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Mitochondrial encephalomyopathies—

Fifty years on

The Robert Wartenberg Lecture

(N

This lecture honors the memory of Robert Wartenberg,
who was born in Lithuania, trained in Germany, and in
1935 moved to the United States, where he started his
second career as a scholar and teacher at the University
of California, San Francisco.!

Fifty years after the description of the first bona
fide mitochondrial disease? and 25 years after the
report of the first pathogenic mutations in mitochon-
drial DNA (mtDNA),>* it seems appropriate to take
stock of the extraordinary, and ongoing, progress in
mitochondrial neurology.

To start at the beginning, we have to go back about
2 billion years, when primordial eukaryotic cells were
invaded by proteobacteria that had adapted to an
increasingly oxygen-rich atmosphere and were on their
way to becoming the permanent endosymbionts that
we call mitochondria.” The bacteria brought into the
host cells their DNA, which explains why all eukary-
otic cells have 2 types of DNA, their original nuclear
DNA (nDNA) plus mtDNA, which is a relic—but not
a fossil—of the bacterial symbionts.

Although mitochondria have innumerable func-
tions subserved by about 1,700 nDNA-encoded pro-
teins, arguably the most important role of
mitochondria is the provision of energy in the form
of adenosine triphosphate (ATP). Figure 1 is a vastly
oversimplified scheme of mitochondrial metabolism
showing the points of entry of metabolic fuels (car-
bohydrates through pyruvate transport, fatty acids
through the carnitine-acylcarnitine shuttle). The
intramitochondrial oxidation of pyruvate by the pyru-
vate dehydrogenase complex and of fatty acyl-CoAs
by the B-oxidation spirals results in a common com-
pound, acetyl-CoA, which is then further oxidized in
the Krebs cycle. Electrons derived from dehydro-
genases in the Krebs cycle and in the B-oxidation
pathway flow down the electron carrier chain, com-
posed of 4 protein complexes (I to IV) and 2 small
carriers (coenzyme Qo [CoQ1o] and cytochrome ¢).
Concomitant with this horizontal flow of electrons,
there is a vertical flow of protons from the mitochon-
drial matrix through the inner mitochondrial mem-
brane (IMM) into the intermembrane space. This
creates an electrochemical proton gradient that is used

to drive complex V (ATP synthase), a magnificent
rotary motor that uses the reverse flow of protons to
convert ADP to ATP. I have highlighted in red the
electron transport chain and the ATP synthase
(together known as respiratory chain) for 2 main rea-
sons: 1) this is the “business end” of mitochondrial
metabolism, where ATP is generated; and 2) this is
the only metabolic pathway in the cell that depends
not only on nDNA but also on mtDNA.

The interdependence of the respiratory chain and
mtDNA is shown in figure 2, where the 13 protein-
coding genes of mtDNA are color-coordinated with
their products, which are all subunits of the respira-
tory chain, 7 in complex I, 1 in complex III, 3 in
complex IV, and 2 in complex V. Notably, however,
most proteins of the respiratory chain, including all 4
subunits of complex 1I, are encoded by nDNA.

The mtDNA, also shown in figure 3, is a very small
molecule (16,569 base pairs, a seemingly piddling
amount when compared with the 3 billion base pairs
of nDNA). Besides the 13 protein-coding genes,
mtDNA has 2 ribosomal RNA (rRNA) genes and 22
transfer RNA (tRNA) genes that are interspersed
among the rRNA and the protein-coding genes. Nota-
bly, there are no introns in mtDNA. Within the space
of 25 years, the small mtDNA has become crowded
with pathogenic point mutations (261 at last count,
figure 3), to which one must add hundreds of large-
scale deletions. Some point mutations affect protein-
coding genes but even more affect protein synthesis as a
whole. The boxes indicate the clinical pictures corre-
sponding to mutations in different genes, often denoted
by syndromic acronyms, including mitochondrial en-
cephalomyopathy, lactic acidosis, and strokelike epi-
sodes (MELAS), myoclonus epilepsy and ragged-red
fibers (MERREF), neuropathy, ataxia, retinitis pigmen-
tosa (NARP), maternally inherited Leigh syndrome
(MILS), Leber hereditary optic neuropathy (LHON),
or familial bilateral striatal necrosis.

The abundance of mtDNA-related disorders has
called attention to mitochondrial genetics, which dif-
fers from mendelian genetics in 4 major ways. First,
inheritance of mtDNA point mutations (single
deletions are usually sporadic events) is maternal: at
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[ Figure 1 Schematic view of mitochondrial metabolism ]
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The spirals represent the cyclic reactions of the B-oxidation pathway resulting in the formation of acetyl-coenzyme A (CoA)
and the reduction of flavoprotein. ADP = adenosine diphosphate; ATP = adenosine triphosphate; ANT = adenine nucleotide
translocase; CACT = carnitine-acylcarnitine translocase; CoQ = coenzyme Q; CPT = carnitine palmitoyltransferase; DIC =
dicarboxylate carrier; ETF = electron-transfer flavoprotein; ETF-DH = electron-transfer flavoprotein dehydrogenase;
FAD = flavin adenine-dinucleotide; FADH = reduced flavin adenine-dinucleotide; NADH = reduced nicotinamide adenine
dinucleotide; PDHC = pyruvate dehydrogenase complex; TCA = tricarboxylic acid; | = complex [; Il = complex II; Il =
complex Ill; IV = complex 1V; V = complex V. (Modified with permission from DiMauro and Schon, New England Journal

of Medicine 2003;348:2656-2668.)

fertilization, all mitochondria—and all mtDNA—
derive from the oocyte. Therefore, a pathogenic
mtDNA mutation is transmitted from the mother
to all her children, boys and gitls, but only women
will pass it on to their progeny. Second, mitochon-
drial genetics is population genetics because there are
thousands of copies of mtDNA instead of the 2 alleles
of each nuclear autosome. In most mtDNA-related
diseases, mutated and wild-type mitochondrial ge-
nomes coexist, a situation known as heteroplasmy.
Third, a logical corollary of heteroplasmy is that a
critical number of mutated mtDNAs is needed for
the respiratory chain to suffer and for the disease to
manifest (threshold effect). This pathogenic threshold
varies in different tissues according to their depen-
dence on oxidative metabolism, explaining why brain
and skeletal muscle are so often affected (“mitochon-
drial encephalomyopathies”), and why these disorders
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are of special interest to neurologists. The fourth con-
cept, mitotic segregation, refers to the fact that the
number of mutated mtDNAs (the mutation load) can
change in some tissues from one generation of cell to
the next: thus both genotype and clinical phenotype
of mtDNA-related disorders may vary with time.®”

At this point, a genetic classification can be proposed
(table 1), which divides the mitochondrial diseases into
2 major groups: 1) disorders due to mutadons in
mtDNA (these are usually inherited maternally but
can also be sporadic); and 2) disorders due to mutations
in nDNA, inherited as mendelian traits.

Mutations in mtDNA include single large-scale
deletions (i.e., one patient harbors only one type of
rearrangement) and point mutations. Table 2 is a
compilation of the clinical features that accompany
6 mtDNA-related disorders: 2 (Kearns-Sayre syn-
drome [KSS] and Pearson syndrome) associated with



[ Figure 2 The respiratory chain (top) and the mitochondrial DNA (bottom) ]
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Genes and corresponding gene products are similarly color-coded. ND denotes the subunits of NADH-coenzyme Q oxidoreduc-
tase (complex I); cyt b = cytochrome b; subunits of cytochrome c oxidase are labeled CO in the mtDNA scheme and COX in the
respiratory chain rendition; A6 and A8 indicate subunits 6 and 8 of ATP synthase. The 22 tRNA genes are denoted by one-letter
amino acid nomenclature; 12S and 16S denote ribosomal RNAs (rRNAs). Oy and O are the origin of heavy- and light-strand
replication; HSP and LSP are the promoters of heavy- and light-strand transcription. ADP = adenosine diphosphate; ATP =
adenosine triphosphate; IMM = inner mitochondrial membrane; IMS = intermembrane space; MAT = mitochondrial matrix.

single deletions; 2 (MELAS and MERRF) associated
with point mutations in different tRNAs; and 2
(NARP and MILS) associated with one and the same
mutation in a protein-coding gene, A7Pase 6. Two
points emerge from this table. The first is that—as
mitochondria and mtDNA are ubiquitous—every tis-
sue in the body can be affected, explaining the frequent
multisystemic nature of mtDNA-related diseases. The
second point is that—despite the morass of clinical
presentations—some mtDNA mutations result in
well-defined and clinically recognizable syndromes,
such as the ones highlighted in the table.

It would be tedious to review all mtDNA-related dis-
eases and I have chosen MELAS as one example because
it is relatively common and typically very severe. MELAS
is most often due to a mutation (m. 3243A > G) in
tRNAM VR and is characterized by early-onset strokes
that do not conform to the distribution of major brain
vessels and commonly affect the occipital or parietal lobe,
resulting in hemianopia, hemiparesis, or cortical blind-
ness. The strokes are often preceded by seizures or

migraine and are typically transient but recurrent, such
that their cumulative effects are devastating and life is
foreshortened. The lactic acidosis is well documented by
"H magnetic resonance spectroscopy of the brain, show-
ing prominent lactate peaks both in the ventricles (CSF)
and in the parenchyma.

I will return to MELAS in discussing other aspects
of mtDNA-related disorders. First, however, I will
stress the importance of the muscle biopsy as a diag-
nostic gold standard for these diseases. Figure 4 shows
serial cross-sections of muscle from a patient with
MERREF stained with 4 histochemical methods: the
modified Gomori trichrome, succinate dehydrogen-
ase (SDH), cytochrome ¢ oxidase (COX), and the
combination of SDH and COX. The trichrome
shows mitochondrial proliferation in classic ragged-
red fibers.® These are revealed even better by the
SDH stain (“ragged-blue” fibers) because SDH (com-
plex II of the respiratory chain), which is entirely
encoded by nDNA, is unruffled by mutations in
mtDNA and is a good marker of mitochondrial
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[ Figure 3 Morbidity map of the mitochondrial DNA as of 2013 ]

Aminoglycoside-induced
Deafness
LS
Multisystem

Cardiomyopathy

PEO
LHON
MELAS
Myopathy
Cardiomyopathy
Diabetes & Deafness

LHON
MELAS
A D

Reversible
R.C. deficiency
Encephalomyopathy

PEG)
ardiomyopathy

Mutations
ED— ), . .
Groromd ™ Protein synthesis =162 LHON
.Lym homa NDS5 «—
: Polypeptides =115

LS ND2

277

Deafness
Myopathy

)
>~ Ciorai>

H

Multisystem
4
‘\ LHON

Dystonia

ND4L

o
ANTED

Disorders caused by mutations in protein-coding genes are shown in red; disorders caused by mutations in genes controlling
protein synthesis are shown in blue. FBSN = familial bilateral striatal necrosis; LHON = Leber hereditary optic neuropathy;
LS = Leigh syndrome; MELAS = mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes; MERRF =
myoclonus epilepsy and ragged-red fibers; MILS = maternally inherited Leigh syndrome; NARP = neuropathy, ataxia, ret-
initis pigmentosa; PEO = progressive external ophthalmoplegia. (Modified with permission from DiMauro and Schon, New

England Journal of Medicine 2003;348:2656-2668.)

abundance. Conversely, COX, whose 3 catalytic sub-
units are encoded by mtDNA, is a good marker of
respiratory chain function, as shown by the COX
negativity of the ragged-red/blue fibers. Finally, my
colleague Eduardo Bonilla made the astute observa-
tion that, when he superimposed the COX and SDH
stain, the COX stain prevailed in normal fibers,
which stained brown, whereas in COX-negative or
even slightly COX-deficient fibers, the blue SDH
stain shone through. Notably, all 4 stains show a
checkerboard pattern, which is a telltale sign of het-
eroplasmy: in the elongated syncytial muscle fibers,
the mutation load is not uniform along the length of
the fiber, such that adjacent segmental sections may
have widely different amounts of mutated mtDNAs.

Mitochondrial genetics does explain some impor-
tant features of mtDNA-related diseases. For example,
different degrees of heteroplasmy (70% vs 90%) readily
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explain how the same mutation (m. 89931 > G) in
ATPase 6 can cause 2 different syndromes, often in
members of the same family: a relatively benign and
late-onset disorder with neuropathy, ataxia, and retinitis
pigmentosa (NARP) or a devastating neurodegenerative
disease of infancy or childhood with the neuroradio-
logic and neuropathologic features of Leigh syndrome
(MILS).>10

In 2000, I coauthored a review titled “Mutations in
mtDNA: Are we scraping the bottom of the barrel?”!!
It was clear then—as it is now—that we are still far
from a full understanding of mtDNA-related dis-
cases.'> New pathogenic mutations are still being
added to the already-crowded mtDNA morbidity
map (figure 3). Thanks to super-sophisticated next-
generation sequencing, the concept that healthy indi-
viduals are homoplasmically normal (i.e., harbor only
wild-type mtDNAs) has been replaced by the concept



[ Table 1 Genetic classification of the mitochondrial encephalomyopathies ]

Defects of the respiratory chain

Mitochondrial DNA (mtDNA)-related diseases (maternal
or sporadic)

Nuclear DNA (nDNA)-related diseases (mendelian)

of universal heteroplasmy.'* The individual vulnerabil-
ity, tissue selectivity, and occasional reversibility of ho-
moplasmic pathogenic mtDNA mutations remains
puzzling.'*"> The role of epigenetics in mtDNA-

Single deletions (sporadic)

Point mutations (maternally inherited)
“Direct hits"

“Indirect hits"

Defects of mtDNA maintenance (mtDNA depletion and
multiple deletions)

Defects of mtDNA translation
Defects of the inner mitochondrial membrane lipid milieu

Defects of mitochondrial dynamics

related diseases is unclear,' although at least one epi-
genetic factor, lack of protective exposure to estrogens,
has been considered responsible for the marked prev-
alence of affected men in LHON."

[ Table 2 Clinical features of some mtDNA-related diseases® ]
A-mtDNA tRNA ATPase6
Tissue Symptom/sign KSS Pearson MERRF MELAS NARP MILS
CNS Seizures - - + + = +
Ataxia + - + + +/-
Myoclonus - = L +/— _ _
Psychomotor retardation - - = = = +
Psychomotor regression + - +/- + _ _
Hemiparesis/hemianopia - - = n _ _
Cortical blindness - = = + — _
Migraine-like headaches — = = n _ _
Dystonia - - - + — +
PNS Peripheral neuropathy +/- - +/- +/- + =
Muscle Weakness + - b o L L
Ophthalmoplegia + +/— - - — _
Ptosis + - - - - —
Eye Pigmentary retinopathy + - - - + 4=
Optic atrophy - - =) = 4= +/-
Cataracts - - — = _ _
Blood Sideroblastic anemia +/- + = - _ _
Endocrine Diabetes mellitus +/— - = +/— — _
Short stature + - + + _ _
Hypoparathyroidism +/- = - — _ _
Heart Conduction block + - = &f]= - _
Cardiomyopathy +/— - = +/— _ .
Gastrointestinal Exocrine pancreas dysfunction +/- + - = — —

Intestinal pseudo-obstruction = -

Abbreviations: KSS = Kearns-Sayre syndrome; MELAS = mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes; MERRF = myoclonus
epilepsy and ragged-red fibers; MILS = maternally inherited Leigh syndrome; mtDNA = mitochondrial DNA; NARP = neuropathy, ataxia, retinitis pigmen-
tosa; PNS = peripheral nervous system; tRNA = transfer RNA.
2 The red boxes highlight the typical symptoms and signs of each syndrome, except MILS, which is defined radiologically or pathologically.
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Figure 4 Serial cross-sections of a muscle biopsy from a patient with myoclonus epilepsy and ragged-red
fibers stained with different histochemical methods

The modified Gomori trichrome shows classic ragged-red fibers, which stain intensely with the succinate dehydrogenase
(SDH) stain (‘ragged-blue”) and appear pale with the cytochrome c oxidase (COX) stain. The same fibers appear more or
less intensely blue when the SDH and COX stain are superimposed.

Even though, as mentioned above, the rules of
mitochondrial genetics explain some features of
mtDNA-related diseases, the pathogenesis of “typical”
heteroplasmic diseases remains a conundrum. Simply
put, why is KSS different from MELAS and MELAS
different from MERRF? All 3 conditions result from
impaired mitochondrial protein synthesis and ATP
production: it would be logical to expect phenotypic
homogeneity rather than syndromic individuality,
but—despite occasional overlapping presentations—
this is not the case. One possible explanation is that
different mutations may have different spatial distribu-
tion, especially in the brain. This concept was borne
out by immunohistochemical studies conducted by
Eduardo Bonilla and Kurenai Tanji. To use MELAS
again as one example, figure 5 shows how, in subpial
arterioles, the expression of COX II, a mtDNA-
encoded protein, was markedly decreased compared
to that of the nDNA-encoded iron-sulfur Rieske pro-
tein (FeS), evidence that the m3243A > G MELAS
mutation must be abundant in these vessels,'® as also
shown by others."” These findings make sense because
MELAS is, ultimately, a mitochondrial micro- and
macroangiopathy.® However, the distinct spatial dis-
tribution of different mutations begs the question of
what “directs” them to different areas of the brain.
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A provocative question is whether mtDNA-related
disorders, especially those, like typical MELAS, due
to point mutations in tRINA genes, are preventable.
My colleague Darryl De Vivo and I faced this
dilemma when the asymptomatic sister of our first
patient with MELAS—a girl who had died at 10 years
of age after multiple strokes*'—was about to get mar-
ried and asked us “How can I be sure not to have an
affected child?” While there is no foolproof prenatal
diagnosis for m3243A > G MELAS, there is a way to
prevent mtDNA from getting into the fetus. An
oocyte from the mutation carrier is fertilized
in vitro with sperm from her husband. The pronu-
cleus of the zygote is removed with as little as possible
surrounding cytoplasm and is transferred into an enu-
cleated oocyte from a normal donor (figure 6). After
implantation, the resulting fetus will have the nuclear
genes of the biological parents but the cytoplasm
and the mitochondria from the donor, free of mtDNA
mutations. In experiments with nonhuman primates
using oocyte spindle-chromosomal complex transfer,
the infants were healthy and devoid of maternal
mtDNA.?* Experiments with fertilized or unfertilized
but parthenogenically activated human oocytes are
under way both in the United Kingdom® and in the
United States,”* and the results are very promising.

© 2013 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



pathogenic mutations can affect 1) genes encoding

Figure 5 Serial sections from the brain cortex of a patient with mitochondrial
encephalomyopathy, lactic acidosis, and strokelike episodes showing
COX Il immunodeficiency and normal immunoreaction for the FeS
protein in pial and intracortical arterioles

subunits of the respiratory chain (“direct hits”); 2)
genes encoding assembly proteins of respiratory chain
complexes (“indirect hits”); 3) genes needed for

© 2013 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

COX Il (mtDNA)

FeS (nDNA)

(Reprinted with permission from Tanji et al., Semin Cell Dev Biol 2001;12:429-439.18)

This bodes well for implementation in humans, once
lingering ethical questions have been resolved.

In the course of evolution, mitochondria have lost
their bacterial independence and now rely on the
nucleus for most of their vital functions. Therefore,
mendelian mitochondrial disorders are many and var-
ied (figure 7). There are at least 6 disease flavors, as

mtDNA integrity and replication (“mtDNA mainte-
nance”); 4) genes needed for mtRNA translation; 5)
genes controlling the phospholipid composition of
the IMM; and 6) genes involved in mitochondrial
dynamics.

The advent of whole-exome sequencing and of the
more narrowly targeted “mitoexome sequencing”*
has made it possible to sequence in one sweep the
approximately 1,700 nuclear genes encoding mito-
chondrial proteins. Mitoexome sequencing has
already enriched all 6 disease flavors with new var-

iants, 2628

and it is conceivable that it may reveal new
flavors, that is, alterations in as yet unsuspected mito-
chondrial functions.

It is not within the scope of this overview to
describe the diverse clinical presentations in each dis-
ease category; rather, I will try to highlight some
salient features of each group before considering in
some detail the defects of the lipid milieu and the de-
fects of mitochondrial dynamics.

In general, both direct and indirect hits of the res-
piratory chain affect infants or children and manifest
as Leigh syndrome (LS), which reflects the ravages
caused by impaired energy supply on the developing
nervous system.”’

Defects of mtDNA maintenance have been tradi-
tionally subdivided into 2 groups: 1) mtDNA deple-
tion syndromes, manifesting early in life and
presenting as myopathy, hepatocerebral disorder,
or encephalomyopathy; and 2) multiple mtDNA

Figure 6 Schematic representation of the pronuclear transfer technique to prevent transmission of
pathogenic mitochondrial DNA point mutations

Donor o6cyte

Enucleate

For explanation, see text.

Patient odcyte

Normal embryo
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[ Figure 7 Six different modalities of mendelian mitochondrial diseases
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1, “Direct hits"; 2, “indirect hits"; 3, defects of intergenomic communication resulting in mito-
chondrial DNA depletion and multiple mitochondrial DNA deletions; 4, defects of mRNA
translation; 5, defects of the inner mitochondrial membrane phospholipid milieu; 6, defects
of mitochondrial dynamics.

deletions, usually associated with progressive external
ophthalmoplegia (PEO)—plus.*' These disorders of
intergenomic communication are usually caused either
by defects of mtDNA replication (catalyzed by poly-
merase Y and by the helicase Twinkle [gene PEOI]) or
by altered homeostasis of the intramitochondrial nucle-
oside pool, which is controlled by multiple genes.”!
We have come to realize that mtDNA depletion and
multiple mtDNA deletions often coexist in the same
patient and are often caused by the same gene defect.
Another peculiarity of these disorders is that, although
they are unequivocally mendelian, they share many
features of mitochondrial genetics, including hetero-
plasmy and the threshold effect. Accordingly, muscle
biopsies also show a checkerboard pattern of ragged-
blue and COX-negative fibers.

Reflecting the multiplicity of factors needed for
mtRNA translation (initiation, elongation, and release
factors, plus translational activators and specific tRNA
base modifiers),>>* the defects of mtRNA translation
encompass a clinically heterogeneous and still rapidly
expanding group of disorders. Most patients are infants
or children, often with LS or LS-like disorders and with

multiple respiratory chain enzyme defects.>*
p piratory y
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Until 2002, the only bona fide defect of the IMM
lipid milieu was Barth syndrome, an X-linked mito-
chondrial myopathy and cardiopathy due to muta-
tions in the tafazzin (7AZ) gene resulting in
deficiency or abnormal composition of cardiolipin,
the major phospholipid component of the IMM.3¢-%

In the past few years, 4 new entities have been
described, affecting different phospholipids and clearly
documenting that the lipid milieu is not just a scaffold
holding the respiratory chain but an integral partner in
its function (table 3). Sengers syndrome is also a mito-
chondrial myopathy and cardiopathy with the added
clinical feature of congenital cataracts.** When it was
found that the adenine nucleotide translocator
1 (ANT1) was missing in muscle of patients but its
gene was normal, the riddle was solved by whole-
exome sequencing, which showed mutations in the
AGK gene encoding acylglycerol kinase.” AGK cata-
lyzes the phosphorylation of diacyl- and monoacylglyc-
erol to phosphatidic acid (PA) or lysophosphatidic acid
(LPA), important intermediates in the synthesis of
phospholipids. The loss of ANT1 is presumably sec-
ondary to the decreased levels of PA and LPA. As PA is
also a precursor of cardiolipin, there are biochemical
similarities with Barth syndrome that may explain the
comparable clinical presentations.

A spontaneously mutant mouse strain with rostro-
caudal muscular dystrophy and mutations in the gene
encoding choline kinase beta (Ch4b)* suggested that
the human homologous gene (CHKB) may be
mutated in a form of human congenital muscular
dystrophy with similar morphologic changes in mus-
cle: giant mitochondria displaced to the periphery of
the fibers. 4

The acronym MEGDEL refers to a syndrome char-
acterized by 3-methylglutaconic aciduria type IV, deaf-
ness, and LS-like encephalopathy, in which whole-
exome sequencing revealed mutations in SERACI.%

Finally, at least for now, recurrent muscle break-
down and myoglobinuria in children, a syndrome
often occurring during febrile illnesses and rarely asso-
ciated with known inborn errors of metabolism, has
been ascribed to mutations in LPIN1, the gene that
encodes the muscle-specific isoform of phosphatidic
acid phosphatase.*

Increasing attention has been directed to a structure
called mitochondria-associated membrane (MAM),
which is where mitochondria and endoplasmic reticu-
lum come into physical and functional association.
MAM is involved in lipid exchange between the 2 or-
ganelles, cholesterol synthesis, calcium signaling, and
mitochondrial dynamics.®> At least 2 of the 5 disorders
of the lipid milieu listed in table 3 involve the MAM:
the megaconial mitochondrial myopathy due to
CHKB deficiency®* and MEGDEL, whose defective
gene product SERACI is located in the MAM and



[ Table 3 Disorders of the mitochondrial inner membrane composition ]

Syndrome
Barth syndrome Dilated cardiomyopathy
Mitochondrial myopathy
Neutropenia
Stunted growth

Encephalomyopathy with giant Infantile hypotonia

displaced mitochondria
Mental retardation
Seizures
Cardiomyopathy

Sengers syndrome Congenital cataracts

Cardiomyopathy
Myopathy
Lactic acidosis

LPIN1 myopathy
(statin myopathy)

MEGDEL syndrome

Childhood myoglobinuria (febrile)

3-methylglutaconic aciduria, deafness,
encephalopathy, Leigh-like

Phospholipid Gene
Cardiolipin TAZ
Phosphatidylcholine (PtdCho) CHKB
Phosphatidic acid deficiency AGK
Accumulation of phosphatidic LPIN1
acid and lysophospholipids

Altered phospholipid remodeling SERAC1

Abbreviation: MEGDEL = 3-methylglutaconic aciduria with sensorineural deafness, encephalopathy, and Leigh-like

syndrome.

controls the exchange of phospholipids. In addition,
some forms of primary lateral sclerosis (defective gene
ERLIN2)* and of juvenile amyotrophic lateral sclerosis
(defective gene SIGMARI)* have been associated with
alterations of the lipid rafts that are part of the MAM,
and there is increasing evidence that MAM dysfunc-
tion may play a central role in the pathogenesis of
Alzheimer disease.*®

Mitochondria are highly dynamic organelles that
move around the cell on microtubular tracks (figure 8)
and, recalling their bacterial origins, go through
repeated cycles of fusion and fission, resulting in
extensive tubular structures or in discreet individual
entities more akin to the conventional mitochondrial
images. This restless activity is crucial, especially in
neurons, to ensure adequate energy distribution

Figure 8

A neuron with mitochondria (stained in red with mitotracker) appended to microtubular “tracks”
(stained in green)

Courtesy of Dr. Estela Area-Gémez.
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[ Table 4 Disorders due to defects of mitochondrial dynamics ]
Disease Gene Protein
Dominant optic atrophy OPA1 Dynamin-related GTPase
CMT type 2A; CMT type 6 MFN2 Mitofusin 2
CMT type 4A GDAP1 Ganglioside-induced differentiation protein 1
CMT type 2; CNM DNM2 Dynamin 2
CMT 20; dSMA DYNC1H Dynein cytoplasmic 1, heavy chain
AD-HSP type 10 KIF5A Kinesin family member 5A
Fatal infantile microcephaly, LA DRP1 Dynamin-related protein 1

Fatal infantile microcephaly, LA MFF

Mitochondrial fission factor

Abbreviations: AD-HSP = autosomal dominant hereditary spastic paraparesis; CMT = Charcot-
Marie-Tooth; CNM = centronuclear myopathy; dSMA = distal spinal muscular atrophy; LA =

lactic acidosis.

290

throughout the cell, including axonal and dendritic
processes, and to guarantee mitochondrial quality
control through mitophagy, the autophagic elimina-
tion of damaged mitochondria.*>°

Defects of mitochondrial dynamics have exploded on
us in the past decade and both the central and the periph-
eral nervous system are especially vulnerable. The clinical
spectrum of these disorders includes dominant optic
atrophy, various forms of Charcot-Marie-Tooth neu-
ropathy and of autosomal dominant hereditary spastic
paraplegia, a form of centronuclear myopathy, and
microcephaly with optic atrophy (table 4).">

Importantly, mitochondrial fusion and fission are not
independent functions; rather, they are closely integrated
with energy metabolism and mtDNA maintenance,
as documented by PEO-plus syndromes with multiple
mtDNA deletions due to mutations in OPAI and
MFN2.>*¢ It is also noteworthy that alterations of mito-
chondrial dynamics are involved, albeit not primarily, in
the pathogenesis of neurodegenerative diseases.”’

Considering the complexity of mtDNA-related disor-
ders and the multiple categories of mendelian disorders
listed in figure 7, it is apparent that the correct diagnosis
of a suspected mitochondrial disease can be a formidable
challenge. To help neurologists in this task and in foster-
ing research in the field, we now have the North Amer-
ican Mitochondrial Disease Consortium (NAMDC)
(heep://rarediseasesnetwork.epi.usf.edu/namdc/), based
at Columbia University but encompassing 18 centers
of excellence in mitochondrial diseases.

Let me conclude with a quote from C. Miller Fisher:
“If there were a dictum, it would be that it is all a matter
of being in the right place at the right time, with the
right mentor.”® I owe my interest in mitochondrial
diseases—indeed my whole academic career—to my
mentor, Lewis P. Rowland. Thank you, Bud.
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