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Abstract Of 100 patients with the clinical diagnosis of Leigh
syndrome, 21 were found to have specific enzyme defects: 15
involving cytochrome c oxidase (COX); 4, pyruvate dehydro-
genase complex (PDHC); one, complex I (reduced nicotina-
mide adenine dinucleotide [NADH]-coenzyme Q reductase)
and one, complex II (succinate-ubiquinone reductase)
deficiencies. In addition to the most common form of COX
deficiency, mtDNA mutations in the adenosine triphos-
phatase (ATPase) 6 coding region were also commonly
seen. Eighteen patients (18%) had mtDNA mutations at
nucleotide position (np) 8993 or 9176. The mutated DNAs
were present in a heteroplasmic state, comprising more
than 90% of the DNA in muscle and/or blood samples from
all patients. Patients with the T-to-G mutation at np 8993
usually had early onset of the disease with rapid progres-
sion, showing the typical clinical features of Leigh syn-
drome. On the other hand, those with the T-to-C 8993
mutation showed a milder and more chronic course. Pa-
tients with the mutation at np 9176 showed variable courses.
Phylogenetic analysis of mtDNA D-loop sequences for the
patients with the ATPase 6 mutations and normal Japanese
subjects revealed that a T-to-G/C mutation at np 8993 and a
T-to-C mutation at np 9176 occurred many times indepen-
dently in the Japanese population.
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Introduction

Leigh syndrome is a neurodegenerative disorder defined
neuropathologically by striking bilateral necrotic lesions in
the basal ganglia and brainstem (Leigh 1951). As such le-
sions can now be well demonstrated by brain magnetic reso-
nance imaging (MRI) and computed tomography (CT), the
syndrome is no longer diagnosed by its pathology in autopsy
specimens. The syndrome can now be diagnosed during life
by neuroimaging and by the clinical characteristics of pro-
gressive neurologic deficits, and high lactate levels in blood
and cerebrospinal fluid (CSF). The syndrome has heteroge-
neous causes, as a variety of enzyme defects have been
reported, including cytochrome c oxidase (COX, complex
IV) (Willems et al. 1977) and complex I (reduced nicotina-
mide adenine dinucleotide  [NADH]-coenzyme Q
reductase)(Fujii et al. 1990), and pyruvate dehydrogenase
complex (PDHC) deficiencies (De Vivo et al. 1979). In
addition, T-to-G and T-to-C mitochondrial (mt) DNA point
mutations at nucleotide position (np) 8993 have been shown
to be causes of the syndrome (Tatuch et al. 1992; Sakuta et
al. 1992; De Vries et al. 1993; Santorelli et al. 1993;
Santorelli et al. 1994). Moreover, it has been confirmed that
a T-to-C transition at np 9176 is also a mutation responsible
for the disease (Thyagarajan et al. 1995; Campos et al. 1997;
Dionisi-Vici et al. 1998; Makino et al. 1998).

Mitochondrial ATP synthase (complex V) comprises
more than 10 subunits encoded by nuclear DNA and 2
subunits (adenosine triphosphatase [ATPase] 6 and AT-
Pase 8) encoded by mtDNA. Nucleotides from 8527 to 9207
encode the ATPase 6 subunit in which the mutations in this
study are located. Two other point mutations have been
described in Leigh syndrome; an A-to-G mutation at np
8344 (Silvestri et al. 1993) and an A-to-G mutation at np
3243 (Shoffner and Wallace 1995), which were initi-ally
described in other specific phenotypes of MERRF (myo-
clonic epilepsy with ragged-red fibers) (Shoffner et al. 1990)
and MELAS (mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes) (Goto et al. 1990),
respectively.
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In this study, we reviewed a large number of patients
with Leigh syndrome to clarify the incidence of mtDNA
mutations and to characterize the clinical features and
muscle pathology. In addition, to determine whether these
mutations were transmitted in maternal lineage or occurred
sporadically, we examined the mtDNA sequence variation
in the D-loop region in the patients who had mtDNA muta-
tions in the ATPase 6 coding region.

Patients and methods

In this study, we selected 100 patients who had adequate
clinical and neuroimaging findings for the diagnosis of
Leigh syndrome; progressive neurologic deficits including
mental deterioration, hypotonia, convulsions, symmetrical
necrotic lesions in the basal ganglia and brainstem on MRI
and/or CT, and raised lactate and pyruvate levels in blood
and cerebrospinal fluid (CSF). The muscle biopsies and/or
blood samples with clinical summaries were referred to our
department for pathologic, biochemical, and molecular ge-
netic evaluation during a 20-year period (1978–1997). All
the patients were Japanese.

Histochemical and biochemical analyses of muscle spe-
cimens were performed on 97 samples. Only blood samples
were available from 3 patients. Serial frozen sections were
stained with hematoxylin and eosin, modified Gomori
trichrome, and various histochemical methods, including
succinate dehydrogenase (SDH) and COX. Biochemical
analysis of respiratory chain enzymes, including NADH cy-
tochrome c reductase, succinate cytochrome c reductase,
COX, and PDHC was performed (Toshima et al. 1985;
Koga et al. 1988).

Total DNA was extracted from muscle biopsies and/or
blood samples by conventional methods. We first screened
well known point mutations in mtDNA at np 3243, 3271,
and 8344. Point mutations in the ATPase 6 coding region,
including T-to-G and T-to-C at 8993, and T-to-C at 9176,
were determined as follows. To detect the T-to-G/C muta-
tion at np 8993 of the mtDNA, we amplified 180-bp frag-
ments, using oligonucleotide primers corresponding to
mtDNA positions (59-39) 8838-8857 and 8998-9017, in 30
cycles of denaturation (94°C, 15s), annealing (55°C, 15s),
and extension (72°C, 30s). The PCR products were digested
with HpaII and SmaI. When the T-to-G mutation was
found, the products were cleaved by both HpaII and SmaI.
On the other hand, in the T-to-C mutation, the products
were cleaved only by HpaII. To detect the T-to-C mutation
at np 9176 we amplified 203-bp fragments, using primers
corresponding to mtDNA positions (59-39) 9001-9020 and
9203-9177 with a T-to-C mismatch at np 9179, in 25 cycles of
denaturation (94°C, 15s), annealing (60°C, 15s), and exten-
sion (72°C, 30s). The products were digested with ScrfI.
Because the mismatch-containing primer introduces a re-
striction site for ScrfI at 9176 in the mutant mtDNA, mutant
mtDNA was cleaved into two fragments of 176 and 27bp.
To quantify the proportion of the np 8993 and np 9176
mutant mitochondrial DNA, we added rhodamine-labeled

forward primer only in the last cycle. The products were
electrophoresed through 15% acrylamide gel and analyzed
with an image analyzer (FMBIO II; Hitachi and Takara
Shuzo, Tokyo, Japan).

The nucleotide sequences of a 737-bp fragment of the D-
loop region (positions 16024–16569 followed by positions 1-
191 in the reference sequence (Anderson et al. 1981)) from
18 Leigh syndrome patients with mutations in mitochon-
drial ATPase 6 region were aligned and compared. Also,
the nucleotide sequences of a 482-bp fragment of the D-
loop region (positions 16129-16569 followed by positions 1-
41 in the reference sequence (Anderson et al. 1981)) from
the Leigh subjects together with 62 normal subjects (Horai
and Hayasaka 1990) were aligned and compared. The num-
ber of nucleotide substitutions per site between individual
sequences was estimated using the two-parameter model of
nucleotide substitutions (Kimura 1980). On the basis of the
estimated number of nucleotide substitutions, phylogenetic
trees were constructed, using the neighbor-joining (NJ)
method (Saitou and Nei 1987) and unweighted pair-group
method with arithmetic mean (UPGMA)(Nei 1987).

Results

In this study the most common enzyme deficiency was COX
deficiency, which was found in 15 patients, confirmed by
both histochemical and biochemical analyses. Biochemi-
cally, we detected PDHC deficiency in 4 patients, complex I
deficiency in 1 patient, and complex II deficiency in 1 pa-
tient. By molecular genetic analysis, 10 patients had T-to-G
and 3 had T-to-C mutations at np 8993, and 5 had a T-to-C
mutation at np 9176. Biochemical and molecular defects
were identified in 39 of 100 patients (39%), none of whom
was related to each other.

In the ten patients with the T-to-G 8993 mutation, the
overall clinical symptoms were similar to those of classical
infantile Leigh syndrome. They had early onset of the dis-
ease (onset from neonate to 10 months of age; average, 3.9
months), with rapid deterioration. Hypotonia, seizures, res-
piratory disturbance, and lethargy were found in most of
the patients with this mutation. Three of the ten patients
died in early infancy. On the other hand, all three patients
with the T-to-C 8993 mutation showed milder and more
chronic progression.

In the five patients with the T-to-C mutation at np 9176,
the age at onset of the disease varied widely, from 5 months
to 8 years. Retinitis pigmentosa was found in five patients;
two patients with the T-to-G 8993 mutation, one with the T-
to-C 8993 mutation, and two with the T-to-C 9176 mutation.
The clinical findings of the patients with mtDNA mutations
are summarized in Fig. 1. Three of the patients with the
9176 mutation (T9176C-1, T9176C-2, and T9176C-3) have
been previously reported (Makino et al. 1998).

We examined muscle biopsies from 15 of 18 patients with
mitochondrial DNA mutations, including 9 of 10 patients
with the T-to-G 8993 mutation, 1 of 3 patients with the T-to-
C 8993 mutation, and all 5 patients with the T-to-C 9176



B. Jochimsen et al.: Stetteria hydrogenophila 71

mutation. Muscle pathologic findings are summarized in
Fig. 2. On muscle histochemistry, there were nonspecific
myopathic changes with mild-to-moderate variation in the
size of both type 1 and 2 fibers, with type 2B fiber atrophy
and increased numbers of type 2C fibers. In 2 patients there
were additional mild neuropathic changes with scattered
small angular fibers and mild fiber type grouping. None of
the 15 patients had ragged-red fibers, but 1 patient with the
T-to-G 8993 mutation had large dark stained granules on
SDH staining. Mitochondria were enlarged, with focal
myofibrillar degeneration on electron microscopy (Fig. 3).

The activities of mitochondrial respiratory chain en-
zymes were within normal limits, except in two patients with
the T-to-G 8993 mutation. NADH cytchrome C reductase
(NCCR) and COX activities were reduced to 40% in one
patient, and COX activity was decreased to 25% in another.

The proportion of mutant DNA constituted more than
90% (91% to .99%) of the DNA in muscle and/or blood
samples of all the patients. We examined the proportion of
the mutant DNA in various tissues taken at necropsy from
a patient with the T-to-G 8993 mutation. Heart, liver, kid-
ney, pancreas, lung, spleen, cerebrum, cerebellum,
brainstem, aorta, and spinal cord all showed similarly high
proportions of mutants (97% to .99%). We obtained
blood from the asymptomatic mothers of nine patients, in-
cluding the mothers of seven patients with the T-to-G 8993
mutation, one patient with the T-to-C 8993 mutation, and
one patient with the T-to-C 9176 mutation. Seven of the
mothers had 20%–52% of mutated DNA, but no mutant
genome was found in the mothers of two of the patients
with the T-to-G 8993 mutation (Fig. 4).

The nucleotide sequences (717-bp) of the D-loop region
were variable, and no common sequences were found in the
18 patients. Phylogenetic analysis revealed that ten lineages
with the T8993G mutation and three lineages with the
T8993C mutation were intermingled in the phylogenetic
tree (Fig. 5). Although three lineages with the T9176C mu-
tation formed a cluster, two other lineages appeared at

different locations in the tree. These results suggest that
common pathogenicity (Leigh syndrome with ATPase 6
mutations) occurs sporadically in lineages which have dif-
ferent maternal backgrounds. These independent occur-
rences of ATPase 6 mutations in the patients were also
evident when phylogenetic analysis of the D-loop region
was performed for the patients together with normal con-
trol subjects. In order to determine the location of each of
the 18 patients in the phylogenetic tree, the 482-bp se-
quences of the D-loop sequences were compared with those
of 62 normal Japanese (Fig. 6). Although two patient lin-
eages (T8993G-5 and T8993G-6) formed a tight cluster,
most of the other patient lineages were interspersed with
those of normal individuals and were scattered in the phylo-
genetic tree.

Fig. 1. Clinical summary of patients with mitochondrial (mt)DNA
mutations. Black bars, T8993G (n 5 10); stippled bars, T8993C (n 5 3);
open bars, T9176C (n 5 5)

Fig. 2. Muscle pathology. SDH, Succinate dehydrogenase; COX, cyto-
chrome c oxidase. Black bars, T8993G (n 5 9); stippled bars, T8993C (n
5 1); open bars, T9176C (n 5 5)

Fig. 3. Electron micrograph of muscle from a patient with 8993 T-to-G
mutation (T8993G-1). Note enlarged mitochondria with disorganized
myofibrils (asterisk). No paracrystalline inclusions are present. 38000

(type 1)
(type 2B)
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Discussion

Leigh syndrome is a group of heterogeneous disorders, in-
cluding deficiencies of COX, complex I and PDHC, and
mtDNA mutations. We identified biochemical or molecular
defects in 39% (39 of 100) of Leigh syndrome patients in
this study, that is, in approximately 60% of patients we were
unable to find the etiological defect(s). Nevertheless, there
was no difference in the clinical features and pathologic
findings in these two groups. As mutations of SURF-1 have
recently been identified in patients affected by Leigh syn-

drome with cytochrome c oxidase deficiency (Zhu et al.
1998; Tiranti et al. 1998; Tiranti et al. 1999), we have exam-
ined the gene in 14 patients and found that 4 had the muta-
tion (unpublished data).

The most striking finding in this study was the higher
incidence of mtDNA mutations in the ATPase 6 coding re-
gion. Eighteen percent (18 of 100) of our patients had
mtDNA mutations, 10 with the T-to-G 8993 mutation, 3 with
the T-to-C 8993 mutation, and 5 with the T-to-C 9176 muta-
tion. In the literature, there are three reports describing the
incidence of mtDNA mutations in Leigh syndrome: 12 of 50
patients who had no biochemical defects had the T-to-G 8993
mutation (Santorelli et al. 1993); of 11 of 67 patients with
mtDNA mutations, 6 had the T-to-G 8993 mutation, 1 had
the T-to-C 8993 mutation, and 1 had the A-to-G 8344 muta-
tion (Rahman et al. 1996); and of 3 of 66 patients with
mtDNA mutations, 2 had the T-to-G 8993 mutation, and 1
had the A-to-G 8344 mutation (Morris et al. 1996). Together
with our findings, the overall incidence of the 8993 mutation
in Leigh syndrome seems to be the most common cause of
the disease, accounting for 15%–20% of the patients.

The clinical features of Leigh syndrome with the
mtDNA mutations are not specific, showing the common
features of developmental delay, muscle hypotonia, and
seizures. The only minor differences clinically among the
three mtDNA mutations were in the age of onset and the
course of the disease. As previously reported, the onset in
patients with the T-to-G 8993 mutation was earlier, with
rapid mental deterioration, seizures, and respiratory prob-
lems. Those with the T-to-C 8993 mutation showed slower
progression compared with those with the T-to-G 8993
mutation (De Vries et al. 1993; Santorelli et al. 1994;
Rahman et al. 1996). Recent reports have confirmed that
the T-to-C 9176 mutation in the ATPase 6 coding region is
also a candidate mutation for Leigh syndrome. Two Jewish
brothers with bilateral striatal necrosis, which mimics Leigh

Fig. 4. Proportion of mutated ge-
nome in muscle (black bars) and
blood (stippled bars) samples. Al-
most all muscle and blood
samples from patients with Leigh
syndrome had a very high pro-
portion of mutant genomes. Two
(T8993G-2 and T8993G-9) of nine
blood samples from the mothers
had no detectable mutant gen-
omes, this being suggestive of de-
novo mutation. Cross-hatched
bars, Blood of mother. ne, Not
examined

Fig. 5. Neighbor-joining tree, showing the relationship of the 18 pa-
tient lineages with the ATPase 6 mutations, based on the number of
nucleotide substitutions per site
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Fig. 6. Unweighted pair-group
method with arithmetic mean
(UPGMA) phylogenetic tree show-
ing the 18 patients and 62 normal
Japanese subjects, based on the
number of nucleotide substitutions
per site. Patient lineages with the
ATPase 6 mutations are indicated
by arrows
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syndrome (Thyagarajan et al. 1995), one Spanish patient
(Campos et al. 1997) and three Japanese patients (Makino
et al. 1998) with Leigh syndrome, and an Italian family with
fulminant Leigh syndrome and sudden unexpected death
(Dionisi-Vici et al. 1998) have been reported.

The muscle changes were not mutation-specific, but simi-
lar to those seen in a previous study of patients with Leigh
syndrome (Nagai et al. 1992). There were nonspecific myo-
pathic changes with little or no abnormal mitochondrial
pathology. This is distinctly different from the changes seen
in patients with mitochondrial tRNA mutations.

In all patients the proportion of the mutant DNA was
over 90% (91% to .99%) in muscle and blood samples, as
in the patients previously reported (Tatuch et al. 1992;
Santorelli et al. 1993; Uziel et al. 1997). The threshold level
of the mutant mtDNA necessary to produce neurological
deficits in Leigh syndrome appears to be 90%. Except for
large-scale deletions, mtDNA mutations are inherited
through a maternal trait. Seven of nine mothers of our
patients had 20%–52% of the mutant DNA in blood
samples, but no detectable mutant genome was found in
two mothers with the T-to-G 8993 mutation. These findings
suggest that de-novo mutations occur during oogenesis, or
that the distribution of the mutant is skewed in the oocytes
of the mother. There are some reports that mothers and/or
grandmothers of patients with the T-to-G 8993 mutation
had no mutant DNA in the blood (Tulinius et al. 1995; Blok
et al. 1997; Uziel et al. 1997; Takahashi et al. 1998).

Our study of D-loop sequences in the patients supports
the possibility of new mutations. The D-loop region of
mtDNA is more rapidly evolved than other parts and is
more variable, so that the D-loop region has been used as
an evolutionary marker (Horai and Hayasaka 1990; Horai
et al. 1991). Phylogenetic analysis of the D-loop region
suggests that common pathogenicity (Leigh syndrome with
ATPase 6 mutations) occurs sporadically in lineages which
have different maternal backgrounds. This phylogenetic
analysis indicates that there was no common ancestor for
the patients bearing either of the ATPase 6 mutations, and
that these mutations occurred sporadically and multiplied
through the mtDNA evolution in Japan. Similar findings,
based on the variability of nucleotides in the D-loop, have
been reported for the A-to-G 3243 mutation (Morten et al.
1995), for mtDNA mutations associated with Leber heredi-
tary optic neuropathy (LHON) (Brown et al. 1995; Howell
et al. 1995), and for the A-to-G 1555 mutation in deafness
(Hutchin and Cortopassi 1997). Two recent reports noted
clustering in Caucasian LHON patients with 11778 and
14484 mutations (Brown et al. 1997; Torroni et al. 1997).

In conclusion, mtDNA analysis should be considered for
the diagnosis of Leigh syndrome, on the bases of the rela-
tively high frequency of mtDNA mutations and the paucity
of information available from muscle biopsy samples.
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