, 1993;
Ibel et al, 1993].

Recent experiments in cell lines [Ryu et al, 2010] showed that OPA3 affects mitochondrial
morphology. HeLa cells transfected with C-terminally myc-tagged OPA3 showed that
overexpression of wildtype OPA3 lead to extensive ring-like fragmentation. This ring-like
morphology was also seen in cells transfected with patient mutant OPA3 (G93S)-YFP.
Abnormal mitochondrial morphology was also seen in HeLa cells knockdown for endogenous
OPA3 using siRNA, these cells had more elongated and tubular mitochondria. This

fragmentation was shown to be caused by OPA3 residues 83-102 as deletion of these residues
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resulted in no morphological changes to the mitochondria. This was thought to be due to the

failure of OPA3 with deleted 83-102 residues to localise to the OMM.

Ryu et al, [2010] also examined cells for increased sensitivity to apoptosis as altered
mitochondrial morphology is closely related to apoptotic sensitivity [Youle and Karbowski,
2005]. Cells with fragmented mitochondria attributable to overexpression of wildtype OPA3
showed normal cytochrome c distribution indicating that OPA3 overexpression alone is not
sufficient to induce spontaneous apoptotic cell death. However, treatment with staurosporine
significantly increased the redistribution of cytochrome ¢ from the mitochondria to the cystol
in cells with OPA3-YFP compared to cells with mito-YFP showing that induced
mitochondrial fragmentation augments the sensitivity to staurosporine induced apoptosis. In
cells transfected with patient mutant OPA3 (G93S) cytochrome c appeared in the cytosol in
the absence of external apoptotic stimuli. Reynier et al, [2004] also saw increased
susceptibility to staurosporine induced apoptosis in fibroblasts from ADOAC patients
harbouring the OPA3 mutation (G93S). However, the fibroblasts showed no abnormalities in
the organisation of the mitochondrial network or in the respiratory chain or in the
mitochondrial membrane potential. Contradictory to the Reynier et al, [2004] results,
Chevrollier et al, [2008] showed that fibroblasts of ADOAC patients had enhanced complex
V activity and reduced cytochrome c¢ oxidase (COX) activity. However, this reduction in
COX activity is unlikely to be the cause of the mitochondrial defect as respiratory chain
activity was readily stimulated by adenosine diphosphate (ADP) indicating that COX activity
i1 not the rate limiting step. Overall, the fibroblasts showed normal mitochondrial ATP
production but with reduced efficiency of ATP synthesis. Wanders et al, [1992] also showed a
reduced efficiency in ATP synthesis in digitonin-permeabilised fibroblasts of MGA-III
patients. Cells exhibited a 50 % reduction in adenosine-5'-triphosphate (ATP) production and
a four-fold increase in lactate:pyruvate ratio [Wanders et al, 1992] both of which are
indicators of impaired mitochondrial function. Recently, a zebrafish model of MGA-III with a
null allele of opa3 [Pie et al, 2010], demonstrated normal mitochondrial oxidative
phosphorylation (OXPHOS), but increased sensitivity to inhibitors of the electron transport
chain. Expression of OPA3 mRNA is also very high in tissues of high ATP production such

as the cerebral cortex.
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Overall, the evidence so far suggests that OPA3 is localised to the mitochondria with

mutations causing disturbances in mitochondrial dynamics, respiratory chain activity and an

increased sensitivity to apoptosis

1.7.2 Mutations of the human OPA3 gene

Mutations in OPA3 can cause diseases with recessive as well as dominant modes of

inheritance.

All cases of MGA-III described to date have been caused by homozygous

mutations which are predicted to abolish all protein activity. In ADOAC only one copy of

OPA3 needs to carry a missense change, which probably exhibits a dominant negative effect

but manifests as a milder phenotype. Seven mutations of OPA3 have been reported so far

(Table 1.4.)
Sequence Protein Clinical Mode of Comments Reference
change change designation inheritance
IVS1-1G> MGA-III Recessive Allele frequency Anikster et
C of 10% in Iraqi al, 2001
Jews.
¢.320- p-Q108- MGA-III Recessive Reported in a boy | Kleta et al,
337del E113del born of 2002
consanguineous
Kurdish Turkish
parents.
c.277G>A | p.G93S ADOAC Dominant Reynier et
al, 2004
c.313C>G | p.QIOSE ADOAC Dominant Reynier et
al, 2004
c.—38A>G MGA-III Aetiology Found in a Neas et al,
uncertain heterozygous 2005
state, functional
significance
unknown.
c.231T>C Silent N/A Allele frequency Neas et al,
polymorphism in normal 2005
population 61%.
c.415C>T p-Q139X MGA-III Recessive Ho et al,
2008
Abbreviations: N/A= not applicable, del= deletion.

Table 1.4. Mutations reported in the OPA3 gene.
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1. MGA HI- IVS1-1G-C mutation

Anikster et al, [2001] identified the acceptor splice site mutation, IVS1-1G-C, a homozygous
G-C change at -1 position of OPA3 intron 1 in the 3’ acceptor splice site resulting in the
obliteration of the intron | splice site. This mutation abolishes mRNA expression in
fibroblasts in several Iraqi Jewish patients and accounts for 100% of disease-causing alleles in

the Iraqi Jewish population.

2. MGA III- 320-337 deletion

Kleta et al, [2002] reported a novel mutation in OPA3 in a Kurdish-Turkish patient with optic
atrophy and 3-methylglutaconic and 3-methylglutaric aciduria previously carrying a diagnosis
of MGA-IV. Sequencing revealed an in-frame deletion of 18 bp at positions 320-337 in exon
2 resulting in the deletion of the 6 aa between residues 108 and 113 i.e., QRHKEE. This was

the first mutation found in an individual of non-Iraqi Jewish origin.

3. ADOAC- 227G>A mutation

In affected members of a French family with ADOAC first described by Garcin et al, [1961],
Reynier et al, [2004] identified a heterozygous 277G-A transition in exon 2 of the OPA3
gene, resulting in a gly93-to-ser (G93S) substitution.

4. ADOAC- 313C>G mutation

In affected members of a family with ADOAC, Reynier et al, [2004] identified a
heterozygous 313C-G transversion in exon 2 of the OPA3 gene, resulting in a gln105-to-glu
(Q105E) substitution.

5. MGA III- c.-38A>G

Neas et al, [2005] screened 13 patients with neurological abnormalities and MGA for
mutations in the OPA3 gene. In a single patient a sequence variation in the 5' UTR was
identified ¢.—38A>G. The significance of the 5' UTR sequence variation remains open to

speculation.

6. MGA TII- c.231T>C
Neas et al, [2005] also detected the sequence variation ¢.231T>C in 12 out of the 13 patients.
This is a silent polymorphism and therefore does not appear to have any pathological

significance.
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7. MGA 1II- c.415C>T
This was a nonsense mutation, found in the homozygous state in an individual of Indian
origin with MGA-IIL. It is the second mutation found to date in an individual of non-Iraqi

Jewish origin [Ho et al, 2008].

In 2009, 980 patients were screened for suspected hereditary optic neuropathies [Ferre et al,
2009]. The entire coding sequence of OPA3 was screened in 14 patients belonging to three
unrelated families. They presented with bilateral optic atrophy and posterior cataract which
was inherited as an autosomal dominant trait. Two mutations were found in exon 2: 227G>A
and 313C>G both of which have been previously reported by Reynier er al, [2004]. Both
mutations segregated with the disease and were absent in healthy relatives and 400 control

chromosomes.

At present the limited number of mutations found does not permit any genotype-phenotype
correlations. Even in the Iraqi Jewish population which all have the same mutation there is

variability in the phenotype, sometimes within the same family.

1.8 Hypotheses

1) That OPA3 is an important gene and its characterization will help us better understand
retinal development and ganglion cell survival.

2) That RGCs die through compromised mitochondrial function which initiates cell death
either by apoptotic or non-apoptotic signalling.

3) Its normal function is important for the health of organs with high energy requirements.

4) Peroxisomal dysfunction plays a role in the disease phenotype.

5) That the Opa3“'**" mouse mutant will be a clinically relevant model of MGA-IIL

1.9 Mouse model of Opa3

This thesis made use of an N-ethyl-N-nitrosourea (ENU) induced point mutation in the murine
Opa3 gene creating the first model of the human disorder MGA-III. The pathophysiology of
the mouse model was assessed using a range of visual, neurological, behavioural and
metabolic tests. Findings were compared with those from clinical studies of patients with an

MGA-IIIVADOAC disease in the hope of producing a clinically relevant model.
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2.1 DNA preparation and purification

2.1.1 Sample preparation
Genomic DNA was prepared from tail biopsy and tissue samples using two different methods

depending on the experimental procedure.

For genotyping of mice from tail biopsies a DirectPCR lysis reagent (Viagen) was used. This
is a quick and crude DNA preparation method. Genomic DNA was isolated from biopsy of
mouse tail tissue in 200ul of Viagen lysis solution containing 2mg/ml of Proteinase K. This
was incubated at 55°C for 5-6 hrs followed by 45 mins in a water bath at 85°C to inactivate’
the Proteinase K. Samples were then spun down to minimise uptake of debris into PCR

preparation.

For PCR or sequencing where a pure DNA sample was required the Wizard SV genomic
purification kit was used. The tail biopsy or tissue sample was added to the Digestion Solution
Master Mix made up as follows:- 200ul nuclei lysis solution, 50ul 0.5M EDTA, 20ul of
20mg/ml Proteinase K and 5ul of 4mg/ml RNase A solution. This was incubated for 16-18 hrs
in a 55°C oven. Then 250ul of SV lysis buffer was added and vortexed.

2.1.2 Purification of genomic DNA from lysate using microcentrifuge

While the lysate was still warm it was transferred to a minicolumn assembly and then
centrifuged at 13,000g for 3 mins. The liquid in the collection tube was discarded and 650ul of
SV wash solution was added to the minicolumn and centrifuged at 13,000g for 1 min. This step
was repeated four times. After which the minicolumn was centrifuged at 13,000g for 1 min
with no solution in it to dry out the binding matrix. The minicolumn was then placed in a new
collection tube. 250ul of room temperature nuclease free water was added and incubated at
room temperature for 2 mins. The minicolumn was then centrifuged at 13,000g for 1 min. The
eluted water contains the DNA. For a more concentrated solution of DNA the eluted water can

be put back into the minicolumn and centrifuged again.

2.2 RNA isolation
Heart, muscle, brain, kidney, liver and eye tissue of wildtype Opa3 animals were collected in

RNALater.
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2.2.1 RNA purification and quantification

Total RNA was purified using an RNeasy Mini Kit (Qiagen). As the tissue was stabilised in
RNALater it can be cut up for homogenisation at room temperature. RNA is very unstable so
frozen samples should not be allowed to thaw and fresh samples should be homogenised
immediately. The tissue was disrupted and homogenised in 600ul of RLT buffer using a rotor-
stator homogeniser until it was uniformly homogenised. The lysate was then centrifuged for 3
mins at full speed. The supernatant was removed and transferred to a new microcentrifuge
tube. It is this supernatant that is used in all subsequent steps. To this supernatant one volume
of 70% ethanol was added and was immediately mixed by pipetting. 700ul of the sample was
then added to an RNeasy spin column and placed in a 2ml collection tube. This was then
centrifuged for 15 secs at 10,000 revolutions per minute (rpm). The flow through was
discarded and 700ul of RWI buffer was added to the RNeasy spin column. The column was
then spun again for 15 secs at 10,000 rpm and the flow through discarded. After which 500ul
of RPE buffer was added to the spin column and centrifuged for 15 secs at 10,000 rpm to wash
the spin column membrane. This was repeated with the RPE buffer but centrifuged for 2 mins.
The spin column was then placed in a new centrifuge tube and centrifuged for 1 min on full
speed. This step eliminates the carry-over of any residual RPE buffer. The spin column was
then placed in a new centrifuge tube and 50ul of RNase free water was added and this was
centrifuged for 1 min at 10,000 rpm to elute the RNA. The sample can then be stored at -20°C

short term or -80°C long term.

RNA was quantified using the Picodrop spectrophotometer (Picodrop, UK).

2.3 cDNA synthesis (reverse transcription)

cDNA was synthesised from 0.5pg total RNA using Qiagen’s Quantitect Reverse Transcription
Kit. This kit is an RT-PCR method for efficient reverse transcription and removal of genomic
DNA. A detailed protocol can be found in the instructions with the kit. So, briefly, while the
tube of RNA template thawed on ice, the Genomic DNA Elimination Reaction Components

were mixed in a tube comprising of (Table 2.1.).
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Component Volume/reaction Final concentration
gDNA wipeout buffer 7X 2ul 1x
Template RNA Variable (up to 1ug)

RNase free water Variable
TOTAL VOLUME 14pl

Table 2.1. Genomic DNA elimination reaction components.

This solution was incubated for 7 mins at 42°C then placed immediately on ice. During this

incubation a reverse transcription master mix was prepared on ice (Table 2.2.).

Reverse transcription master Volume/reaction Final concentration
mix

Quantiscript reverse 1pl

transcriptase

Quantiscript TR buffer 5x 4ul Ix

RT Primer mix lul

Entire genomic DNA 14ul

elimination reaction

TOTAL VOLUME 20ul

Table 2.2. Reverse transcription reaction components.

This solution was incubated for 30 mins at 42°C then for a further 3 mins at 95°C to inactivate
the Quantiscript reverse transcriptase. The solution can then be stored at -20°C and used for

PCR.

2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was the method selected for the visualisation of the PCR products.

The 2% gel was prepared by dissolving 3g of agarose (molecular biology grade, Sigma) in 150
mls of 1x TBE buffer. Agarose solution was heated in a microwave for 2-3 mins until the
agarose was completely dissolved. Then 5ul ethidium bromide solution (10mg/ml) was added
to the agarose. The solution with ethidium bromide was poured into a casting tray with a comb
to form wells. After a 40 min delay for the gel to solidify, 20ul of PCR product was loaded into

each well. DNA hyperladder IV (Bioline) was used for estimation of band sizes.
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The gel was electrophoresed at 120V until adequate separation of the bands. The gel was
visualised on a UV transilluminator (UVP, England) and the image of the gel was captured
with BioDoc-It and visiDoc-It system (UVP, England) equipped with a thermal printer (Sony,
Japan).

2.5 Tissue fixation for wax embedding

Tissue fixation and subsequent wax embedding are routinely used techniques of histology
procedures for morphological studies. The purpose of the fixation is to preserve the structure
and components of the tissue. Two different length protocols were used for the fixation of
tissues for embedding in wax depending on the tissue type. All tissues were processed for the

xylene embedding wax method.

After dissection, tissues from all mice ages were fixed in a solution of 4% PFA pH 7.4 (Sigma,
Germany) for 24 hrs at 4°C. Tissues were then washed twice in PBS for 30 mins, placed in a
new tube with fresh PBS and left overnight at 4°C. The following day they were processed by

one of the two protocols below.

2.5.1 Fixation of eyes for wax embedding

A longer fixation protocol was used for eyes as the lenses were not removed for sectioning. If
the lens is not fixed sufficiently it can move in the block and cannot be sectioned properly.
However, if the lens is fixed for too long it will shatter spreading debris over the slide. This is

preferable to being under-fixed.

The first step in the process is dehydration. This process is carried out using a series of
increasing grades of ethanol (Fisher solutions, UK). Eyes were first soaked in 50% ethanol
solution for 30 mins, then 70% ethanol for lhr, 90% ethanol for 2 hrs (twice) then 90% for

another hr. Finally, in 100% ethanol for 2 hrs and again in 100% ethanol for one more hr.

Once the eyes are dehydrated it is important to carry out a clearing step. The eyes were put in a
new glass vial and soaked for 15 mins in a solution of 50% xylene/50% ethanol. The solution
was then changed and the eyes were left in 50% xylene/50% ethanol overnight. Eyes were then
soaked in 100% xylene for 1 hr (twice). After the clearing step, the excess of xylene was

removed and the eyes were put in warm wax in glass vials in a histology oven at 56°C. After 2
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hrs the wax was removed and new wax was added to the eyes for another 2 hrs. The eyes were
then collected, orientated in a plastic mould and embedded in new wax. The samples in the
mould with the wax were left for 30 mins on a -12°C cold plate to solidify then stored at 4°C.
Blocks were sectioned at 7um in a Microm microtome (Microm, Germany) using a sharp blade

(Nakura systems, Japan).

2.5.2 Fixation of other tissues for wax embedding

For the lung, skeletal muscle, heart, liver and kidney the same protocol was used, except the
dehydration step was shorter. The tissues were first soaked in 50% ethanol solution for 30
mins, then 70% ethanol for lhr, 90% ethanol for lhr (twice), then 100% ethanol for lhr

(twice). The samples then continued with the clearing step as in the protocol for the eyes.

2.6 Frozen tissues for cryostat sectioning

Fresh tissue samples were collected and cut to an appropriate size and orientation. A small cup
was made out of foil (just big enough to hold the tissue and be filled with OCT). Then the
tissue was placed in the OCT. A cold-resistant plastic beaker was filled with iso-pentane. The
foil cup was placed in the beaker containing iso-pentane and then the beaker was placed into
liquid nitrogen. When the OCT had solidified the foil cup was removed from the iso-pentane

and placed in liquid nitrogen. Samples were stored at -80°C.

2.7 Histology

Histochemistry is the science that uses different chemistry on cells or tissues to show and
identify their microscopic structure. The basic nature of histology slide staining is to stain with
two or more contrasting dyes that will highlight specific areas or entities with one colour, and

leave a counterstaining background colour.

All histologically stained sections were observed via bright field microscopy using Leica

DMRA?2 microscope (Leica, Germany).

2.7.1 Haematoxylin and eosin

The most routine stain used is the haematoxylin and eosin (H&E) stain. The H&E stain uses
two separate dyes, haematoxylin is a dark purplish dye that will stain the chromatin (nuclear
material) within the nucleus, leaving it a deep purplish-blue colour. Eosin is an orange-pink to

red dye that stains the cytoplasmic material including connective tissue, and leaves an orange-
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pink counter stain. This counter stain acts as a sharp contrast to the purplish-blue nuclear stain

of the nucleus, and helps identify other entities in the tissue such as cell membranes.

The process of performing the H&E stain is relatively simple. Slides were selected then taken
through 2 changes of 100% xylene for 2 mins each and then put in decreasing concentrations
of ethanol. Two washes were carried out in 100% ethanol for 1min each, then 1 min in 95%
ethanol followed by 1 min in 70% ethanol. The slides were then washed under the tap for 1
min before being immersed in Harris’s haematoxylin (BDH, England) for 2 mins. Harris
haematoxylin stains everything on the slide and holds fast to the tissue when rinsed. Therefore,
after staining and before using the eosin stain, it is necessary to rinse under the tap for 5 mins

until the excess haematoxylin has been removed from everything except the nucleus.

After that the slides were stained in 1% eosin (Surgipath, UK) for 10 mins. The slides were
then washed for 15 secs under the tap before running in a reverse manner through the ethanol
series. 15 secs in 70% ethanol, 30 secs in 90% ethanol then two washes for 2 mins each in
100% ethanol and finally two washes in 100% xylene for 2 mins each for clearing. The slides

were mounted with D.P.X permanent medium for microscopy (BDH, England).

2.7.2 Oil red-O stain
Oil red-O is a lysochrome (fat-soluble dye) diazo dye used for staining of neutral triglycerides

and lipids on frozen sections and some lipoproteins on paraffin sections.

Unfixed frozen sections must first be fixed in 10% buffered formal saline for 5 mins. After
which they are rinsed in water for 2 mins then rinsed in 60% isopropyl alcohol (prepared with
distilled water) for a further 1 min. Slides are then stained for 10 mins with Oil red-O (Sigma-
Aldrich) in an air tight container, then washed in 60% isopropyl alcohol for 30 secs. After
which they are transferred to a water bath flat on the bench (no running water) for 5 mins.
Slides are then counterstained with Mayer’s haematoxylin solution for 5 secs and then washed
in running water for 5 mins. The slides should then be kept in the water before mounting with

an aqueous mounting medium.

Staining should show unsaturated hydrophobic lipids (i.e. triglycerides, cholesterol esters) in

red, phospholipids in pink and the nuclei in blue.
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2.7.3 Toluidine Blue stain

Toluidine Blue is a metachromatic dye used in staining bone and cartilage.

Bone sections were rinsed in 100% xylene twice for 2 mins, then through an alcohol series, of
100% alcohol for 2 mins (twice), 2 mins in 95% alcohol then 2 mins in 70% alcohol. Sections
were then washed in running tap water until clear. Sections were then transferred into toluidine
blue dye for 30 secs and again washed in running tap water until clear. They were then drained,
blotted dry with filter paper and allowed to air dry for a few minutes. After which they were
transferred into 100% xylene for 2 mins (twice) before being mounted under a coverslip using

D.P.X mountant.

Staining should show Meta chromatic substances in red, pink or purple and nuclei and other

components in blue.

2.8 Perfusion fixation

Transcardial perfusion under terminal anaesthesia is a method commonly used for tissue
fixation in immunohistochemical localization protocols. This method takes advantage of the
subjects circulatory system to deliver the fixative solution evenly throughout the body tissue,
with optimal penetration of the brain. This is the optimal method of tissue preservation because
the tissues are fixed before autolysis begins and are less susceptible to artefacts caused by
handling. Fixation preserves the ultrastructure, and stabilizes protein and peptide conformation.

The perfusion process should take place in a fume hood for best personal protection.

The mouse is anaesthetised using 0.2 ml euthatal. The withdrawal reflex must not be present
before procedure begins to ensure adequate depth of anaesthesia. The chest cavity is opened to
expose the heart. A needle is inserted into the left ventricle and clamped in place. A scissor
incision is then made into right atrium to allow perfusate to exit circulation. Blood can then be
flushed from the body using 0.2M phosphate buffer for about 30 sec. When the fluid exiting
the mouse is clear of blood the flush line should be removed and a new one with 4% PFA
should be added. 4% PFA must be made up fresh on the day of procedure. Muscle contractions
and blanching of the liver and mesenteric blood vessels are signs of good perfusion. Perfusion
is complete when all muscle contractions have stopped, the liver and mesenteric vessels are

blanched and the desired amount of preservative has passed through the circulatory system.
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2.9 Embryo collection

To generate embryos for analysis, heterozygous Opa3 males and females were selected for
inter cross matings. All mice were maintained on a 12/12-hr light-dark cycle the mid-point of
the dark cycle being 2am and for the timed mates 2pm on the day of the appearance of the
vaginal plug is designated 0.5 days post coitum (dpc). All embryos were dissected from
maternal tissue and Reichert’s membrane removed in PBS with 10% newborn calf serum. The
recovered embryos were staged according to Mouse Atlas [Kaufman, 1994]. The tails of the
embryos were added to 200ul of Viagen lysis solution. Samples were digested and genotyped

as described for genotyping offspring. Embryos were either fixed in 10% NBF for sectioning

or 95% ethanol of skeletal analysis.
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Splicing, expression and putative functional analysis of
optic atrophy gene Opa3
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The function of Opa3 remains unknown, so with the use of bio-informatic databases the 5 kb
proximal sequence of the mouse Opa3 gene was compared with other mammalian
orthologous sequences to look for highly conserved regions. Searches for TFBS that are
conserved are important evidences of which proteins may be involved in Opa3 gene
transcriptional regulation. Identification of transcription factors that regulate Opa3 expression

is a step forward to better understand its transcription rules and its function.

This chapter reports the confirmation of a 3 exon of Opa3 which creates a novel splice
variant of murine Opa3. This finding prompted the screening of a panel of patients with optic
atrophy in whom mutations in the gene for ADOA (OPAI), mapping to chromosome 3q28-
qgter, had not been found in a previous survey of mutations. Bio-informatic programs were

also used to characterise possible upstream TFBS for putative functional analysis.

3.1.1 Use of bio-informatic analysis

With the increasing availability of bio-informatic tools the genomic sequence of Opa3 was
first assessed to determine if there was a 3™ exon of Opas3. Traditionally there would have
been two possible methods for the prediction of a 3" exon. An intrinsic method, which uses
statistical features such as codon frequencies, open reading frame lengths and the location of
potential splice sites to distinguish coding from non-coding sequences of the genome [Burge
and Karlin, 1997] or an extrinsic method, which tries to find similarities between genomic
sequences and known proteins [Gish and States, 1993]. Both have their advantages and
limitations. The extrinsic method cannot be used, as Opa3 showed no homology to any
known proteins. The intrinsic method which is able to detect genes with no homologues in the
protein database would be appropriate for Opa3 but the accuracy of this method is limited
[Burge and Karlin, 1998]. It was therefore decided to use a recent addition to the methods for
predicting coding regions and functional elements in genomic sequences, that of phylogenic

footprinting.

The rationale behind the phylogenic footprinting approach is simple: functional regions are
under selective pressure and tend to be more highly conserved than non-functional regions
that are subject to random genetic drift, so local sequence similarity usually indicates
biological functionality. Several recent studies have used cross-species sequence comparison
to identify functional regions in large genomic sequences [Sandelin, 2008; Chen ef al, 2006].

It is now widely accepted that comparative sequence analysis is a universally applicable tool
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for genome analysis and annotation, therefore, being a powerful approach for understanding

phylogenetic relationships, annotating genes, and detecting functional regulatory elements.

3.1.2 Multispecies DNA sequence comparison for phylogenic footprinting- What species
to select?

Phylogenic footprinting is not only useful for gene annotation, e.g., to look for undiscovered
exons but can also be used to detect regulatory regions to shed light on gene function. A range
of species were compared to reveal conserved non-coding sequences upstream of Opa3.
These sequences can then be used to search for TFBS for putative functional analysis. Before
this, species selection and the number of species selected for comparison is an important step

to consider.

Comparing the genomic sequences of species at different evolutionary distances one can
identify coding sequences and conserved non-coding sequences with regulatory functions and
determine which sequences are unique for a given species. DNA sequences of species that
diverged ~40-80 million years ago from a common ancestor, such as humans and mice
reveals conservation in both coding sequences and a significant number of non-coding
sequences. Those whose functions have been assigned have been transcriptional regulatory
elements of nearby genes [Gumucio et al, 1996; Hardison et al, 1997] or genes as much as
200 kb away [Loots et al, 2000]. A question remains as to whether most of the conserved non-
coding sequences are present because of functional constraints or are the result of a lack of
divergence time. Comparing species with a larger evolutionary related distance, such as
humans and pufferfish, which diverged approximately 450 million years ago, primarily
reveals coding sequences as conserved [Aparicio et al, 2002]. This is due to the fact that
protein coding sequences are tightly constrained to retain function and thus evolve slowly,
resulting in readily detectable sequence homology even over this large phylogenetic distance.
Therefore, the addition of distantly related organisms (~450 million years) to a multi-species
sequence comparison improves the ability to classify conserved elements into coding
sequences and non-coding sequences. However, one should be aware that at such large
evolutionary distances it is difficult to definitively distinguish between yet undiscovered

coding sequences and functional non-coding sequences.

At the other end of the scale comparing sequences from closely related species, such as

humans and chimpanzees, identify sequences that have changed and genomic rearrangements
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that have occurred in recent evolutionary history [Frazer et al, 2003]. Some of these recent
genomic events identified by comparison of orthologous sequences between closely related
species may be responsible for gene differences between the organisms and are of interest
because of their potential functional consequences. Thus, by adding a closely related organism
to a multispecies comparative sequence analysis, one can identify not only coding sequences
and functional non-coding sequences but also those genomic sequences which may be

responsible for traits that are unique to the reference species.

A range of species was therefore chosen that were closely related, such as human and
chimpanzee, and more evolutionary divergent species such as the dog and cow (Fig 14.). Frog

was initially added to the list but showed no conservation with any of the other species.

3.1.3 Identification of TFBS for insight into gene function

Control of transcription initiation is a pivotal mechanism for determining whether or not a
gene is expressed and how much mRNA and consequently protein is produced. A promoter is
a sequence that initiates and regulates the transcription of a gene. Protein binding sites in a
promoter represent the most crucial elements and the corresponding proteins are called
transcription factors (TFs). Understanding a regulatory system requires detailed knowledge of
both the trans-acting TFs and the respective promoter cis-elements (binding sites). TFs work
by binding to specific DNA sites among a vast excess of structurally similar non-specific sites
to either increase or decrease the affinity of RNA polymerase for the sequence, thereby
altering the rate of mRNA production [Alberts et al, 1989].

The identification of DNA regulatory regions is one of the most important and challenging
problems in the functional annotation of genomes. Traditionally, DNA binding specificity
was determined experimentally primarily with in vitro techniques such as DNase I
footprinting and electromobility shift assay. However, these processes are very costly and
time consuming. With the availability of working draft genomes of many species
computational identification of regulatory elements becomes a valuable alternative to in vitro

techniques.
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3.1.4 Predictive programmes for identification of TFBS
Computational TFBS prediction provides reliable results in application to prokaryotes and
yeast. However, in higher eukaryotes accurate and reliable TFBS prediction is a huge

challenge.

Online applications, such as MatInspector, MATCH and ConSite have been built to predict
TFBSs embedded in promoter sequences. However, it should be noted that TFBS searches
only identify sites where the TF could bind, but not necessarily will bind. Several different

methods and predictive programmes were used.

3.1.4.1 Mulan- MultiTF

Mulan (MUltiple sequence Local AligNment and conservation visualisation tool), is a novel
method and a network server for comparing up to 20 draft and finished-quality sequences of
different species to identify functional elements conserved over evolutionary time. Mulan
brings together several novel algorithms: the threaded blockset aligner (TBA) multi-aligner
program for rapid identification of local sequence conservation, and the multiTF program for
detecting evolutionarily conserved TFBS in multiple alignments. In addition, Mulan supports
two-way communication with the GALA database; alignments of multiple species
dynamically generated in GALA can be viewed in Mulan, and conserved TFBS identified
with Mulan/multiTF can be integrated and overlaid with extensive genome annotation data

using GALA.

3.1.4.2 Genomatix- Matlnspector

Matlnspector is a tool for TF analysis. It utilises Genomatixs’ MatBase the comprehensive TF
knowledge database which locates TFBS in sequences of unlimited length. Matlnspector
assigns a quality rating to matches (called matrix similarity) and thus allows similarity based
filtering and selection of results. For every single matrix, an individually optimised similarity
score is specified, minimising the number of false positive hits in non-regulatory sequences.
Each matrix definition is quality tested, resulting in superior usability for functional analysis

of regulatory regions. MatInspector is described in Quandt et al, [1995].
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3.1.4.3 TFSEARCH

The TFSEARCH program was written by Yutaka Akiyama in 1995. The TFSEARCH
searches highly correlated sequence fragments against TFMATRIX TFBS profile database in
the TRANSFAC' databases by GBF-Braunschweig. There has been no publication on the
TFSEARCH program yet.

3.1.4.4 PReMod

PReMod is a database of genomewide cis-regulatory module (CRM) predictions for both the
human and the mouse genomes. The prediction algorithm, described previously in Blanchette
et al, [2006], exploits the fact that many known CRMs are made of clusters of
phylogenetically conserved and repeated TFBS. Contrary to other existing databases,
PReMod is not restricted to modules located proximal to genes, but in fact mostly contains
distal predicted CRMs. TFBS can occur everywhere in the genome and are by no means
restricted to regulatory regions. Sites outside regulatory regions are known to bind their TFs
[Kodadek er al, 1998], and it is the context that differentiates a functional binding site

affecting gene regulation from a mere physical binding site [Elkon et al, 2003].

3.1.5 Use of TRANSFAC and PWM

Numerous DNA footprinting and biochemical studies carried out over the last decade have
identified close to 500 vertebrate-specific TFs and information regarding the DNA sequences
they recognise. The TRANSFAC database (http://transfac.gbf.de/TRANSFAC/) [Wingender
et al. 1996; Matys et al. 2003] represents the most comprehensive collection of TF binding
specificities and has been increasingly linked with other databases such as TFSEARCH and
PReMod (transfac 7.2). TRANSFAC summarises TF as position weight matrices (PWMs) for

review, see Stormo, [2000].

A weight matrix pattern definition is superior to a simple IUPAC (International Union of Pure
and Applied Chemistry) consensus sequence as it represents the complete nucleotide
distribution for each single position. It also allows the quantification of the similarity between

the weight matrix and a potential TFBS detected in the sequence.

A major limitation in using PWMs to computationally identify functional TFBS is that many

TFs bind to short degenerate sequence motifs (6—12 bp in length). More problematic in this
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evaluation is that the TF can be shown to bind in vitro even if they show no in vivo activity.
This suggests that there exist other conformational factors that regulate whether a given
sequence in the DNA is available for binding. TFBS prediction programs like MatInspector
can infer the binding potential, although not the functionality of a site. Functionality can
ultimately be proven only by a wet-lab experiment with defined settings, particularly since
potential binding sites in a promoter can be functional in certain cells, tissues or

developmental stages and non-functional under different conditions.

Study of the molecular basis of diseases by experimental methods is laborious and time-
consuming, and at the structural level often nearly impossible, especially in cases where there
are several missense mutations causing the disease. By involving advanced bioinformatics
strategies like detailed promoter analysis of, for instance, orthologous or co-regulated genes
can significantly reduce the number of test candidates. Precise and useful information about
the effects of mutations on protein structure and function can readily be obtained by

theoretical methods.
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3.2 Materials and Methods

3.2.1 Conserved region identification of Opa3 using comparative genomics

The identification of conserved regions around the Opa3 locus which may indicate the
presence of a 3rd exon was facilitated by comparing the chromosomal regions spanning the
human (Ensembl Chr 19 50780462-50722397 bp) and mouse (Ensembl version 50
ENSMUSESTG00000010990 Chr 7 19813232-19841673 bp) gene locus using the Mulan
software (mulan.dcode.org) [Ovcharenko et al, 2005]. The Evolutionary Conserved Region
(ECR) Browser within Mulan was used to visualise phylogenetically core ECRs. To be core
ECRs the sequences must be orthologous for 350 bp or more with greater than 77% sequence
identity and would therefore be considered as highly likely to be functional. The human OPA3

gene sequence was used as the reference sequence for annotation in Mulan.

3.2.2 Detection of mouse Opa3 exon 3 expression and novel splice variant by RT-PCR

To determine whether the core ECR downstream of exon 2 is transcribed, a series of RT-PCR
reactions on six different types of wildtype C57BL/6JCrl mouse tissue were performed with
the primers listed in Table 3.1. The primers were designed using the primer3input program
(website frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) using the mouse Opa3 gene
sequence in Ensemble. Primers were designed in the exon coding sequences close to the

exon/intron boundaries (Fig 3.5.).

Primers Sequence 5'-3' Location Annealing Temp  Product
Fl1 GGCGAAGCTGTTCTACTTGG exon 1
R2 TTATTGCGCTGCTGAGTCTG exon 2 630C 309bp
R3 GCGGTGTTTCGATGACTTCT exon 3 630C 307bp

Table 3.1. Oligonucleotide primers used to amplify Opa3 exons.

Total RNA was isolated from heart, skeletal muscle, brain, kidney, liver and eye tissue of
adult C57BL/6JCrl wildtype animals (n=3) and collected in RNALater (Sigma). Total RNA
was isolated using an RNeasy Mini Kit (Qiagen). RNA was quantified using the Picodrop
machine. cDNA was synthesised from 0.5 pg total RNA using Qiagen Quantitect Reverse
Transcription Kit (see Chapter II). RT-PCR was performed in 25 pl reactions for exon 1-2 and
exon 1-3 transcript detection. RT-PCR contained 2ul template DNA, 1.5 ul of F1 and 1.5 pl
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of R2 or R3, 13 pul Taq polymerase mastermix (BioMix Red; BioLine, UK) and dH20 to make

up volume.

The general PCR conditions used were as follows: initial denaturation cycle of 15 mins at
95°C; followed by 38 cycles of 45 secs at 95°C, 45 secs at 63°C, and 1 min at 72°C; and a
final extension of 10 mins at 72°C. PCR products were visualised on 2% agarose gels stained

with ethidium bromide.

3.2.3 Sequencing of mouse exons and transcripts

Genomic DNA and cDNA were isolated as per protocols in Chapter II. PCR products were
amplified from genomic DNA and cDNA using primers located in flanking intron and UTR
sequences (Table 3.2.). PCR amplification was performed in 25 pl reactions containing 100-
200 ng template DNA, 1.25 ul of forward and reverse primers, 12.5 ul Taq polymerase
mastermix (BioMix Red; BioLine, UK) and dH20 to make up volume.

Primers Sequence 5°-3’ Location Annealing Temp Product size
F1 AGGCAAGTCCTTCCTTACGC Exon 1 60°C 341bp
R1 CCGTTCCCCTGAACTAGAAA
F2 AAGTATTGGGGGTGGAGCTT Exon 2 63°C 571bp
R2 GCCACATGGTCACAAACAAG
F3 GTGTTTGCAGTGGGGTGAG Exon 3 63°C 660bp
R3 ACAAGCCCAGACAACAGTCC
F1-2 CGCCCAGTCAGCAAGGTT Exonl-2 60°C 1080bp
R1-2 TCAGAGACTGGATGGGCTCT
F1-3 CCATGGCGAAGCTGTTCTAC Exonl1-3 60°C 622bp

R1-3 TCAGGACACTGGAGTTCAGG

Table 3.2. Oligonucleotide primers used to amplify Opa3 for exon and transcript sequencing.

PCR conditions had to be optimised for each primer pair. Samples were placed in a Techne
thermocycler. PCR conditions for exon 1 (F1,R1), transcript 1-2 (F1-2, R1-2) and transcript 1-
3 (F1-3, R1-3) were an initial denaturation of 95°C for 5 mins, followed by 35 cycles of 94°C
for 30 secs, 60°C for 30 secs, 72°C for 30 secs, with a final extension of 72°C for 5 mins. For
exon 2 (F2, R2) and exon 3 (F3, R3) PCR conditions were an initial denaturation of 95°C for 5
mins, followed by 35 cycles of 92°C for 1 min, 63°C for 1 min, 72°C for 1 min, with a final

extension of 72°C for 5 mins.
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The PCR products were purified for sequencing using QuickClean (Bioline). QuickClean is a
method for removing proteins (such as restriction enzymes, polymerases, etc.), primers,
primer-dimers and dNTPs. The protocol allows the precipitation of nucleic acids 275bp
without the need for organic solvents, glass milk or expensive spin-columns. All PCR

products were sequenced in forward and reverse to confirm the sequence.

Mouse exon alignments were performed by ClustalW2 [Larkin et al, 2007].

3.2.4 Sequencing of human OPA3

3.2.4.1 Individuals and Pedigrees

With appropriate ethical approvals, up to 74 British adult patients with optic atrophy but
without OPAI mutations, were screened for mutations in the OPA3 gene by direct genomic
sequencing. A panel of up to 46 controls (92 chromosomes) was also assessed. All the
patients had been previously analysed to exclude mutations in the OPAI gene. The patients
came from two groups: 1. Patients with ADOA from families too small for linkage data and 2.

Individuals with presumed sporadic optic atrophy.

All of the patients studied were adults, over the age of 21 years, with a mean age of 43 years
(range 24 to 66 years). Although none had formal audiometry or neuroimaging, none had any
neurological symptoms or physical signs on clinical examination. Whilst it is possible that
some of the patients may have had mild neurological deficits, it appeared unlikely. There was
no sign of late-onset spasticity, extrapyramidal dysfunction or cognitive deficit. The clinical
diagnosis of optic neuropathy was based on visual loss, colour vision defects including a
tritan defect, temporal pallor of the optic disc and familial occurrence, where a family history
was available. Visual fields and visual evoked potentials were documented where possible.
Blood samples were obtained from patients, with informed consent, and genomic DNA was

prepared from these samples using standard methods [Thiselton et al, 2002].

3.2.4.2 Sequencing of OPA3

In order to reduce the probability of screening error the entire coding region of the OPA3 gene
and associated intron-exon boundaries were sequenced by direct bi-directional sequencing of
DNA from all individuals. PCR products were amplified from patient DNA using primers
located in flanking intron and UTR sequences (Table 3.3.). Standard 50 ul PCR reactions
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were performed for direct sequencing using 100-200 ng template DNA, 50 mM KCl, 10 mM
Tris pH 8.8, 15 mM MgCl,, 1% Triton X-100, 0.2 mM each dNTP, 0.1 uM each primer and
0.2 ul Taq polymerase (Bioline). Typical cycling conditions were initial denaturation of 95°C
for 5 mins, followed by 35 cycles of 95°C for 30 secs, 54-60°C for 30 secs (temperature

optimized for each primer pair), 72°C for 30 secs, with a final extension of 72°C for 5 mins.

Primers Sequence 5°-3° Location Annealing Temp Product size
F1 CGTACATACGTACTGACGCA Exonl 55°C 317bp
R1 AAGCAACCACCTGACAGG
| 2] TCCCAGAGCGCAGCCTGAC 0
R2 GCCAAGTTGCATCAAGATCCT — 102 4°C 353bp
F3a GGGACATCGAAGCACAGAGG Exon3 60°C 285bp

R3a ACGTCGCTCCTTTTCCTTGCG

F3b  TGCCTGATGCTGGAGTATTGG .
Exon3 60
F3b  AGGCCAAGACAGAGACTTCG xon C 323bp

Table 3.3. Oligonucleotide primers used to amplify Opa3 exons for mutation analysis
sequencing.

3.2.4.3 Mutation analysis

Sequence homologues were obtained by PSI-BLAST [Altschuler et al, 1997], and
homologues for the OPA3 domain sequence were collected from the Pfam database (seed: 6,
full: 59 sequences). Multiple sequence alignments were performed by ClustalW2. Structural
disorder in the protein and the effects of mutations on disordered regions were studied using
three predictors, DisSEMBL [Linding er al, 2003a], GlobPlot [Linding et al, 2003b] and
PONDR [Romero et al, 1997]. The wildtype sequences were compared to the polymorphic
sequences. The effects of mutations on aggregation propensities were studied by TANGO
[Fernandez-Escamilla et al, 2004]. The damaging effects of point mutations were analysed
using SNPs3D [Yue et al, 2006], PolyPhen [Sunyaev et al, 2001] and Pmut [Ferrer-Costa et
al, 2005]. The effects of mutations on protein stability were predicted by SCpred [Dosztanyi
et al, 1997]. No structural analysis could be performed, due to the lack of tertiary structure

predictions for the OPA3 protein.
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