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Doctor’s view

Field of mitochondrial disease started almost 60 years ago
from a single patient with hypermetabolism

Nowadays we have testing available
BUT!!

-No standartised diagnostics that would be applied to all
patients across the word

-Most work is still conducted in experimental settings in
the labs — by postdocs, MD/PhDs and PhD students

First case — the unusual exception

Jaurnal of Clrical Investigaion
. 41, No. 9, 1962
A CASE OF SEVERE HYPERMETABOLISM OF NONTHYROID ORIGIN WITH
A DEFECT IN THE MAINTENANCE OF MITOCHONDRIAL RE-
SPIRATORY CONTROL: A CORRELATED CLINICAL, BIO-
CHEMICAL, AND MORPHOLOGICAL STUDY

By ROLF LUFT,* DENIS IKKOS,* GENARO PALMIERI* LARS ERNSTER { axp
BJORN AFZELIUS#
(From the of By inology and Metabolism, Karolinska Sjukhuset, and the

Departments of Physiological Chemistry and Biophysics, Wenner-Gren Institute,
University of Stockholm, Sweden)

NORMAL HYPERMETABOLIC 04
Respiration AlPose octivity Respication ATPgse oclivily. §
E s s s o) b %
E 54 zZ z 6 zZ z >
£ = > 2 b5 e 9 ps » . .
L5 +p-accepor 5 +F—u==!yl% £ ° Patient (Biopsy 4)
£, (P/o=2.9) ? 2] (p/g-;\_g)‘/o - 12 & E 02
23 p é Yy /° ﬁ 9§ %
82 / f s, / 6 a
&l - 0 '4 Zp-occeptor / 25 0.1
14 14
o ccener [] / L / E_ o Normal cases
0 15 20 25 H] 0 15 20 25
lime in min time in min,
Fic. 2. RESPIRATORY CONTROL, PHOSPHORYLATIVE EFFICIENCY, AND ATPAsE Ac- a1 02 03 04 05

TIVITY OF ISOLATED SKELETAL MUSCLE MITOCHONDRIA OF A NORMAL SUBJECT (LEFT)
AND OF THE HYPERMETABOLIC PATIENT (RIGHT). Substrate: pyruvate plus malate.
ATP was added to all vessels. Hexokinase and glucose were added to samples
marked *+ P—acceptor.” DNP = 24-dinitrophenol. For experimental details, see
reference (1).

Oligomycin (pg/ml)




Mitochondrial disorders

~20% are due to mtDNA mutations (200 pathogenic mutations)
~80% nuclear DNA mutations
Probably the most common neurometabolic diseases in childhood

Incidence of 1:5000 live birth (Smeitink 2006) — old estimate

Monogenetic defects associated with human mitochondrial disorders
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Mitochondrial genome
(1 circular double-stranded
Nuclear genome DNA 16.6 kb; 37 genes)

(24 linear double-stranded DNA
molecules - 3200 Mb; ~30000 - Highly conserved (coding)
genes) [ Highly conserved (other)

[] Transposon-based repeats
[ Heterochromatin
[_] Other non-conserved

Figure 9-1 Human Molecular Genetics, 3/e. (© Garland Science 2004)

Mitochondrial DNA

Double stranded, circular

HSP1 and HPS2 " 0, e
hea e veavy Sir. . .
pes orginol « No introns, 80 - 93% coding gene
replication

(125 RRNA)

<t _ + 1000-10000 copies per cell

* No repeats

« Lack histone and DNA repair mechanism =

Light strand
promoter

damage, mutations (ROS)

« 37 gene: 22 tRNA, 2 rRNA & 13 protein

« Replication is independent from the cell cycle
*Half life~7-10 days

« Methylation?

NUCLEOID
A dynamic complex that consists of
several copies of mitochondrial DNA and
key maintenance proteins within the
organelle.




Mitochondrially encoded subunits of
respiratory chain enzymes

ENZYME Genes

I . MT-ND1, MT-ND2, MT-ND3,
NADH:ubiquinone oxidoreductase / MT-ND4, MT-NDAL, MT-

(complex I) ND5, MT-ND6

Ubiquinone:cytochrome c
oxidoreductase / (complex I11)

cytochrome c oxidase / (complex 1V) MT-CO1, MT-CO2, MT-CO3

MT-CYB

ATP synthase / (complex V) MT-ATP6, MT-ATP8

NAD"

NADH
MATRIX
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Morbidity map of mitochondrial DNA.

Deletions/insertions and mitochondrial
single-nucleotide variants
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Maternal mitochondrial inheritance

uclear
DNA

Mitochondrial
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Affected children

Unaffected
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An affected woman transmits the trait to all
her children. Affected men do not pass the
trait to any of their offspring.

Sperm mitochondria are shed before entry
of the sperm nucleus. All mitochondrial in

the zygote are contributed by the egg cell.

mtDNA not
sequenced —,

Biparental Inheritance of Mitochondrial DNA
in Humans

DN AN

Shiyu Luo™®, €. Alexander Valencia™’, Jinglan Zhang, Ni-Chung Lee?, Jesse Slone®, Baoheng Gui*®, Xinjian Wang?®,
Zhuo Li*?, Sarah Dell®, Jenice Brown®, Stella Maris Chen®, Yin-Hsiu Chien®, Wuh-Liang Hwu®, Pi-Chuan Fan®,

Lee-Jun WongF, Paldeep S. Atwal?, and Taosheng Huang®>*
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Although there has been considerable debate about whether
paternal mitochondrial DNA (mtDNA) transmission may coexist
with maternal transmission of mtDNA, it is generally believed that
mitochondria and mtDNA are exclusively maternally inherited in
humans. Here, we identified three unrelated multigeneration
families with a high level of mtDNA heteroplasmy (ranging from
‘ 24 to 76%) in a total of 17 individuals. Heteroplasmy of mtDNA
* was independently examined by high-depth whole mtDNA se-
quencing analysis in our research laboratory and in two Clinical
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Possible explanation of the biparental mtDNA inheritance

//m

11,035 trios analyzed

P\
¢ (\ _ nDNA

“Nuclear-mitochondria sequences” nuMT
g A S mDNA S >
N\ \ 7N | TrdV”

This is the reason for detection of heteroplasmy
FATAFATAFAMTS AFATATAFAFAT when sequencing
4"‘*’0—- No evidence of paternal transmission of mtDNA in
_;5'_ -?é humans
Concatenated miDNA 1‘_; 2'
FAFAFNAT l(]'- -—q’/ /NN

Sequence derived from mtDNA
NuMTs lemhcdded within nuclear genome

(ZNTRTNTN TN TNTN TNIN TR7S
nDNA-miDNA- mIDNA-mIDNA-

derived junction derived junction

Stewart&Chinnery, 2020, Nat.Gen

NATURE REVIEWS | GENETICS

Extreme heterogeneity of human
mitochondrial DNA from organelles
to populations

James B. Stewart®'- and Patrick F. Chinnery®>*=

Heteroplasmy - A mixture of wild-type and mutant mitochondrial DNA. The
proportion of mutant and wild-type molecules is often referred to as the

heteroplasmy percentage, heteroplasmy frequency or heteroplasmy burden

>80% => disease
~1in 8,000

Heteroplasmy present
~1in 25 — with no disease

Stewart&Chinnery, 2020, Nat.Gen




GENETIC BOTTLENECK

Oocyte maturation
and mtDNA amplification

Intermediate level
of mutation
{midly afflected
offspring)

Primordial germ
cell containing
mutant mONA

Low level of mutation
(unaffected offspring)
@D Mutant mitochondrion
B Normal mitochoncrion

O Nucleus
Mature oocytes

Stewart&Chinnery, 2020, Nat.Gen
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Cytochrome c oxidase deficiency in mitochondrial DNA-associated disease and
Tissue sections that are reacted for cytochrome ¢ oxidase (COX) with COX-positive cells shown in brown and
COX-deficient cells shown in blue.
a Skeletal muscle from a patient with a heteroplasmic mitochondrial tRNA point mutation. The section shows a
typical ‘mosaic’ pattern of COX activity
b Cardiac tissue (left ventricle) from a patient with a homoplasmic tRNA mutation that causes hypertrophic
cardiomyopathy, which demonstrates an absence of COX in most cells.
¢ A section of cerebellum from a patient with an mtDNA rearrangement that highlights the presence of COX-
deficient neurons.
d,e Tissues that show COX deficiency (d; extraocular muscles) and rapidly dividing cells (e; colonic crypt)




Mitochondrial DNA heteroplasmy levels change with age
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Some diseases associated with
mitochondrial mutations

Leigh syndrome (rare severe brain disease in infancy+heart problems)
LHON = Leber’s Hereditary Optic atrophy

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes (MELAS)

Neuropathy, ataxia, and retinitis pigmentosa (NARP)

Myoclonic Epilepsy with Ragged Red Fiber (MERRF)

Pearson syndrome




Clinical presentation of mitochondrial disease

encephalopathy

migraine

coordination disturbance

stroke like episodes [
epilepsy ¥

developmental delay
ataxia

p— M:m:lm . » More than three organ systems from the figure
retinal degeneration

optic atrophy are involved

epilepsia partialis continua ophthalmoplegia

» Maternal inheritance (family history)

dysautonomy

Grdlomyopathy * One or more highly suspicious symptoms

liver failure

» Two or more other symptoms are present

muscle weakness
exercise intolerance

peripheral neuropathy ==0|

Investigations in clinic

T Blood/CSF/Urine
: g;;éj“?d'q‘;‘j“nﬁ“;“;' 1. Elevated CSF and blood lactate (fasting > 3 mmol/L
e /lactic acidosis)
SeimundLinm Dibgncilica 2. Elevated lactate/pyruvate ratio
- €58 on nciaton] 3. Others (blood Creatine Kinase, myoglobinuria,
- opy blood/CSF alanine)
MR 4. Urine organic acid (ethylmalonic aciduria, tricarbon
excretion)
Nnr‘mal Multiple abnormalities
[‘ s ] Imaging
1. MRI/CT scan brain (abnormal signal or calcification in
No ves the basal ganglia; brain atrophy; bliateral striatal
necrosis, cerebellar hypoplasia; infarct

Consider other Mitochandrial 2. ECG - cardiac function
investigations or disease suspected . . . .
s 4 3. MRS - metabolic alteration in the basal ganglia

Testing might be needed multiple times and at different conditions (i.e., physical exercise)

10



Leigh syndrome

fathiorgy Usually, onset of the symptoms is 3-12 months.
Spasticity e L . )
dymoria o™ Progressive disease with poor prognosis.
ataxia PR
hyperventilation : A
dshiision Mutations in mtDNA, but can be also caused by
Siriiasie mutations in nuclear DNA too (75 genes can be
Z ophthalmoparesis involved)!
optic atrophy
b - Py retinitis pigmentosa . . : .
st yrerivice (R ’,r s Deterioration from months to years with episodes

in the caudate
nucleus, putamen
& globus pallidus
on T2 weighted
images

of rapid decline correlated with minor infections.

pallor

Most accurate diagnosis is by MRI.

a .
hypertrophic or
dilated cardiomyopathy

A

renal tubulopathy
vomitin

muscle weakness

hypertrichosis hypotonia

short stature

|

peripheral
neurapathy

3 0\—- cold acra
4510

Ophthalmoplegia

1988: First description of mitochondria DNA mutations, insertion-deletions
and base substitutions, causing disease.

Kearns-Sayre/Chronic progressive external ophthalmoplegia (Holt et al.,
Nature 1988;331:717).
Leber’s Heredity Optic Neuritis (Wallace et al., Science 1988;242:1427).




Leber's hereditary optic neuropathy

Most common syndrome

90% of LHON cases are caused by mutations:

11778G —»A ND4 subunits

3460G —»A ND1 subunit

14484T—C ND6 subunit (highest chance of recovery)

Onset is 15-30 years, men are five times more
affected than women.

Painless vision loss with blurring starts in one eye and
the other eye later.

Visual recovery is possible, but strongly genotype
dependent.

Diagnosis -ocular examination — retinal fibre layer

Q o oedema, tortuosity of central retinal vessels, swelling
CH,0 £, of retinal fibre layer around the disk.
Mutation detection tells chances for recovery
CHO (CH,),,OH Therapy — trials running with idebenon (ubiquinone
o] analogue)

Mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELAS)

Clinically and genetically heterogeneous phenotype.

macular dystrophy
ptosis

Elevated lactic acid levels in blood/CSF is present in
most patients.

deafness —Q) iy

Stroke-like episodes typically before 40 years
stroke. K& skiodes (pathology is unexplained yet).

mitochondrial encephalopathy

hypertrophic cardiomyopathy

3242A -G tRNAfor Leu
focal seoriental or Complex | subunits ND1, ND5, ND6

glomerulosclersis

diabetes mellitus

Overlapped symptoms with LHON and Leigh
syndrome.

myopathy

[ short stature

12



Neuropathy, ataxia, and retinitis pigmentosa (NARP)

Various degree of proximal weakness, ataxia (lack of
voluntary  coordination of muscle movements),
neuropathy and visual disturbances.

developmental delay
ementia

o ety ey s 8993T—>G/C mutation in subunit 6 of ATP-synthase
s BN (Complex V)

Bodle gpaseid sensorineural hearing loss

70-90%mutant (to G) load causes NARP syndrome.
arincconduion ASymMptomatic individuals described with 75% load.
i Mutational load of <70% can result in migraine headache.

No specific therapy.

Prenatal and preimplantation diagnostics is possible
fint (amniocytes and chondrionic villus has stable
bl heteroplasmy level. )

proximal neurogenic
muscle weakness

short stature

4 (8) Amniocentesis J
BARY {B) Chorlonic villus sampling

History

* 1963: Engle and Cunningham (Neurology 1963;13:919)

— Described ragged red fibers - clumps of diseased
mitochondria accumulate in the subsarcolemmal region
of the muscle fiber. They appear as "Ragged Red
Fibers" when muscle is stained with modified GOmOri
trichrome stain

13



myoclanic epilepsy
ataxia

dementia
pyramidal signs

lipomas

peripheral
neuropathy

short stature

Myoclonic Epilepsy with Ragged Red Fiber (MERRF)

Relatively uncommon with various clinical phenotype.

ophthalmoparesis

opticatrophy RRF in muscle biopsy

pigmentary retinopathy

sensorineural hearing loss 8344A—G tRNAfor Lys (80% of cases)

No treatment for MERRF except physical therapy and
cardiomyopathy treatment of seizures.

L9
n

i

) E\

myopathy

exercise intolerance

failure ta thrive
lactic acidemia

liver failure;

proximajtubulopathy

Pearson syndrome

Deletion in mtDNA — more abundant in blood than in other
tissues.

First months of life — anemia, vomiting failure to thrive,
excessive excretion of fat in the stool, liver failure and
photosensitivity. Lactic acid in blood is increased.

skin lesions
photosensitivity

Poor outcome. If survived, clinical picture changes to
neurological conditions.

Treatment is mostly symptomatic, blood transfusion, liver

ano R pokreatic enzymes supplementation, cardiac defibrillator
function . .

. implantation.

anemia
neutropenia
thrombocytopenia

&

Er-ad
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History: Disease

e 1963: Nass and Nass (J cell Biol 1963;19:593)
— Described mitochondrial DNA.

(1O H-O

good health |good health hearing loss
dementia

good heatth Arthur Saly hedrt problem migraines
headache hearing losa
hearing loes unsteadinees

muscle jumps alcohol use

Judy Michael
hearing loss \
1 selzure

Michael presented with muscle problems, epilepsy, lack of progress at
school, difficulty with vision and hearing.

Diagnosed as MERRF aged 12 after muscle biopsy. At postition 8344 he
has a change from A-G in most of the mitochondrial DNA from muscle
and lymphocytes.The other relatives have different proportions of the
same mutation, which is in the tRNA for lysine (MT-TK)

15



control

Diagnosis of deletions

deleted mitochondrial DNA

m Deletions of mitochondrial DNA in
muscle biopsies from individuals
with Kearns-Sayre syndrome. DNA
was digested with restrictase,

which cuts the mitochondrial

genome at one site, resulting in a
R 16.5-kb fragments that is detected
- on a gel. Each individual with the
syndrome has two populations of
mitochondrial DNA: one of normal
size and one of smaller size form

Zeiani M, Moraes CT DiMauro S et al.
Deletions of mitochondrial DNA in Kearns-

Sayre syndrome. Neurology 1988; 38: 1339-
1346)

Proc. Nail. Acad. Sci. USA
Vol. 81, gp. 3529-3533, June 1984
Medical Sciences

3P NMR study of improvement in oxidative phosphorylation by
vitamins K3 and C in a patient with a defect in electron
transport at complex III in skeletal muscle

(metabolic diseases/exercise physiology/lactic acidosis/hypoxia/genetic deficiency)

S. ELere*t, N. G. KENNAwAYF, N. R. M. BuistH, V. M. DARLEY-UsMARY, R. A. CapaLD1¥, W. J. Bank!/,
AND B. CHANCE?

Case Report. The patient is a 17-year-old girl with an 8-
year history of progressive muscle weakness associated with
a ragged-red fiber myopathy and lactic acidosis.

16



glucose
glycolysis ———————>|,
pyruvate
acetyl-CoA
> > '\
oxaloacetate "\
v
Krebs Cycle —> succinate fatty acids
/
malate P4

—_—

Rc&::‘(:lory —)NADH/_N—N) —>2 byga,bsgg 3Fc,—>c—>a .0y _)Oa
! ADP ATP Genetic Yo"
Deficiency ADP ATP
pyruvate Electron
glutamate |€«—— Transport —>
efc. Block
O

: H
HO ~3 o
10 mg menadione and \/\SI

1g VitC every 6 h

Response to Therapy

After treatment

Before treatment

|
ch::\t—— Rest—>

(o} 5 10 15 20
TIME (min)

Subjective Response to Therapy. In the year prior to NMR
testing, our patient’s tolerance to exercise was severely
compromised. She could walk only half a block or climb 5-
10 steps without resting, and she frequently used a wheel-
chair. Exercising on the ergometer was fatiguing and she felt
“tired.” Within 24 hr of starting redox therapy, there was a
marked contrast, the patient claiming to have “more ener-
gy.” Within 2 days she ceased using her wheelchair, walking
several blocks without stopping and no longer complaining
of fatigue. Over the next few months, this improvement has
been maintained; she can walk two blocks without tiring, can
climb 30-40 steps, and has not used her wheelchair at all.




Therapeutic interventions

Mitochondrial Biogenesis Nutritional Intervention
PGC-1ct overexpression Ketogenic and High fat diet
Bezafibrate Inhibition of mTOR (nutrient sensor)
AICAR

Endurance exercise
Nicotinamide ribose

Antioxidants

N-acetyl-cysteine
Catalase overexpression

Gene Therapy
Heteroplasmic shift

Gene replacement
Allotopic gene expression
Modulation of gene expression

Perlata et al, 2015_Mitochondrion

Clinical trials in mitochondrial disorders, an update

Mohammed Almannai®, Ayman W. El-Hattab", May Ali°, Claudia Soler-Alfonso®*,
Ferngido Seaglia™> Molecular Genetics and Metabolism

Agents to reduce oxidative stress

Ubiquinone — not significant

N [e! OH
Idebenon — one not significant,

active trials ~o

HO.
Resveratrol — completed no results yet O

EPI-743 — parabenzoquinone —

trials active or terminated

18



NH;

Elamipretide — tetrapeptide associates with cardiolipin
— active or terminated HQN\H/ \/VV\H/N ‘

N < NH,
OH

Sonlicromanol

Sonlicromanol — redox modulator

not significant, active . o,
g w
]

NAD+ precursors/modulators = niacin, nicotinamide riboside
Positive effects found, active — 4 trials

While the treatment of mitochondrial disorders still lags behind in comparison to the
advances in the diagnosis of these disorders, recent efforts in this field to provide a more
targeted approach are promising.

Therapy: mitochondrial donation

b Maternal spindle transfer € Pronuclear transfer
* LY ® @
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Craven et al., 2017, Ann.Rev Genom.Hum.Gen

19



Therapy: Pronuclear Transfer

1+1+0.00001 #3

Mitochondrial
Donor Zygote

Karyoplast Fusion

Fertilisation Pronuclear
(IVF) stage Enucleation

Any fertilised egg reaches a point where the nuclear DNA from both the sperm and the egg has
formed two pronuclei that are visible under a normal light microscope. The pronuclei containing
nuclear DNA from both parents can be taken from the fertilised egg and placed in a donated egg
which has had its pronuclei removed. The donated egg with its healthy mitochondria and replaced
nuclear DNA is then implanted in the mother as per standard IVF procedures (or mtDNA analysis).

Legislation — UK first

The Telegraph

Three parent baby law is 'irresponsible’ says
Church of England ahead of vote

MPswill vote to amend the Human Festilisationand Embryology Act 2008 to allow
three parent bables next week

ERn—

4]
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Legislation by country

MMT not regulated

T resited insutficiently
[ P ronvclear transfer prohibited. but other MMT regulated insufficionty

y Allologous MMT not allowed, but sutologous MMT regulated ifsufficiently

[ M prohibited

Ishiia&Hibino, 2018, Reprod. Med.Soc.

The role of mtDNA in human diseases

Pathogenic mutations
1

(Contribute to common)

[ Other

| and genetic factors

Stewart&Chinnery, 2020, Nat.Gen
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Hypoxia as a therapy for the Leigh
syndrom

Mouse model of the Leigh syndrom

Ce“ Mice with Mitochondrial Complex | Deficiency Cell Metabolism
PRESS Develop a Fatal Encephalomyopathy
Shane E. Kruse,' William C. Watt,' David J. Marcinek,? Raj P. Kapur,* Kenneth A. Schenkman,®
and Richard D. Palmiter'* 5
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Zhu et al., 2015, PNAS
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Prevention by hypoxia

>
w

60)
40)

Percentage Surviving

[l KO. Modest Hyperoxia (55% Oz)
[l KO. Normania (21% Oz)
B KO. Hypoxia (11% Oz)

Weight(g)

C KO (Normoxia)-50d KO (Hypoxia) - 50d

@ WT, Normaxia (21% Oz)

" Mte A& WT, Hypaxia (11% O2)
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Jain et al., 2016, Science

B Olfactory Bulb Brainstem

g

2

Lactate g

5

2

© o

F
© o

[}

o o
o

2
i
5

Ferrari et al., 2017, PNAS

Protective effect of hypoxia - Leigh

Complex 1 Activity (mOD/min)

Jain et al., 2016, Science

syndrom

No effect on compelx |
activity!
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Activation of HIF pathway?

VHL sgRNA
A Normoxia i

@éﬁ'—

B Hypoxia

Stabilization

i | Transcription of
HIF-responsive genes

A Phd 1 Ndufs4* Nes-Phd2” Ndufs4”* Phd3” Ndufs4* VhIFveh Ndufs4*
— Phd1+ Ndufs4* (n=10) == Nes-Phd2” Ndufs4* (n=5) = Phd3”Ndufs4*(n=10)  w= VAF*™ Ndufs4“(n = 8)
= Ndufs4* (n=5) = Ndufs4* (n=8) = Ndufs4* (n=3) = Ndufsd“(n=8)

1 1 1 1
b 08 08 08
o8 08 06 0

Fraction Surviving
=

o

Genetic Activation of the Hypoxia Response Is Insufficient to Prevent Leigh Disease

Jain et al.,, 2019. Cell.Met

Mechanism of hypoxia protection
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Jain et al., 2019. Cell.Met
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Alternative to hypoxia:
CO and anemia

E D 1 == KO Anemia (n = 12)
ﬁ100- W 21% 02 = KO (n=13)
2 600 ppm CO 208
g 754 3
9 506
T w
8 501 g
o % 04
o o
254 o2
o] p<0.001 - p<0.001
0 50 100 150 200 250 300 % .m0
Age(d)

Jain et al., 2019. Cell.Met

Mechanism of hypoxia protection -
ROS again!

HIF targets

SICK

The current study proposes that in the face of mitochondrial
dysfunction, unused oxygen can accumulate and this can be
directly toxic. Oxygen toxicity is traditionally associated with
the damaging effects of superoxide radicals or hydrogen

RESCUE peroxide. In principle, the generation of such reactive oxygen
/"j«ﬁ species should be higher in the brains of Ndufs4 KO mice, as
l‘-’:o.m /‘ both NADH and O, can contribute to the generation of toxic
£i3,/C0 Nz reactive oxygen species (Kussmaul and Hirst, 2006; Hirst et al.,
SICK \ RESCUE
TS
g8 §
Blaio

Jain et al., 2019. Cell.Met
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Autistic spectum disorder and
mitochondrial dysfunction

autism AND mitochondria[

Publed cov

Advanced Createalert Create RSS

< I

Save Email

EAR 261 results

1986

Send to

Sorted by: Most recent [=

User Guide

Display options ®

2020

Autistic spectum disorder

Autism spectrum disorder is a condition
related to brain development that impacts
how a person perceives and socializes with
social

The

disorder also includes limited and repetitive

others, causing problems in

interaction and communication.
patterns of behavior. The term "spectrum" in
autism spectrum disorder refers to the wide

range of symptoms and severity.

~2% children in the USA - purely behavioral
criteria which continue to evolve as the
Diagnostic Statistical Manual of Mental
Disorders is revised

No “lab analysis” — just observational !

AUTISM EARLY SIGNS IN INFANTS

Il

Unusual visual

fixations

Unusually stong
and persistent exam-
ination of objects

(8

Delayed

intentional

communication
Neutral facial tones and
decreased efforts fo gesture
and gain parent attention

Abnormal
repetitive
behaviors
Spending unusvally long
periods of fime repeating
an action, such as
looking at their hands
or rolling an object

) Lack of age-
appropriate
sound
development

Delayed development of
vowel sounds, such as
“ma ma, da da, ta ta”

Decreased
interest in
interaction

Greater interest in objects
than people and difficult 1o
sushain face-to-foce interactions
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ARE YOU AUTISM AWARL?

Autistic spectum disorder

Ed
ADOS-2

Autism Diagnostic Observation Schedule

LLATRELRLELCRY

J

I

5 CDC Prevalence
per ADDM*
1:10,000
1970 1995 1999 2000 2002 2004 2006 2008 2010 2012 2014 2016
Surveilance Year &
¥XTACA
*ADDM (Autism and Development Disabilites Monitoring Network) '\

THE AUTISM COMMUNITY in ACTION
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The real cause of increasing autism prevalence?

25000+ ) - 300000
A Autism 5
200004 ™ Organic Food Sales %
v - 200000 E
ﬂ § 15000+ %
B =
9 £ 100004 E
@ 100000 @
50004 r=0.9971 (p<0.0001) g
c« L) Ll “l \l '; L) L] v L) ‘U L o
R S P i

Year

Sources: Organic Trade Association, 2011 Organc Industry Survey; U.S. Department of Educaton, Office of Special
Education Programs, Data Analysis System (DANS), OMB# 1820-0043: “Chidren with Disabilities Receiving Special
Education Under Par B of the Individuals

with Disabilities Education Act

Autistic spectum disorder

Child's sex

Family history

Other disorders
Extremely preterm babies
Parents' ages

No link between vaccines and autism spectrum disorder

While there is no prevention therapy or cure for autism spectrum disorder,
intensive, early treatment can make a big difference

28



Autistic spectum disorder

Impaired long range-structural and functional connectivity
Occurs in early development

Impaired synaptic pruning and autophagy => more connections
and more cells

Brain development is extremely sensitive

Synaptic Proliferation Synaptic Pruning

Newborn 3 months 6 months 2years 4 years 6 years

Autistic spectum disorder

Impaired long range-structural and functional connectivity
Occurs in early development

Impaired synaptic pruning and autophagy => more connections
and more cells

Brain development is extremely sensitive

Neurons (nerve cells)

from a NEUROTYPICAL

child showing synapses
and dendrites (receptors

and transmitters of sensory .

signals) that have been

pruned by the body to .

regulate excessive
growth.

AUTOPHAGY and
is normal.

Neurons (nerve cells)
from an AUTISTIC child  ~
showing synapses and
dendrites (receptors

and transmitters of
sensory signals) that

have NOT been pruned

by the body to

regulate excessive
growth.

Brain DENSITY and SIZE
is typically greater in children
with AUTISM.
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Neurodegeneration can be detected

Tuberous Sclerosis
Normal Complex

No abnormalities in the brain in ASD

NORMAL
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Sometimes neurodegeneration can be
detected with age

Autistic spectum disorder and
mitochondrial dysfunction

Brain weight = ~1.4 kilograms= 2% of total body weight, but it
demands 20% of energy (resting metabolic rate)

Brain development is extremely sensitive to energy
level/demand/supply => mitochondria should be involved somehow

Autism and Lactic Acidosis

Mary Coleman! John P. Blass
Georgetown University School of Medicine Cornell University Medical College

Journal of Autism and Developmental Disorders, Vol. 15, No. I, 1985

Table 1
Age at time Serum lactic acid Serum pyruvic acid
Patient Sex of work-up (5-20 mg/dl) ref. range (.3-.9 mg/dl) rel. range
A F 3 10, 18, 27, 33 1.9, 1.1, 1.1, 1.8
B M 6 27.5,29 8,15
C M 8 23,27 1.14, 1.2
D M 17 30, 37 .96, 2.6

4 out of 80 patients with autism had higher lactate
It was linked to PHD complex altered metabolism
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Autistic spectum disorder and
mitochondrial dysfunction

Glucose
1
1
Pyruvate
i
¥
Acetyl-CoA
Citrate
(Oxaloacetate Isocitrate
AD*
NADH
Mim(_:hondrial Malate TCA o-KG Inner
matrix cycle NAD* mitochondrial
ADP - membrane
" Fumarate NADH— ;
H Succinyl-CoA
02 w0
2 FADH, ") Succinate/

Percentage of cases

388

601

40

10
04

Autistic spectum disorder and
mitochondrial dysfunction

Table III: Number of children surveyed, referred by teach selected for observed, and diagnosed with ASD, and
prevalence estimates per 10000 children for school-year 1999 to 2000 by school type in mainland Portugal and the Azores

Public Private Special
elementary schools elementary schools education schools
Mainland
Children surveyed, n 51109 7290 1079
Children referred, n 128 4 94
Children selected, 1 (% referred) 107 (83.6) 4 (100y 87 (92.6)
Children observed, n (% selected) 96 (89.7) 2(50) 84 (96.6)
Children identified with ASD, i1 (% observed) 40(41.7) 1(50) 66 (78.6)
Prevalence of ASD per 10 000 (95% CIy 7.8(5.4-10.3) L4 (1.3-4.1) 611.2 (468.2-754.0)
Azores
Children surveyed, n 7686 631 0
Children referred, n 24 1 0
Children selected, 1 (% referred) 23(95.8) 1(100) 0
Children observed, i (% selected) 22(95.6) 1(100) 0
Children identified with ASD, 5 (% observed) 12(54.5) 1(100) o
Prevalence of ASD per 10 000 (95% CI) 15.6 (6.8-24.4) 15.8 (15.0-46.0) )
80
~20% - increased lactate
Only 5 patients = diagnosed with Mt disorders
5 4 3 3 3 1 1
-
= 8 ¥ 282 3¢ 2 =5 BH
§ ¢ 3% 8g 2z 3f §E 5%
T 6 8¢ @22 § 58
=] =8 25 22 L2 03 g2 835
k=] [= a 2
T ] g g3 Es S € g g
g gs
& Oliveira et al., 2007, Dev.Med.Child.Neurol
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Autistic spectum disorder and mitochondrial dysfunction

Autism and Intellectual Disability Associated with

Mitochondrial Disease and Hyperlactacidemia International Jounal of

Molecular Sciences

José Guevara-Campos ', Lucia Gonzilez-Guevara ? and Omar Cauli >*

Enzyme Activity or Metabolite

Patient 1 Patient 2 Patient3  Control Values
Concentration
NADH: Cit C oxidoreductase
1 1 107-
(Complex I + III) (mU/U CS) 56 310 25 07-560
Succinate: Cit C oxidoreductase
(Complex 11+ I1I) (mU/U CS) 2 1t 3 75149
i DCPIP oxidor
(Complex IT) (mU/U CS) 2 48 z 33-69
Succinate Dehydrogenase (mU/U CS) 74 119 79 57-239
Decylubiquinone: Cytochrome C
oxidoreductase (Complex IIT) 498 597 615 610-1760
(mU/U CS)
Cytochrome C oxidase (Complex 1V) 287 st 301 $90-1300
(mU/U CS) == = =
Coenzyme Q10 (nmol/U CS) 2.3 2.6 29 2.6-84
Citrate Synthase ( 2) 243.7 125.7 350 71-200
Fasting Lactate (mM) 2.96 2.64 4.56 <2.30
Postprandial Lactate (mM) 3.84 2.82 5.15 <3
Fasting lactate/pyruvate ratio 29.6 47.7 14.2 10-15
Postprandial lactate/pyruvate ratio 25. 42.2 24.5 10-15

Autistic spectum disorder and mitochondrial dysfunction

Mitochondrial enzyme dysfunction Michael J Goldenthal",

Shirish Damle', Sudip Sheth’,

in autism spectrum disorders; a novel  Nidhishah! Joseph Melvint,

Reena Jethva?, Huntley

biomarker revealed from buccal swab e e Mo e rkers

analysis in Medicine

s

o =

T o 92 children with ASD and 68 controls were

2 0

s

= tHo-

8 100 : “-” Significant RC activity deficiencies were found in 39 (42%) ASD -

E : ] i "+ Aberrant RC overactivity was seen in 9 children (!!1).

é - 4 RC-I/RC-IV activity ratio was increased in 64% of the ASD cohort
&0

§ 4 ot

- - B

Q.

£ = ~|> i

3 = & Is it a loss of function or a gain of function?
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Autistic spectum disorder and mitochondrial dysfunction

ournai ol

Brain region-specific deficit in mitochondrial electron transport
chain complexes in children with autism

Am(mm Feng Gu, Musthafa M. Essa, Jerzy Wegicl, Kulbir Kaur, William Ted Brown and
Vod €

Conmatebars vadati 41 Seivare ScancaDrct
Neurobiology of Disease

e S——— JouRNAL OF
St JN\ B umon
SHORT REPORT Open Access

Mitochondrial DNA and anti-mitochondrial

antibodies in serum of autistic children

Bodi Zhung'*, Asimenia An,u.si».. *, Korsnsines Diomysion Aandiaros”, Magdalie Vasisd' .
hoxd

Korsuantings Frangs’ Adharasos Thechures’ Kok S, Letes Lybaneas’,
Dienitros Kalxgesoens _m- Thecharides’

Journal of Child Neurology
hittp://ien sagepub.com/

Mitochondrial abnormalities in temporal lobe of autistic brain

Guomel Tang *, Puri Gusierrez Rios *, Sheng-Han Kuo *, Hasan Orhan Alkman *, Gorazd Rosoklija *,

Kurenai Tanji . Andrew Dwork ™, Eric A Schon **, Salvatore DiMauro *, James Goldman ©, David Sulzer *%%'

e B ety rade e # pLos one
Mitochondrial Disease in Autism Spectrum Disorder
Patients: A Cohort Analysis

Jacqueline R Weissman', Richard L Kelley’, Margaret L Bauman’, Bruce M. Cohen’, Katherine F.
Murray’, Rebecca L. Mitchell”, Rebecca L. Kern’, Marvin R Natowicr' %%+

MITOCHONDRIAL DNA ABNORMALITIES AND AUTISTIC
SPECTRUM DISORDERS

Roxsn Pore, MD, AMION L. AMORU, MD), NEOUFTTA CHECaiLL, MD, Mara R ViA, PHD,

KRSTH ENGILSTAD, BS, CARCLYN M. SUf, MDD, Do Ssumicy, PHD, Response in Granulocytes
RTA HaGG#HTY, PO, Dk, C. D5 Vv0, MD, AND SALVATORS DIMAL#0, MD From Children With
s R Journal of Child Neurology Autism
hep on sagepus com/ Cleonora Napoli, PRO", Sarah Wong, BS*,

i ind i in a Child With Autism
Jon 5. Poling, Richard E. Frye, John Shofiner and Andrew W. Zimmerman
J Chid 2006 21: 170
DOI: 10.1177/08830738060210021401

[ r——— BBA
E Biochimica et Biophysica Acta =

e gy mma s em A v

Mitochondrial and ion channel gene alterations in autism

Moyta Smich *, Parmela L Fodman °.John § Gargas *, Mariella T. Simon *, Kimberiey Verred . Richard Ha*
Gail E. Reiner *. Robet Naviau ”, Kitherine Osann *. M. Anne Spence *, Douglas C. Wallace

Deficits in Bioenergetics

P E D ] AT R l C S and Impaired Immune

Bricl Report: High Imumc) of Biochemical Markers for
n Autism: No with the
Mitochondrial \w-rnllnfhluhmlln Carrier SLC25A12 Gene

Catnrins Cnsres - At M. Codinn - Lo D - Mmrls Grnibns
Carta Margurs  Trevsa Migaed: Ao Aaide * b A L Borgrs
Cotaing Drien - iabommer Dby - e M. Viewwte

"Criang Yorg Teas
o L B

utism Associated With the Mitocnonarial ONA G8383A Transfer RNALVI Mutation
wmn&u&ummncm&mm.mxm . David Markusic, Bruce A. Barshop,

leva Mertz-Picciotto, MD, PRD™, and
Cecilia Clulivi, PhO*¢

ric Courchesne and Richard H.

Autistic spectum disorder and mitochondrial dysfunction

Mitochondrial Dysfunction in Autism

Conclusion: 80% of ASD children have mitochondrial dysfunction — however sample size was 10 children !!!

Table 2. Mitochondrial Activities in Lymphocytes®

Mean (SD)°
[ Oxidase ' Pyruvate
r 1 i Affected Dehydrogenase
NADH Succinate €y I h Compl plex Activity
(n=10) (n=10)° (n=10) (n=10) (n=10)¢ (n = 8), mean (SD)®
Autism, patient No.
1 26(0.3° 26(03° 5.6(0.4) 79 [ 22003
2 5.5 (0.6)° 6.4(08) 85(0.0 718 1 0.7 0.1)°
3 3003* 28(0.3° 11.8(0.9) 45(5)° LV 09(0.1)°
4 48 (05)° 8(1) 9.2(0.7) 2@2)° LV NA
5 6.00.6° 38(05*° 29(0.2° 22(2)° A 0.37 0.05°
6 09(©.1)° 2.1{03° 0.34 (0.09)° 407 (45)" N 08(0.1)°
7 52(05)° 22(03°* 13(1) 35@4)°® LV NA
8 73(0.7) 10(1)! 83(0.7) 97 (10) None 05(0.1)¢
g 8609 10(1)f 30 264 (30)! None 06(0.1)°
10 05(0.1)° 1.2 (0.1)* 0.8(0.1)° 68 (9) ILmn 1.8(0.2)
Patients with low activity, No. (%) 8(80) 6(60) 3(30) 440 880 85
/ \ Mean Activities (95% CI)
Autistic 44 2.860° 5(3-7) 9(3-15) 111 (33-189) m
Control (n = 10) 12 (8-16) 7(5-9) 9(5-13) 147 (102-192) \ 23p729 )
Reference 99% CI' G 4498 33-14.9 68-225 1432

Plus mtDNA overreplication in ASD vs control!
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Mitochondrial Dysfunction as a Neurobiological Subtype
of Autism Spectrum Disorder JAMA Psychiatry

Formerly Archives of General Psychiatry
Suzanne Goh, MD; Zhengchao Dong, PhD; Yudong Zhang, PhD; Salvatore DiMauro, MD; Bradley S. Peterson, MD

Example of spectra from a participant with
lactate-positive autism spectrum disorder

Autistic spectum disorder and
mitochondrial dysfunction

Lactate distribution in participants with ASD ;’;’(zi‘;’:;e pg’i;’ ”rséspo‘;os';””:;gzla;i:sgrfyaggﬁztsssi\fg
0, H 3 3
13% of ASD had hlgher level behaviour, communication, maternal bondng,

language expression and decision making
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No agreement in the field, but:

1. Mitochondrial dysfunction appears to be present in majority of
children with autism

2. Mitochondrial dysfunction may be a final common pathway

3. Mitochondrial dysfunction may be treatable

R.E. Frye and D.A. Rossignol / Mitochondrial dysfunction treatments in ASD

Table 2

Recommend doses of vitamin supplements

Vitamin

Dose

Electron Transport Chain Support
Co-enzyme Q10: Ubiquinol
Co-enzyme Q10: Ubiquinone
Energy Storage and Transportation
Creatine monohydrate

Fatty Acid Oxidation Support
L-carnitine

Acetyl-L-camnitine

Biotin (B7)

B-Vitamins

Thiamine (B1)

Riboflavin (B2)

Niacin (B3)

Pyridoxine (B6)

Antioxidants
Acetyl-L-camnitine

Vitamin E

Vitamin C

alpha-lipoic acid

Oxidative Stress Support
Methylcobalamin (B12)
Folinic Acid / leucovorin (B9)
5-methytetrahydrofolate (B9)
N-acetyl-L-cysteine (NAC)

5=30 mg/kg/day divided in 2 doses per day
10-30 mg/kg/day divided in 2 doses per day

0.1 g/kg/day divided in 1-2 doses per day

30-100 mg/kg/day divided in 2-3 doses per day

250~1000 mg/day divided in 2 doses per day
5=10 mg/day given once per day

50=100 mg/day given once per day
100-400 mg/day given once per day
50=100 mg/day given once per day
200 mg/day given once per day

250-1000 mg/day divided in 2 doses per day
200-400 IU/day given once per day
100-500 mg/day given once per day

50-200 mg/day given once per day

5=1000 mcg/day given once per day
400-800 ug/day given once per day
400-800 ug/day given once per day
10=70 mg/kg/day divided in 1=3 doses
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Johns Hopkins University
Treatment protocol for autism with mitochondrial
dysfunction

MITOCHONDRIAL
SUPPLEMENTS

* L-Carnitine 50 mg/kg/d
* Coenzyme Q10 10 mg/kg/d
+  Vitamin C 30 mg/kg/d

* Vitamin E 25 |U/kg/d
10 mg/kg/d

Many-many combinations and vitamins

Mt-DNA disease — 1:5000

ASD - 1in 50 Huge market for food supplements

Prof. Cecilia Giulivi (UC Davis):
None of the haplotypes are uniformly associated with autism, so mitochondrial
DNA variants must work in combination with other mutations or environmental

factors,

Prof. Michael Renemus (Cold Spring Harbor):
The real question is the magnitude of the contribution to autism risk from
mitochondrial DNA mutations. There’s no solid answer here.
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Neurodegeneration

* Brain weight = ~1.4 kilograms= 2% of total body
weight, but it demands 20% of energy (resting
metabolic rate (RMR)

Normal ’arkinson's Disease

Rigidity and
iremE;no?heod

us

Forward filt {us
of trunk
m

swinging Rigidity and
trembling of

exiremities

10 million people worldwide are living with PD
60 000 per year in the USA
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Parkinson’s disease

> Non-Parkinson's

red nucieus

‘reticular formation
carebral aqueduct Substantia Nigra

i \

>~
Substantia
| nigra

Nerve cells in substantia
nigra dig
Healthy substantia nigra
makes enough dopamine Not enough
(veliow glow) dopamine made

Parkinson’s disease and mitochondrial Complex |

"Peter's good as dead anyway," Molly said. "In another twelve
hours, he'll start to freeze up. Won't be able to move, his eyes
is all."

"Why?" Case turned to her.

"l poisoned his shit for him," she said. "Condition's like Parkinson's
disease, sort of."”

3Jane nodded. "Yes. We ran the usual medical scan, before he was
admitted." She touched the ball in a certain way and it sprang away from
Molly's hands. "Selective destruction of the cells of the substantia
nigra. Signs of the formation of a Lewy body. He sweats a great deal, in his
sleep."

"Ali," Molly said, ten blades glittering, exposed for an instant. She
tugged the blanket away from her legs, revealing the inflated cast.
"lt's the meperidine. | had Ali make me up a custom batch. Speeded up
the reaction times with higher temperatures. N-methyl-4-phenyl-1236," she
sang, like a child reciting the steps of a sidewalk game, “tetra-hydro-pyridene."

"A hotshot," Case said.

"Yeah," Molly said, "a real slow hotshot."

"That's appalling,” 3Jane said, and giggled.

WILLIAM GIBSON

NEUROMANCER

(I'Eh
¢Hs L
N. ]
@ A
MPPP
MPTP
of N-methyl-4-phenyl-12.3.6-tetrahydropyridine

) and 1-methyl-4-phenyl-4-propionoxy-piperidine (MPPP)
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After decades of research, a single cause for Parkinson's disease has
not been found and is unlikely to emerge.

Dopamine

Dopamine

O-glycosylation
e ) S
a-synuciein @-Sp22 \
Parkin
Dopamine Hicas UCHL1  Ubiquitin UBCH7 or UBCHB
‘oxidation ,
Mutations

\ _Endoplasmic
W reticulum
STDON. 7
N ) IPAELR
y N \\) 00 QO
E / f Other parkin |
8 [T Y () G0 ) e
a-synuclein sl X X
X A (=) reticulum stress OO0 &
x D1 PINK1 i
Misfolded & | L
w-synuciein ’, k. Accumulation
A a; \ of PAELR
o SN
\ QLIRS Ubiquitin-
e proteasome
system

Oxidative

Bi0Es == Mitochondria

Mitochondrial
dystunction
o o
Toxic Neuronal | L
o o g & g death ! Q o > q
Lewy bodies Parkin substrate

degradation products

Parkinson’s disease and mitochondrial Complex |
inhibition in MPTP poisoning

-0 wee

Blood H3CO

— H > @) ﬁ
itochondria
o/ A

Complex |

Glial cell

Animal models of Parkinson’s disease based on complex | inhibition
are very common
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Early Parkinson’s diagnostics
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Early Parkinson’s diagnostics

Hip: Flexion-Extention Pelvis -
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Walking patterns of the lower limb joints in the sagittal plane in a typical PD subject

Pistacchhi et al., 2020, Func.Neurol
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Early Parkinson’s diagnostics

Table II. Spatial parameters of PD patients and control subjects.

Rightlimb  Right imb  p Confidence Left limb Left limb p Confidence
patients Control interval patients Control interval
subjects subjects
Step lenght (m) 048+0.13 0619004 00001" From-0.17010-0089 049:013 074:019 00001" From-3.31910-0.189
Velogity (m/s) 084+028 133:+006 00001" From-057510-0402 083+028 133+006 0.0001" From-0.57310-0.402

Swing velocity (m's) 217 +063 329:137 0.0001° From-157310-0.668 213061 3.27:0.184 0.0001" From -1.330 10 -0.946
Stride lenght (m) 098+027 140:074 00007° From-065610-0.183 0.95:028 140:062 0.0001" From -0.687 to -0.212
Step width (m) 010010 140:007 00001 From-1333t0-1-262 0.11£0.09 140:06 0.0001° From-1.332t0-1.267
Average velocity (n/s) 0.082+029 0.11:£026 063 From 0.144 10 0.088 0082£029 0.12:001 038 From -0.124 to -0.048

Values are expressed as mean = standard deviation (median); results of t-test are indicated ("p<0.05)

Table Ill. Temporal parameters of PD patients and control subjects.

Right limb Rightlimb  p Confidence Left limb Left limb p Confidence
patients Control interval patients Control interval
‘subjects subjects

Stance phase (%) 6057 +897 506112 0.523 From -2.08 1 3978 6124399 593:18 001° From -0:292 1o -0.039
Swing phase (%) 37.9£349 404112 0.0001° From-360610-1.394 38.7399 40718 00001 From -7.746 to -7.373
Stance duration (s} 0.74 +0.14 134111 0.0001° From-129910-1232 0742016 83106 0003 From -3.34 to -0.688
Swing duration(s) 0.44 :0.04 0631021 0.0001° From-0.25410 -0.125 0462005 0.626£0.42 0004"  From 0.628 fo 3.251
‘Stride duration(s) 1.19£0.18 0426016  0.0001" From 0.657 o 0.802 1192019 0429:0.23 0.0001*  From 0.657 1o 0.802

Cadence (stepimin) [Hz] 10241317 11384 £430 00001° From-155510-7.24 10241317 11384 £430 00001" From-155510-7.24

Values are expressed as mean + standard deviation (median); results of t-test are indicated ('p<0.05)

Pistacchhi et al., 2020, Func.Neurol

Molecular remedy of complex | defects

| I ]| v V
NADH, | succinate

Mammalian =

hd
H+

NDI1

NADH Succinate

Yeast |

Yagi et al., 2006, Biochim.Biophys.Acta
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Molecular remedy of complex | defects — Ndi1!

NADH + H* UQ <> NAD* + UQH,

Ndi1 ' 1 subunit, 57 kDa, FAD
Alternative NADH dehydrogenase
Type 2 NADh dehydrogenase Homologue to human AIFM2

lwata et al., 2012, PNAS

Molecular remedy of complex | defects

[Above] Ndi1 expressed in the
mouse skeletal muscle

nuclei

[Right] Ndi1 expressed in the
substantia nigra of rat brain.
Confocal images after immuno-
staining with antibody to Ndi1
(green), F1-ATPase (red) and
nuclei (blue). Itis clearly seen
that Ndi1 is localized to
mitochondria.

F1-ATPase |, overlap

Yagi et al., 2006, Biochim.Biophys.Acta
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Prevention of apoptosis of cells treated with rotenone by Ndi1 expression

B €10
* %
> a control
S b Ndit
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Marella et al., 2010, PLOS One

Unilateral expression of NDi1 (right hemisphere)
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S 40 ]
b 8
£ 20 g %
§ 5
Z o Z o
‘control control_NDI1 control control_NDI1
rotenone rolenone

Unilateral injection of recombinant adeno-associated virus carrying the NDI1 gene into the vicinity of
the substantia nigra resulted in expression of the Ndi1 protein in the entire substantia nigra of that side
and prevented rotenone-induced cell death ad oxidative damage

Marella et al., 2008, PLOS One
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Behavioral tests of rotenone-exposed rats.
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