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Leber's hereditary optic neuropathy: correlations
between mitochondrial genotype and visual
outcome

R J Oostra, P A Bolhuis, F A Wijburg, G Zorn-Ende, EM Bleeker-Wagemakers

Abstract
Leber's hereditary optic neuropathy
(LHON) is a maternally inherited disease
associated with mitochondrial DNA
(mtDNA) mutations. We describe the
distribution of seven different mtDNA
mutations and the clinical findings in 334
LHON patients belonging to 29 families.
Mutations described only in LHON at
nucleotide positions 11778, 3460, and
14484 were found in 15, two, and nine
families respectively. In three families
none of these mutations was found. Mu-
tations described in LHON but also in
controls at nucleotide positions 15257,
13708, 4917, and 4216 were found in one,
10, three and 12 families respectively.
Combinations ofmtDNA mutations were
found in most families. The patient
population mainly consisted of 79-2% to
89'5% males except for one family with
only 10 of 17 patients being males (58-9%,
p-0 036). In 11 families only the 11778
mutation was found; in this group (WX)
the affected males had a mean age of
onset of 29-2 years and a mean visual
outcome of 0-113. In seven families the
14484, 13708, and 4216 mutations were
found; in this group (MA) the affected
males had a mean age of onset of 22-0
years and a mean visual outcome of 0-442.
In two families no mutation was found at
all; in this group (YX) the affected males
had a mean age of onset of 18-9 years and
a mean visual outcome of 0 167. The
mean age of onset in the WX group is
significantly higher than in the MA group
(p< 0-01) and in the YX group (p001).
The mean visual outcome in the MA
group is significantly better than in the
WX group (p < 0001) and in the YX group
(p 0-05). No significant clinical dif-
ferences were found between families
exhibiting only the 11778 mutation and
those with additional mutations at np
13708, 4917, or 4216, suggesting that these
mutations are of little phenotypic im-
portance. Other mutations were present
in relatively small numbers of patients.
These results show that the clinical sever-
ity is dependent on the mitochondrial
genotype.

(J Med Genet 1004;31:280-286)

Leber's hereditary optic neuropathy (LHON)
is a maternally inherited disease characterised
by (sub)acute loss of central vision owing to
severe bilateral optic atrophy. The clinical
picture of LHON exhibits marked interper-
sonal variation, especially with regard to age of
onset, progression rate, final visual loss, and
accompanying disorders.'

In most patients the age of onset is between
17 and 23 years, but it may range from less
than 5 to more than 65 years.' The onset of
visual loss is usually quite sudden. During a
period of three to six months (the acute stage)
vision rapidly deteriorates to finger counting
or perception of hand movements. Visual loss
may, however, be insidious and can remain
subclinical for a long time. In the chronic stage
a slight recovery often occurs and in about two
years after the onset visual acuity stabilises
between 0-05 and 0-10. The final outcome
may, however, vary from little more than light
perception to nearly complete visual recovery.
The interval between the onset in each eye
usually amounts to a few weeks or months but
it may be absent (that is, both eyes being
simultaneously affected) or cover more than
two years.' In some pedigrees accompanying
abnormalities, especially neurological dis-
orders, have a high incidence not only in
LHON patients but also in their matrilineal
sibs.'q
The strictly maternal inheritance could be

explained by involvement of mitochondrial
DNA (mtDNA). Indeed Wallace et al9 dis-
covered that in several LHON families a
mitochondrial DNA (mtDNA) mutation was
present in one of the genes coding for a protein
subunit of Complex 1 of the respiratory chain
(ND4) at nucleotide position 11778. Sub-
sequent studies showed that this mutation oc-
curred in about a half of the pedigrees ex-
amined, in patients as well as in healthy family
members, but not in non-LHON related con-
trols. 10-12
Up till now 10 other mtDNA mutations

associated with LHON have been described,
though some of them do not alter evolutionar-
ily conserved amino acids and are not as speci-
fic for LHON as the 11778 mutation; most of
the mutations occur in patterns of two or
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Leber's hereditary optic neuropathy

Table 1 Primers and restriction enzymes used in the detection of mtDNA mutations

Primers

Mutation Forward Reverse Restriction
nt Gene np np enzyme

3460 ND1 3116- 3135 3570- 3549 BsaHI
4216 ND1 4006- 4077 4670- 4653 NlaIII
4917 ND2 4704- 4721 5120- 5103 MaeI
11778 ND4 11501-11520 11900-11881 MaeIII
13708 ND5 13570-13587 14007-13990 BstNI
14484 ND6 14389-14410 14538-14518 -
15257 cytB 15101-15117 15438-15422 AccI

more.8 1'-14 Since all matrilineal family mem-
bers carry the mtDNA mutation(s) involved,
but only 50% of the males and 15% of the
females develop LHON, as indicated by large
scale studies," 15 it has been suggested that an X
linked susceptibility gene contributes to the
liability to develop LHON.'6'7

Because of the lack ofpathognomonic symp-
toms and the diversity of clinical findings, a
firm diagnosis required either a previous his-
tory of the disease in matrilineal family mem-
bers or the establishment of one or more of the
mtDNA mutations described.
Here we describe 334 LHON patients in 29

different pedigrees tested for seven different
mtDNA mutations in order to see whether
there is any correlation between mutation pat-
tern and visual outcome. This correlation has
been suggested before81819 but, to our know-
ledge, has never been established in a large
scale study.

Material and methods
We investigated mtDNA of 56 LHON
patients in 36 pedigrees and of 30 of their
unaffected sibs. These persons were tested for
mutations in the Complex 1 genes ND1 at
nucleotide position (np) 3460 and 4216, ND2
at np 4917, ND4 at np 11778, ND5 at np
13708, and ND6 at 14484. They were also
tested for a mutation in the cytochrome b
oxidase (cyt b) gene (Complex 3) at np 15257.
These mutations were described earlier in re-
lation to LHON by Wallace et aft (11778), by
Johns and Berman" (4216, 4917, and 13708),
by Huoponen et al"3 and Howell et al'4 (3460),
by Johns and Neufeld20 (15257), and by How-
ell et all and Johns et aPt' (14484). MtDNA was
amplified in polymerase chain reactions (PCR)
of DNA samples obtained from white blood
cells. PCR primers are indicated in table 1.
Amplified DNA was restricted with enzymes
shown in table 1 and the fragments were ana-
lysed by polyacrylamide gel electrophoresis

and ethidium bromide staining. The 14484
mutation was detected by means of direct
sequencing. The reverse primer (table 1) was
biotinylated and the PCR product was isolated
by means ofmagnetic streptavidine beads. The
sequence reaction was carried out with fluores-
cein labelled primer (14389-14421) and
recorded on a Millipore Basestation.
Many of these patients belonged to one of

the pedigrees investigated by Van Senus.' As-
suming that all family members of a matrili-
neal pedigree have the same mitochondrial
mutations, we included in this study many of
the affected sibs of investigated patients who
were described by Van Senus, thereby
expanding the total number ofLHON patients
from 56 to 341. Of the patients who are linked
to one of the matrilineal pedigrees, all those
who experienced visual loss at some time dur-
ing their lives and and who exhibited ophthal-
mological abnormalities suggestive of either
the acute or the chronic stage of the disease
were included. Isolated patients, who have no
known affected matrilineal sibs, were included
only when any other cause of optic nerve
atrophy, such as intoxication or multiple scler-
osis, appeared improbable. Isolated patients
without a history of normal vision were
excluded since they could be suffering from
congenital blindness, because of, for example,
autosomal dominant optic nerve atrophy.

Since we obtained the clinical data by
retrospective analysis of up to 60 year old
medical records we often came upon consider-
able gaps in the information relevant to our
study, especially where it concerned anamnes-
tic details, perimetric findings, and colour
vision. Moreover, many patients were not ex-
amined at our institution so we were entirely
reliant on the reports of others. We therefore
concentrate this study on the following para-
maters: (1) sex, (2) age of onset, and (3) final
visual outcome.

Results
GENOTYPES
We found that the seven mtDNA mutations
occurred in different patterns in the pedigrees
tested. The 11778, 3460, and the 14484 muta-
tions are thought to be the most important
mutations pathogenetically since they alter
evolutionarily highly conserved amino acids
and have never been reported in non-LHON
related persons, unlike the other mutations.
We, therefore, differentiated the pedigrees in
which only one of the LHON specific muta-
tions occurred (coded W-, H-, and M respect-

Table 2 Grouping of the initial 36 pedigrees according to their mutation pattern and number of pedigrees in each
group

Less specific mutations

100% specific Neither 13708
mutations 13708 (-A) 4917 ( B) nor 4917 (-X)
11778 (W) WA: 1 WB: 3 WX: 11
3460 (H.) HA: 0 HB: 0 HX: 2
14484 (M-) MA: 7+1 (MA*) MB: 0 MX: 1
None (Y-) YA: 1 YB: 1 YX: 8

All pedigrees in the WB, MA, and YA groups exhibit the mutation at np 4216; all pedigrees in the other groups do not.
One pedigree in the MA group, coded MA*, exhibits the 15257 mutation.
Seven pedigrees (six in the YX group and one in the YB group) were ruled out (see Results).
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ively) from those without these mutations mutations were also present (MA*) in this
(coded Y ). The 11778, 3460, and 14484 muta- family.
tions did not appear simultaneously in the We found seven patients without known
pedigrees tested. In these four groups, W, H-, affected matrilineal sibs in whom only the non-
M-, and Y, either the 13708 (coded -A) or the specific mutation at np 4917 was present (YB)
4917 mutation (coded -B) or neither (coded-X) or none of the seven mutations at all (YX).
were found. The eight resulting mutation pat- They were excluded from this study as the
terns we found in the pedigrees investigated diagnosis ofLHON in these patients could not
are listed in table 2. be made with certainty. The remaining cohort
The 4216 mutation occurred only in associ- therefore consisted of 334 patients in 29 pedi-

ation with the 13708 or the 4917 mutation. For grees. The mutation patterns in these families
reasons dealt with later (see Discussion) we did are: WA (11778 and 13708), WB (11778, 4917,
not differentiate the patterns for the presence and 4216), WX (only 11778), HX (only 3460),
of the 4216 mutation. The 15257 mutation was MA (14484, 13708, and 4216), MA* (14484,
found in only one small family, comprising a 13708, 4216, and 15257), MX (only 14484),
male and his maternally related uncle. Besides YA (13708 and 4216), and YX (none).
this mutation, the 14484, 13708, and 4216 Heteroplasmy (the presence of more than

Table 3 Genotypic and phenotypic characteristics of the pedigrees

No of visually affected persons

With With With FVA Age of onset (y)
Total Total known FVA > FVA >

Pedigree Genotype Sex known described FVA 01 05 Mean Median Mean Median Range

M 16(84-2%) 13
F 3 3
M 10 6
F 2 2
M 4 3
F 0 -
M 3 3
F 0 -
M 17(89 5%) 12
F 2 2
M 11 9
F 4 2
M 36 30
F 3 3
M 12 11
F 2 2
M 17 14
F 1 0
M 9 7
F 1 1
M 1 1
F 0 -
M 1 1
F 1 0
M 2 2
F 0 -
M 3 3
F 0 -
M 3 2
F 0 -
M 1 1
F 0 -
M 96(88-8%) 80
F 12 8
M 1 1
F 0 -
M 1 1
F 0 -
M 2 2
F 0 -
M 107 80
F 10 10
M 20 18
F 8 8
M 13 12
F 3 3
M 17 16
F 4 4
M 16 14
F 3 2
M 4 4
F 0 -
M 2 2
F 0 -
M 179 (86 5%) 146
F 28 27
M 2 2
F 0 -
M 1 1
F 1 1
M 10(58-9%) 8
F 7 6
M 17 16
F 4 4
M 2 2
F 1 1
M 19(79-2%) 18
F 5 5

12
2
4
0
3

8
0
7
2

22
0
6
2
8

3
0
1°

2

2

2

0

53
4
1

1

2

57
9
12
8
8
3

11
2
8
1
1

2

99
23
2

0
0
6
5
13
3
2
1

15
4

2(16-7%) 1(8-3%)
0
1 1

0 _

0 _

1(12-5%) 1(12-5%)

0 _

0
_

7 4

1 0
2 1
0 _

0 _

0 _

0 _

1 0

0 _

1 0

10(18.9%) 4(7 6%)
2 (50 0%) 1 (25 0%)
0 _

1 1

1 1

31 25
5 4

10 6
4 2
5 5
0 _

8 6
2 1
4 4
1 1
1 1

2 2

61(61-6%) 49 (49 5%)
11 (47 8%) 8 (34*9%)

1 0

1 0
1 0
5 1
1 0
1 1
0 _
6 (40 0%) 2 (13-3%)
1 (25 0%) 0 (0%)

S004

S020

S050

S055

Total

S014

S018

S022

S025

S042

S065

S066

S067

S072

S080

S086

Total

S069

S083

Total

S001

S005

S008

S011

S023

S056

S079

Total

S068

S081

S026

S006

S051

Total

WA

WB

WB

WB

WB

WX

WX

WX

WX

WX

WX

WX

WX

WX

WX

WX

wx

WX

HX

HX

MA

MA

MA

MA

MA

MA

MA

MA

MA*

MX

YA

YX

YX

YX

0-079
0-046
0 183

0-059

0-118

0034
0 009
0-193

0-044
0-475
0-031

0-046

0-15

0-225

0-113

0-242

0-4

0-391
0388
0-524
0-255
0-468
0 044
0493
0-325
0-450

0-8

0-442
0-310
0-104

0-048
0-081
0-145
0-127
0-317

0-167
0-100

0-017
0-046
0-014

0-056

0 033

0 044

0-017
0 009
0 003

0-017
0475
0-029

0-02

0 033

0-003

0-15

0 042

0-225

0 033
0-083
0 003

0-8

0-4

02
0-167
0 575
0-15
0-425
0-083
0-650
0-325
0-267
075
0-8

08

0-4
0.15
0-104

0-017
0-033
0*05
0-08
0-317
0-017
0-05
0-065

26-3
18-3
26-5
63-5
257

28

26-7
63-5
33 1
35.5
28-9
24-7
265
21 5
35-4

23-3

20-5

22

23

29-2
28-4

19

24-6
26-9
16-2
20-1
222
37.7
22-3
195
17-4
18-5
13

17-5

22-0
24-4
23

19-1
21-7
20-1
31-5
10

18.9
31-5

23
19
28
635
23

24

23 5
63 5
32
35-5
28
13
25-5
21-5
32

27
39
21

25

20-5

24

23

46

27
27
20

18

19

22
24-5
15
19
18
25
19
20
18
185
13-5

175

19-5
20
23

47
21
19-5
18
19
31-5
10

17-5
31-5

11-52
16-20
17-35
58-69
8-46

20-40
9-8-46
58-69
18-54
19-52
6-57
10-51
7-42
8-35
14-61

8-40

18-23

9-33

10-36

6-61
8-52

18-20

9-58
10-60
9-32
9-47
10-48
20-68
10-42
13-25
8-28
17-20
7-18

16-19

7-58
9-68
9-37

16-22
10-40
8-36
28-35
3-17

3-36
29-35
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Leber's hereditary optic neuropathy

one type of mtDNA) for the 11778 mutation
was found in two families. In family S055
(WB) a healthy female and both her healthy
daughters are heteroplasmic, whereas the two
affected sons of one of these daughters are
homoplasmic; this family has been described
elsewhere.22 In family S067 (WX) a healthy
female, her affected brother, and affected son
are heteroplasmic. Heteroplasmy for the 3460
mutation was found in both families in which
the mutation occurs. In family S069 (HX) as
well as in family S083 (HX) a healthy female is
heteroplasmic but her affected son is homop-
lasmic. The clinical characteristics of these two
patients are described elsewhere.23 The pedi-
grees investigated are listed in table 3.

SEX
Sex was scored in all 334 patients and in 66
more patients who are linked to one of the
pedigrees and about whom little else is known
than that they were presumed to suffer from
LHON. The complete cohort therefore con-
sists of 342 male and 58 female patients. The
total numbers in each pedigree are listed in
table 3.

AGE OF ONSET
The age of onset of the first visual complaints
was scored in 326 of the 334 patients. Mean
and median age of onset and range in each
pedigree are listed in table 3.

FINAL VISUAL OUTCOME
Visual acuity of the best eye in the chronic
stage of the disease was measured in 238 of the
334 patients. Because essential changes in
visual acuity may occur especially in the first
year after onset, the interval between age of
onset and measurement of visual acuity had to
be at least two years. However, visual acuity in
the chronic stage may still change after this
period. Visual acuities of patients with conco-
mitant eye diseases, like amblyopia or glau-
coma, were ruled out. The number of patients
with a visual acuity of more than 0-1 and,
among these, the ones with a visual acuity of
more than or equal to 05 are listed in table 3.
Mean and median final visual outcome are also
listed.

Discussion
Various mutation patterns were present in the
LHON families investigated but not all pos-
sible combinations were found. Firstly, the
11778, 3460, and 14484 mutations did not
occur simultaneously, nor did the 13708 and
4917 mutations. Secondly, the 4216 mutation
occurred only in association with the 13708 or
4917 mutations. These findings are consistent
with the results reported by Johns and Ber-
man,"l Huoponen et al,'3 Howell et al,'4 Johns
et al,24 Mackey and Howell,25 and Johns et al.26
Initially, the 15257 mutation was thought not
to occur simultaneously with the 11778, 3460,

or 14484 mutations,2021 27 but the only pedigree
in this study with the 15257 mutation also
exhibits the 14484, 13708, and 4216 muta-
tions. Recently, Johns et aP6 described 17
pedigrees with the 14484 mutation, four of
which also carried the 15257 mutation.

In the 20 pedigrees investigated, the 11778
mutation was found 11 times (51 7%), which is
in accordance with the results of others.791827
The 14484 mutation was present in nine of the
29 pedigrees (31 -0%), whereas Johns et aP6
found this mutation in only 10% of the pedi-
grees they investigated. The 3460 mutation
was found only twice (6-9%) and the 15257
mutation only once (3 4%), whereas Brown et
aP7 found these mutations in 15% and 9% of
their pedigrees respectively.
The 4216 mutation may have little patho-

genetic importance because it alters an evo-
lutionarily unconserved amino acid and the
prevalence in the LHON unrelated population
is about 8% to 13%.1127 We therefore did not
differentiate for the 4216 mutation.
The mutation patterns HX (only 3460),

MA* (15257 with 14484, 13708, and 4216),
and MX (only 14484) were too scantily repres-
ented to make meaningful clinical comparisons
and the three pedigrees concerned were, there-
fore, excluded from the statistical analyses.
The clinical characteristics of the remaining
groups, being WA (11778 with 13708), WB
(11778 with 4917 and 4216), WX (only 1 1778),
MA (14484 with 13708 and 4216), YA (only
13708 and 4216, and YX (none), show some
distinct differences.
The mean age of onset in the male patients

shows highly significant differences between
the various groups (Kruskal-Wallis test: H(5,
n= 273)=25-544, p<00001). These include a
significantly later age of onset in theWX group
compared to the MA group (p <0-00 1), the
YX group (pt0 01), and the YA group
(p%0 05). The means of age of onset in the
WA, WB, and WX groups do not differ signi-
ficantly from each other. The mean final visual
acuity of the best eye in the male patients also
shows highly significant differences between
the various groups (Kruskal-Wallis test: H(5,
n=193)=45-931, p<0-0001). These are
caused by a significantly better final visual
acuity in the MA group compared to the WA
and WX groups (both pA0-001), to the YA
group (pt0 01), and to the WB and YX
groups (p ;0 05). It must be noted, however,
that the final visual acuity in the MA group
inclines to be binominally distributed. Of the
99 male patients, final visual acuity is equal to
or more than 0 5 in 49 (49-5%) and less than
0-1 in 39 patients (38-3%), whereas only 12
patients (12-1%) have a final visual acuity
between 0-1 and 0-5. Those medical records
that were informative about this matter
showed that a better visual outcome is very
often caused by recovery after (severe) initial
loss and only rarely results from a mildly
elapsing acute stage. By contrast, in the WX
group a final visual acuity equal to or more
than 0 5 was present in only four of the 53
males (7-6%); in two of them this was because
of visual recovery. The means of final visual
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Table 4 Mean age of onset in each group for both sexes in relation to final visual acuity

Mean age of onset

WA WB WX MA YA YX

FVA M F M F M F M F M F M F

60 1 (10) (2) (7) (0) (43) (2) (38) (10) (5) (4) (9) (1)
26-6 19-5 27-3 - 28-8 35-5 23-6 30 5 20 2 20 8 20-6 35

01-0- 5 (1) (0) (0) (0) (6) (1) (12) (3) (1) (1) (2) (0)
52 - - - 31-8 35 17 3 25-8 16 16 12-5 -

>-0-5 (1) (0) (1) (0) (3) (1) (46) (8) (0) (0) (2) (0)
1 1 - 17 - 14.7 8 20-0 18-8 - - 16-0 -

Significance
NS - NS - NS NS p 039 NS NS NS NS -

Numbers between ( ) = number of affected persons in each group with known age of onset and final visual acuity.
NS = not significant.

acuity in the WA, WB, and WX groups did not
differ significantly from each other.

In all five groups mean age of onset appears
to be lower in affected males with a final visual
acuity equal to or more than 0 5 than in those
with a final visual acuity equal to or less than
0- 1, but only in the MA group is the difference
slightly significant (table 4). This weak inver-
sely proportional correlation is possibly
explained by assuming some kind of mutation
independent regeneration ability of the optic
nerve, which is gradually lost with increasing
age. This results in a lower final acuity as the
disease starts later. Although the female popu-
lations appeared to be too small for statistically
significant conclusions, they are comparable to
the corresponding male populations with re-
spect to the clinical results, especially in the
larger groups. There is a slightly significant
difference in sex ratios between the groups (XI
test = 11 -98, p = 0 036). This is entirely owing
to the relatively large number of female
patients in the YA group (7 of 17).
The clinical findings in the WA, WB, and

WX groups are comparable with those of
Newman et al.28 They investigated 72 LHON
patients in 43 families, all carrying the 11778
mutation. They found the age of onset to range
from 8 to 60 years with a mean of 27-6 years
and a final visual outcome of 20/200 (0- 1) or
worse in 98&2%.
The clinical findings in the MA group are

comparable with those of Mackey and How-
ell25 and of Johns et al.26 Mackey and Howell
investigated 17 patients in two families carry-
ing the 14484, 13708, and 4216 mutations but
lacking the 11778, 3460, and 15257 mutations.
Eight of the 17 patients they investigated
(47 0%) had a final visual acuity equal to or
more than 0 5. The age of onset ranged from 6
to 48 years. They found the mean age of onset
to be 17 years in those who recovered visual
acuity to more than 6/36 (0 17) and 34 years in
those who did not. This difference appeared to
be significant. Johns et aP6 described 19
patients carrying the 14484 mutation, seven of
whom experienced visual recovery to 20/60
(0-3) or more (37%). Those patients had a
mean age of onset of 19-6 years, whereas the
other 12 patients, without visual recovery, had
a mean age of onset of 30-6 years.
Heteroplasmy for both the 11778 and the

3460 mutation has been observed in LHON
families.1418222931 It has been suggested that
the severity of visual impairment is reflected
by the degree of heteroplasmy, that is, the

amount of mutant mtDNA.2 In family S067
(WX) the two affected males, both heteroplas-
mic for the 11778 mutation, had a visual out-
come of 0-1 and 0-2 respectively. Although
their visual acuities do not differ much from
the group mean, being 0 113, they both exper-
ienced a slight visual recovery after severe
initial loss. This is not a usual finding in
patients carrying the 11778 mutation and
therefore upholds the aforementioned assump-
tion. However, in contrast to other mito-
chondrial diseases, heteroplasmy is quite
exceptional in LHON. It is only found in
isolated cases and small pedigrees with
patients in not more than two generations. Of
the 29 LHON pedigrees we investigated,
heteroplasmy for the mutation at np 11778 was
found in only two small pedigrees, S055 (WB)
and S067 (WX). We also found heteroplasmy
in the mothers of the two singleton patients
carrying the 3460 mutation (S069 and S083).
Both patients were homoplasmic.25 Newman et
aP8 investigated 49 LHON pedigrees positive
for the mutation at np 11778 and found hetero-
plasmy in seven pedigrees, six of them repres-
ented by singleton cases. Moreover, various
authors have reported rapid segregation of the
heteroplasmic genotype in LHON, leading to
mutant homoplasmy in the course of a few
generations, as occurred in family S055 (WB).
In this family the amount ofmtDNA in leuco-
cytes carrying the 11778 mutation was 60% in
the unaffected grandmother, 55% in the unaf-
fected mother, and more than 95% in her two
sons both suffering from LHON.22 This has
raised the idea that a heteroplasmic visually
affected patient represents an early clinical
manifestation of a de novo mutation.0 It is
hypothesised that at some stage of oogenesis
the several thousands of mtDNA molecules,
present in each cell, are reduced to a small
number. If a de novo mutant mtDNA mo-
lecule passes this bottleneck, its share in the
total amount of mtDNA will increase con-
siderably when the remaining number of mo-
lecules returns to its normal high level by
means of replication. In that way, the mutation
may become homoplasmic during the follow-
ing two or three transmissions.32 This mechan-
ism has been shown in bovine oocytes"233 and
could be a crucial stage in the development of
mitochondrial diseases, but it probably plays a
limited part in the phenotypical heterogeneity
of LHON, since it is rarely found in patients.
As a consequence, leucocytes can be used for
mutation analysis since the various tissues of a
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Leber's hereditary optic neuropathy

homoplasmic person will not differ in the
amount of mutant mtDNA. On the other
hand, heteroplasmy in other mitochondrial
diseases, such as myoclonic epilepsy with rag-
ged red fibres (MERRF)3 and neurogenic
muscle weakness with ataxia and retinitis pig-
mentosa (NARP),35 is maintained in successive
generations and apparently not acted upon by
this bottleneck mechanism. The lethality of
homoplasmy in these diseases has been postu-
lated as the motive for maintaining hetero-
plasmy but a silent polymorphism at np 14560,
with no deleterious potential at all, has also
been reported to occur persistently heteroplas-
mic.36
The fact that the WA, WB, and WX groups

do not differ significantly from each other with
respect to the age of onset and final visual
acuity sustains the assumption that the 13708,
4917, and 4216 mutations are of dubious
phenotypic importance. They may even rep-
resent neutral polymorphisms with a higher
incidence in LHON families than in normal
controls.27 No LHON patients were reported
in family S055 (WB), featuring the 4917 and
4216 mutation in combination with the 11778
mutation, before the appearance of homo-
plasmy for the 11778 mutation. Therefore, we
suppose that another mutation must be present
in families like S026, which lack the 11778,
3460, and 14484 mutations. This putative
mutation may also account for the high
penetrance of the disease in females, which
characterises this pedigree.

It has been suggested that the occurrence of
certain additional mutations may act synergis-
tically and thus be responsible for a more
severe clinical outcome.27 The occurrence of
the 15257 mutation in 14484 positive pedi-
grees, like family S068 (MA*), may thus ac-
count for the worse mean visual outcome,
compared to the 14484 positive pedigrees that
do not feature the 15257 mutation. Johns et
a126 described five patients carrying both the
14484 and 15257 mutations, four of whom
experienced no visual recovery.
As yet, no mtDNA mutations have been

found in the YX group pedigrees. One of
these, family S006 (YX) differs from all the
other pedigrees in that neurological abnormal-
ities consistently correlated with LHON are
only found in this family. Nine of the 21
LHON patients in this family and three of
their visually unaffected matrilineal sibs suffer
from divergent mild to severe central nervous
system disorders, especially hyperreflexia,
spastic para- or tetraparesis, bulbar dysarthria,
and ataxia.'-4 A more deleterious mutation
may, therefore, be present in this pedigree
compared to the other one in this group.
The existence of intragenic suppressor mu-

tations that ameliorate the mitochondrial defi-
ciency has been proposed.8 Such a mutation
could be present in family S018 (WX). In this
family, the largest in the WX group, the affec-
ted males have a mean final visual outcome of
0-193, which is more than one and a half times
as much as the group mean (0 113) and more
than four to six times as much as the means of
the other three large families (SO14, S022, and

S025). Moreover, all the males in the WX
group with a final visual acuity equal to or
more than 0 5 belong to this pedigree.
We conclude that LHON patients who ex-

hibit the mtDNA mutations at np 14484,
13708, and 4216 but lack the 11778, 3460, and
15257 mutations have a significantly lower
mean age of onset and better mean final visual
outcome than patients exhibiting the 11778
mutation and that the mutations at np 13708,
4917, and 4216 do not make a significant
contribution to the clinical severity. Further
investigation of mtDNA mutation patterns
and clinical findings will contribute to the
clarification of pathogenesis in LHON.

The authors would like to thank JanM Ruijter for the statistical
analyses of the results.
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