
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Leigh syndrome associated with a mutation in the NDUFS7 (PSST) nuclear
encoded subunit of complex I

Triepels, R.H.; van den Heuvel, L.P.; Loeffen, J.L.C.M.; Buskens, C.A.F.; Smeets, R.J.P.;
Rubio Gozalbo, M.E.; Budde, S.M.S.; Mariman, E.C.; Wijburg, F.A.; Barth, P.G.; Trijbels,
J.M.F.; Smeitink, J.A.M.
DOI
10.1002/1531-8249(199906)45:6<787::AID-ANA13>3.0.CO;2-6
Publication date
1999

Published in
Annals of Neurology

Link to publication

Citation for published version (APA):
Triepels, R. H., van den Heuvel, L. P., Loeffen, J. L. C. M., Buskens, C. A. F., Smeets, R. J.
P., Rubio Gozalbo, M. E., Budde, S. M. S., Mariman, E. C., Wijburg, F. A., Barth, P. G.,
Trijbels, J. M. F., & Smeitink, J. A. M. (1999). Leigh syndrome associated with a mutation in
the NDUFS7 (PSST) nuclear encoded subunit of complex I. Annals of Neurology, 45, 787-
790. https://doi.org/10.1002/1531-8249(199906)45:6<787::AID-ANA13>3.0.CO;2-6

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:04 Oct 2021

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/278520517?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1002/1531-8249(199906)45:6<787::AID-ANA13>3.0.CO;2-6
https://dare.uva.nl/personal/pure/en/publications/leigh-syndrome-associated-with-a-mutation-in-the-ndufs7-psst-nuclear-encoded-subunit-of-complex-i(6c74fc64-11e0-4d45-8998-a78941f093ba).html
https://doi.org/10.1002/1531-8249(199906)45:6<787::AID-ANA13>3.0.CO;2-6


Leigh Syndrome Associated
with a Mutation in the
NDUFS7 (PSST) Nuclear
Encoded Subunit of
Complex I
R. H. Triepels, MSc,* L. P. van den Heuvel, PhD,*
J. L. C. M. Loeffen, MD,* C. A. F. Buskens, MSc,*
R. J. P. Smeets, BSc,* M. E. Rubio Gozalbo,*
S. M. S. Budde,* E. C. Mariman,†
F. A. Wijburg, MD, PhD,‡ P. G. Barth, MD, PhD,‡
J. M. F. Trijbels, PhD,* and J. A. M. Smeitink, MD, PhD*

Leigh syndrome is the phenotypical expression of a ge-
netically heterogeneous cluster of disorders, with pyru-
vate dehydrogenase complex deficiency and respiratory
chain disorders as the main biochemical causes. We re-
port the first missense mutation within the nuclear en-
coded complex I subunit, NDUFS7, in 2 siblings with
neuropathologically proven complex I–deficient Leigh
syndrome.

Triepels RH, van den Heuvel LP,
Loeffen JLCM, Buskens CAF, Smeets RJP,
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Wijburg FA, Barth PG, Trijbels JMF,

Smeitink JAM. Leigh syndrome associated with a
mutation in the NDUFS7 (PSST) nuclear

encoded subunit of complex I.
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NADH:ubiquinone oxidoreductase (complex I), the
largest of the four respiratory chain complexes, trans-
fers electrons with a high redox potential from NADH
to ubiquinone.1

Complex I deficiency is frequently encountered. Al-
though the age at onset and course of this disease may
vary, many complex I–deficient patients suffer from a
progressive, often early fatal multisystem disorder,2 fre-
quently Leigh syndrome.3 The genetic causes of com-
plex I–deficient patients, in which mitochondrial DNA
(mtDNA) mutations have been excluded, may be the

result of mutations in the nuclear encoded complex I
subunits.

To obtain more insight in the contribution of nu-
clear complex I genes to dysfunction of the complex,
we started a mutational detection program for nuclear
complex I genes in complex I–deficient patients. Nu-
clear genes already present in the minimal form of
complex I of Escherichia coli and genes coding for pro-
teins displaying a theoretically important role in the
function of the complex4 were the first to be analyzed.

The mutational detection study of the human nu-
clear encoded complex I subunit NDUFS7,5 the NuoB
subunit counterpart of E. coli,6 revealed a valine to me-
thionine amino acid substitution that cosegregated in a
neuropathologically proven Leigh syndrome family
with complex I deficiency.

Patient Report
A study of a patient with complex I–deficient neuropatho-
logically proven Leigh syndrome without lactic acidosis was
published in 1991.7 The nonconsanguineous parents were
Dutch.

The second boy in this family developed, from the age of
11 months, periodic but otherwise unexplained vomiting.
From the age of about 3 years, a progressive deterioration
was noted. He developed left-sided hemiplegia, dysarthria
and an abnormal breathing pattern with regularly deep
breaths, and severe feeding difficulties requiring tube feeding.
There was generalized hypotonia at rest and increased tendon
reflexes. As in the case of his brother, measurements of lac-
tate and pyruvate concentrations in urine, blood, and cere-
brospinal fluid were repeatedly normal. An oral glucose load-
ing test (2 g/kg of body weight) showed no pathological
increment of lactate, pointing to a normal cytosolic redox
status. A long-chain triglyceride loading test (1.5 ml/kg of
body weight) revealed normal ketone body ratios, indicating
a normal mitochondrial redox status.

Electroencephalogram and visual evoked potentials were
normal. Brain acoustical evoked response showed a low 5th
potential after right acoustic stimulation. Brain magnetic res-
onance imaging showed bilateral putaminal, caudate, and
dentate lesions, and lesions of the left cerebral peduncle and
right paramedian area of the medulla oblongata with en-
hanced T2 signal. The patient died at 5 years of age.

Patients and Methods
Patient Investigations
Our patient study group consists of 20 children with isolated
decreased biochemical complex I activity in skeletal muscle
tissue and cultured skin fibroblasts.8–10

To exclude large mtDNA rearrangements, we analyzed the
entire mitochondrial genome with a previously developed
long template polymerase chain reaction (PCR) technique.11

We screened the mitochondrial genome of the patients for
the mtDNA mutations T14484C, G14459A, G11778A,
T4160C, G3460A, T8993G/C, T8356C, A8344G,
A4317G, T3271C, and A3243G. On the nuclear level, mu-
tational detection of patient fibroblast cDNA of other possi-
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ble candidate genes (NDUFA1, NDUFB6, NDUFS4,
NDUFS5, and NDUFS8) was performed by direct DNA
sequencing.

Mutational Detection in the NDUFS7 cDNA
Mutational detection was performed as described previous-
ly.12 For PCR amplification of the human NDUFS75

cDNA, the forward primer as well as the reverse primer (Ta-
ble 1), homologous to the 59 and 39 untranslated regions,
were designed according to human EST (Expressed Sequence
Tags),13 and interior primers were ordered according to the
published NDUFS7 cDNA sequence.

Tissue Distribution of NDUFS7 mRNA
To obtain more information concerning mRNA quantities of
the human NDUFS7 in a wide range of human tissues, we
used a human poly(A)1 RNA Master Blot (Clontech, Mad-
ison, WI). Hybridization was performed according to estab-
lished procedures by using [a-32P]dCTP-labeled wild-type
cDNA PCR fragment containing the NDUFS7 open reading
frame.10 Afterward the blot was analyzed by autoradiography.

Results
Genetic Analysis of the Patient Group
Amplification of the entire mitochondrial genome of
all patients showed no large mtDNA deletions or in-
sertions. None of the investigated mtDNA abnormali-
ties were detected. Two mutations in nuclear encoded
complex I subunits were found, a 5-bp duplication in
the NDUFS4 subunit in a non-Leigh syndrome com-
plex I–deficient patient12 and a compound heterozy-
gous mutation in the NDUFS8 gene within another
neuropathologically proven Leigh syndrome family.14

Biochemical Analysis of Index Patients
Biochemical studies (Table 2) revealed a complex I de-
ficiency in muscle tissue of both affected siblings. In-
dividual NADH:QI oxidoreductase (complex I) activi-
ties as well as complex I/citrate synthase and complex
I/cytochrome c oxidase ratios were decreased compared
with representative reference values. In cultured fibro-
blasts, a decreased complex I activity and complex I/
cytochrome c oxidase ratio were detected in Sibling 2.

Mutational Detection of the NDUFS7 cDNA
For mutational detection of the NDUFS7, we analyzed
patient cDNA, produced by first-strand synthesis of
cultured fibroblast RNA. By using the oligonucleotide
primers NDUFS7-F and R (see Table 1), we amplified
a 775-bp cDNA PCR fragment containing the com-
plete NDUFS7 open reading frame. Direct sequencing
of the obtained fragment revealed a homozygous
G364A transition in 1 patient (Sibling 2), which results
in a V122M amino acid substitution. The G364A
transition creates a Bcl I restriction site. Analysis of
cDNA produced by first-strand synthesis of RNA of
both parents and a younger affected brother (Sibling 1)
revealed that this mutations is consistent with an auto-
somal recessive mode of inheritance (Fig). The G364A
mutation was not present in 60 Dutch control alleles
and another 19 complex I–deficient patients, including
5 patients displaying the clinical phenotype of Leigh
syndrome.

In addition, a T68C transition, introducing a MspI
restriction site on the DNA level and a L23P amino
acid substitution on the protein level, was observed.
MspI restriction analysis revealed an allelic frequency of
this transition of 37.5% in 19 isolated complex I–
deficient patients and 35% in 60 control alleles.

Tissue Distribution of NDUFS7 Transcripts
In descending order, the ubiquitously expressed
NDUFS7 mRNA was extensively detected in human
heart, skeletal muscle, and liver (data not shown). In
comparison with other tissues, the NDUFS7 mRNA
content in pancreas, adrenal gland, salivary gland, and
stomach seems to be slightly more.

Discussion
Complex I deficiency is a frequent mitochondrial re-
spiratory chain defect with Leigh syndrome as a com-
mon clinical phenotype.15 In the past decade, several
mitochondrial mutations were associated with complex
I deficiency (reviewed by Zeviani and colleagues16).
The transfer of electrons through complex I is possible

Table 1. Human NDUFS7 cDNA Primer Sequences Used for cDNA Sequencing and Mutational Detection

Primer Names Oligonucleotide Sequences Positions on cDNA

Forward primers
NDUFS7-F 59-CTG AAG GCC GAG GCC AAG-39 21/218
NDUFS7-F1 59-GTT CTC TGT GGC CCA TGA CC-39 230/249
NDUFS7-F2 59-CTA TTC CTA CTC GGT GGT G-39 483/501

Reverse primers
NDUFS7-R 59-CCT CAC GGG ACA CAA GCA G-39 757/739
NDUFS7-R1 59-CCG AGT AGG AAT AGT GGT AG-39 496/477
NDUFS7-R2 59-GTT GAC GAG GTC ATC CAG C-39 216/198

The NDUFS7 open reading frame contains 640 base pairs to the first base of the TAG stop codon.5

788 Annals of Neurology Vol 45 No 6 June 1999



through the presence of a flavin mononucleotide center
and at least six iron–sulfur clusters.17,18 Complex I de-
ficiency might be caused by defects of subunits in-
volved in the formation of these clusters. The human
nuclear encoded NDUFS7 protein seems to be a strong
candidate to be involved in the formation of the N2
(4Fe-4S) iron–sulfur cluster.19

Mutational detection of the NDUFS7 cDNA in the
described complex I–deficient Leigh syndrome family
revealed a valine to methionine (V122M) amino acid
substitution consistent with an autosomal recessive
mode of inheritance (see Fig). The substituted valine is
located within the NDUFS7 cysteine motif —CxxE—
(x)60—C—(x)30—CP—,5 which is probably involved
in the formation of the N2 (4Fe-4S) iron–sulfur cluster
of complex I.17 The V122M amino acid substitution
could affect the NDUFS7 protein conformation in

complex I or its incorporation in the whole complex,
thus impairing for the proper formation of the iron–-
sulfur cluster. Protein sequence conservation among
various organisms such as Bos taurus, Caenorhabditis ele-
gans, Neurospora crassa, Escherichia coli, and Rhodo-
bacter capsulatus shows a high conservation rate of the
substituted valine residue, suggesting an important role
in complex I. The NDUFS7 cDNA analysis revealed
also a leucine to proline substitution (L23P) with a
comparable distribution in complex I–deficient pa-
tients and a control population.

NDUFS7 transcripts were found in all human tis-
sues, indicating a NDUFS7 expression pattern like
housekeeping genes. The higher expression in human
tissues with high metabolic energy rates is probably
caused by higher amounts of mitochondria in these
tissues.

Fig. Segegration of the NDUFS7 V122M
mutation within the family. Genetic anal-
ysis was performed by BclI restriction
analysis (see Results). The presence of the
G364A transition results in the digestion
of the 514-bp polymerase chain reaction
fragment into 377-bp and 137-bp frag-
ments. On the cDNA level, both parents
appear to be heterozygous for the G364A
transition, whereas both affected siblings
are homozygous.

Table 2. Enzyme Activities in Skeletal Muscle and Fibroblasts

Parameter Analyzed

Enzyme Activities

Skeletal Muscle Tissue Cultured Fibroblasts

Sibling 1 Sibling 2 Control Sibling 1 Sibling 2 Control

NADH:Q1 oxidoreductase (CI) 0.7a 2.8a 3.6–25a (n 5 20) NA 13.6a 18.9–44.2a (n 5 14)
Cytochrome c oxidase (COX) 1,500b 1,488b 810–3,120b (n 5 21) NA 201a 143–252a (n 5 14)
Citrate synthase (CS) 36a 172a 37–162a (n 5 43) NM NM NM
CI/CS 19.4b 16.3b 70–190b (n 5 20) NM NM NM
CI/COX 13.0c 10.9c 38–164c (n 5 20) NA 68c 110–260c (n 5 14)

aValues are expressed as milliunits per milligram of protein.
bValues are expressed as milliunits per units of CS.
cValues are expressed as milliunits per units of COX.

NA 5 not available; NM 5 not measurable.
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The appearance of a mutation within the nuclear en-
coded subunit NDUFS7 of complex I in 2 siblings dis-
playing Leigh syndrome links this disease in this family
to a nuclear defect. Although frequently present, it is
important to stress that normal concentrations of lac-
tate, pyruvate, and ketone body ratios in body fluids as
well as normal magnetic resonance spectroscopy results
do not definitely rule out mitochondrial disorders.

The functional relevance of mutations in the nuclear
encoded subunits in complex I deficiency should be tested
in the future, to yield insight into the pathogenetic mech-
anism involved. This information might prove useful,
because treatment of these disorders is difficult.

This study was funded by a grant from the “Prinses Beatrix Fonds
(97-0111),” The Netherlands.
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Chromatic Sensitive
Epilepsy: A Variant of
Photosensitive Epilepsy
Shozo Tobimatsu, MD,* You Min Zhang, MD,*
Yasuko Tomoda, MD,† Akihisa Mitsudome, MD,†
and Motohiro Kato, MD*

We herein report 4 Japanese children who suffered epi-
leptic seizures while watching a popular animated TV
program. They showed a photoparoxysmal response that
is more frequently observed in response to rapid color
(blue/red) frame changes than monochromatic ones.
These patients were all considered to have photosensitive
epilepsy; however, chromatic sensitivity also plays an im-
portant role in the generation of such seizures.

Tobimatsu S, Zhang YM, Tomoda Y,
Mitsudome A, Kato M. Chromatic sensitive
epilepsy: a variant of photosensitive epilepsy.
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From the *Department of Clinical Neurophysiology, Neurological
Institute, Faculty of Medicine, Kyushu University, and †Depart-
ment of Pediatrics, Faculty of Medicine, Fukuoka University,
Fukuoka, Japan.

Received Nov 11, 1998, and in revised form Jan 26, 1999. Ac-
cepted for publication Jan 26, 1999.

Address correspondence to Dr Tobimatsu, Department of Clinical
Neurophysiology, Neurological Institute, Faculty of Medicine, Ky-
ushu University, 3-1-1 Maidashi, Higashi-Ku, Fukuoka 812-8582,
Japan.

790 Copyright © 1999 by the American Neurological Association



Photosensitive epilepsy (PSE) occurs in approximately
1 of 4,000 individuals from the general population and
tends to be most prevalent in adolescence.1 PSE can be
caused by flickering light or high-contrast patterned
stimuli. PSE patients usually show a photoparoxysmal
response (PPR) to intermittent photic stimulation
(IPS) in electroencephalography (EEG).

On December 16, 1997, at around 18:50 PM, 685
Japanese children and some adults suffered generalized
convulsions and a loss of consciousness suggesting ep-
ileptic seizures, while watching a popular animated TV
program called “Pocket Monsters.”2–4 The probable
cause was PSE because a tremendous number of chil-
dren developed similar symptoms at exactly the same
time in a similar situation when watching a scene con-
sisting of flashing lights and rapid color changes in the
cartoon. However, it is not clear as to why many chil-
dren without any previous seizures were also affected or
exactly which components of the cartoon constituted
the provocative stimuli. Therefore, a research commit-
tee was organized by the Ministry of Welfare and
Health of the Japanese Government.2 As members of
this committee, we conducted research on these pa-
tients. We herein report the evidence that rapid
changes of red and blue color frames were found to be
the provoking factor for these seizures.

Patients and Methods
Twenty children (11 boys and 9 girls; age, 5–17 years) with
seizures provoked by a cartoon that was broadcast on De-
cember 16, 1997, were referred to the Department of Pedi-
atrics of Fukuoka University.2 Four boys (age, 8–13 years)
were recruited from these 20 cases for further investigation
(Table). Patient 4 had been taking sodium valproate because
a referred pediatrician found a PPR in his EEG. Two boys
with TV game epilepsy (ages 11 and 14 years) also partici-
pated in this investigation. They did not have seizures while

watching the cartoon. A 14-year-old boy was the older
brother of Patient 4 (see Table) and had been receiving so-
dium valproate. Informed consent was obtained from all sub-
jects and their parents after the procedure had been fully
explained.

All patients underwent a comprehensive EEG investiga-
tion including hyperventilation. IPS was performed by using
a photostimulator (NEC San-ei or Nihon Kohden, Tokyo,
Japan) at a distance of 30 cm from the patient’s eyes. In
addition, EEG recordings were made while watching the
critical sequences of the cartoon that had induced seizures.
The patient sat 1.3 m from the video monitor, which sub-
tended a visual angle of 23.1° horizontally and 17.4° verti-
cally. We also presented rapid changes of blue and red (B/R)
color frames and monochromatic gray and black (G/B)
frames with varying stimulus frequencies (3, 6, 8.6, 10, 12,
and 15 Hz) in 2 patients, because the committee had re-
vealed that the background of the colored cartoon frames
consisted of rapid changes of red and blue frames at 12 Hz.2

The mean luminances of red, blue, gray, and black were 120,
160, 160, and 20 cd/m2, respectively.

Results
All 4 boys with cartoon-evoked seizures had no previ-
ous history of afebrile convulsions before this episode,
but Patient 2 had experienced febrile convulsions at 3
years of age (see Table). Two patients (Patients 2 and
4) had a family history of epilepsy and they were the
only cases with a positive family history in 20 cases.
Brain computed tomographic scanning or magnetic res-
onance imaging showed no evidence of any focal abnor-
mality. Two patients (Patients 1 and 2) showed normal
EEG findings and were not sensitive to IPS. However,
the other 2 patients (Patients 3 and 4) were sensitive to
IPS and showed paroxysmal EEG abnormalities.

All 4 boys with cartoon-evoked seizures had a PPR
(ie, bursts of 3-Hz spike-and-wave complex) when ex-
posed to the colored cartoon frames, but PPRs were

Table. Demographic Characteristics of the Patients and Electroencephalographic Findings

Patient 1
(T.S.)

Patient 2
(N.T.)

Patient 3
(T.A.)

Patient 4
(M.Y.)

Age (yr) 12 8 11 13
Sex M M M M
Seizure type GTC GTC GTC GTC
Visual symptom None None None None
Febrile convulsion None Once (at 3 yr) None None
Family history None Presenta None Presentb

CT or MRI N N N N
EEG findings

Awake N N GSW N
HV N N GSW Spike at C
IPS N N GSW (9 Hz) GSW (24 Hz)

GTC 5 generalized tonic or tonic–clonic convulsion; CT 5 computed tomography; MRI 5 magnetic resonance imaging; N 5 normal;
EEG 5 electroencephalographic; HV 5 hyperventilation; IPS 5 intermittent photic stimulation; GSW 5 generalized (ir)regular, spike and
waves, or polyspike and waves; C 5 central region.
aA younger sister has partial epilepsy with photosensitivity and an older brother has partial epilepsy without photosensitivity.
bAn older brother has TV game epilepsy.
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less frequent while watching a monochromatic version
of the same cartoon (Figs 1 and 2). In contrast, 2 boys
with TV game epilepsy did not show a PPR when ex-
posed to either the colored cartoon frames or mono-
chromatic ones.

The effect of the stimulus frequency on the EEG is
shown in Figure 2. This patient (Patient 2) showed a

PPR to B/R color stimulus at 6 Hz and at 12 Hz, but
he did not show the PPR to G/B stimuli up to 12 Hz
(see Fig 2). The other patient (Patient 3) showed a
PPR to B/R color stimulus at 10 Hz, but he did not
show a PPR to G/B stimuli up to 12 Hz (data not
shown).

Discussion
Four patients without any previous history of seizures
were more sensitive to rapid color changes than to
monochromatic ones. In a similar manner, 5 of 6 Brit-
ish PSE patients produced a PPR after viewing the col-
ored cartoon frames but not after seeing the mono-
chromatic ones.5 We also found that B/R stimuli
provoked a PPR even at a lower stimulus frequency
when compared with achromatic ones. These findings
suggest that the rapid color changes in the cartoon thus
provoked the seizures. Long wavelength red light (such
as that from the red frame) stimulates red cones and
short wavelength blue light stimulates blue cones. It is
postulated that no antagonistic relation exists between
the red and blue cone impulses in the visual cortical
neurons.6 No matching inhibitory signals are elicited
by stimulation with the two colors, which thus results
in the maximal stimulation of the visual cortex, and

Fig 2. The effect of stimulus frequency on photoparoxysmal response (PPR) in Patient 2. Note that not only blue/red (B/R) chro-
matic changes at a rate of 12 Hz but also those at 6 Hz provoked a PPR. In contrast, a gray/black (G/B) flicker induced a PPR
only at 12 Hz.

Fig 1. The photoparoxysmal response (PPR) induced by the
cartoon frames (blue/red) and monochromatic version (gray/
black) of the same cartoon in Patient 1. This patient was
more sensitive to chromatic changes than monochromatic
changes. Each stimulus was presented for 1 second.
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seizures in photosensitive individuals. It remains con-
troversial, however, as to whether red light is more pro-
vocative than white light.5,7–10 Takahashi and Tsuka-
hara7,8 claimed that red flickering light was more
epileptogenic than white or other colors, whereas the
other studies found that no consistent difference existed
between red and green stimuli.9,10 The above findings
suggest that a combination of colors without any antag-
onistic relation in the visual cortex such as red and blue
is apparently more provocative than red only.

We would like to revise the overall concept of PSE
based on our findings. We propose that the following
four factors play an important role in the generation of
PSE: (1) photosensitivity, (2) pattern sensitivity, (3)
chromatic sensitivity, and (4) stimulus frequency. Pho-
tosensitivity to IPS is well known to be essential for
diagnosing PSE.10–12 Pattern sensitivity is already
known to play an important role in TV game epi-
lepsy.1,13,14 High-contrast black and white square-wave
grating patterns at spatial frequencies between 0.5 and
6 cycles per degree are recommended for laboratory
tests of pattern sensitivity.1 Chromatic sensitivity as ob-
served in this study is also important, especially a com-
bination of colors without any antagonistic relation in
the visual cortex such as red and blue. Finally, stimulus
frequency is another important factor. PSE patients are
most sensitive to the frequency range 10 to 30 Hz of
IPS.1 In a similar manner, PPRs were highly depen-
dent on the stimulus frequency of B/R or G/B in the
present study. Taken together, investigators should
thus recognize that each PSE patient demonstrates a
different susceptibility to these four factors. These find-
ings suggest that testing for chromatic sensitivity as
well as IPS during routine EEGs is thus required when
physicians suspect chromatic sensitivity in patients.

There is a relatively high incidence of family history
of epilepsy in PSE patients and about 50% of the
purely photosensitive patients had a family history of
photosensitivity.15 In this study, we also found a family
history positive for epilepsy, thus suggesting the genetic
background underlying this chromatic sensitive condi-
tion.2 Further studies are necessary to find the gene
abnormality responsible for photosensitivity or chro-
matic sensitivity.

To date, our patients have not had any further at-
tacks and we have not administered anticonvulsants for
prophylaxis. However, we have recommended that the
patients and their families avoid rapid changes in color,
luminance, and patterns including TV and video
games.2

In conclusion, our patients were all considered to
have PSE. However, chromatic sensitivity also plays an
important role in the generation of seizures. Therefore,
we propose that chromatic sensitive epilepsy should be
considered a variant of PSE and it appears to include a
substantial population among children.

This study was supported by the Research Committee of “Clinical
Research on Photosensitive Attack” of the Ministry of Welfare and
Health of the Japanese Government.
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Diffusion-Weighted
Magnetic Resonance
Imaging: Detection
of Ischemic Injury
39 Minutes after Onset
in a Stroke Patient
Yukihiro Yoneda, MD,* Keisuke Tokui, MD,*
Tokiji Hanihara, MD,† Hajime Kitagaki, MD,‡
Masayasu Tabuchi, MD,* and Etsuro Mori, MD†

A neurologist witnessed the in-hospital onset of an is-
chemic stroke in a 71-year-old right-handed male who
suddenly developed global aphasia and right hemiplegia.
Diffusion-weighted magnetic resonance imaging (DWI)
39 minutes after the ictus demonstrated high signals in
the left internal carotid artery territory. T1- and T2-
weighted images failed to detect this change. Magnetic
resonance angiography showed occlusions in branches of
the left anterior and middle cerebral arteries and an ath-
eromatous stenotic lesion in the ipsilateral proximal in-
ternal carotid artery. The patient was treated with intra-
venous heparin and low molecular dextran solution.
Repeated magnetic resonance imagings identified an in-
farction slightly smaller than the abnormality demon-
strated by the initial DWI. DWI detects hyperacute is-
chemic injury within 1 hour of symptom onset in human
ischemic stroke.

Yoneda Y, Tokui K, Hanihara T, Kitagaki H,
Tabuchi M, Mori E. Diffusion-weighted magnetic

resonance imaging: detection of ischemic injury
39 minutes after onset in a stroke patient.

Ann Neurol 1999;45:794–797

Diffusion-weighted imaging (DWI) with a new func-
tional magnetic resonance (MR) technique is very sen-
sitive for early cerebral ischemia within the first few
hours after stroke onset.1–8 In experimental stroke
models, the DWI detects focal ischemia within min-
utes after cerebral arterial occlusion.9–12 In human
acute ischemic stroke, however, there was little chance

to obtain MR imagings including DWI within 1 hour
of stroke onset.8 We here report an ischemic stroke pa-
tient whose stroke onset was witnessed by a neurolo-
gist, in which a hyperacute ischemic injury was dem-
onstrated by the DWI 39 minutes after the onset. This
is the first documentation of experiment-based phe-
nomenon in human hyperacute ischemic stroke.

Case Report
A 71-year-old right-handed male suddenly became mute and
right hemiplegic at 10:45 AM (onset time) on May 27, 1998,
while he and his wife were meeting with a neurologist (T.H.)
about her medical condition (Alzheimer’s disease) at the out-
patient clinic of the Hyogo Institute for Aging Brain and
Cognitive Disorder. His medical history was unremarkable
except for left lung lobectomy for tuberculosis. Until then,
he had no episodes of stroke and transient ischemic attack,
and the neurologist did not notice any evidence of cognitive
and neurological abnormality during the meeting with him.
A brief physical and neurological examination revealed global
aphasia and dense right hemiplegia, suggesting a left hemi-
spheric stroke, and the patient was transferred immediately
to a magnetic resonance imaging (MRI) unit. The MR scan-
ner was a whole-body 1.5-T MR system (Signa Horizon,
General Electric, Milwaukee, WI) with echo planar imaging
(EPI). The scan was performed with a sagittal localizing T1-
weighted image (T1WI), followed by axial T1WI, axial
DWI, and T2-weighted image (T2WI) with EPI, and intra-
cranial MR angiography. Axial isotropic DWI (single-shot
EPI, averaged x-y-z directions, b value 5 1,000 sec/mm2,
echo/repetition time [TE/TR] 5 127/2,000 msec, matrix 5
256 3 192, field of view [FOV] 5 24 3 24, slice thickness
[gap] 5 5 [2.5] mm, 14 slices, scan time 5 32 seconds)
obtained 39 minutes after the ictus onset (11:24 AM) dem-
onstrated an area with diffuse high signals in the left hemi-
sphere (Fig 1). Axial T1WI (fast spoiled gradient-echo, TE/
TR 5 2.3/60 msec, matrix 5 256 3 192, FOV 5 20 3 20,
thickness [gap] 5 5 [2.5] mm, 14 slices, scan time 5 1
minute and 34 seconds) and T2WI (EPI, b 5 0 sec/mm2,
TE/TR 5 127/2,000 msec, matrix 5 256 3 192, FOV 5
24 3 24, thickness [gap] 5 5 [2.5] mm, 14 slices, scan
time 5 32 seconds) were completely normal. On calculated
apparent diffusion coefficient (ADC) maps,13 the mean
ADC ratios (lesion/contralateral sides) were 0.953 6 0.077
(6SD) in the mesial frontal region of the anterior cerebral
artery (ACA) territory, and 0.929 6 0.080, 0.967 6 0.061,
and 0.989 6 0.057 in the lateral frontal, superior parietal,
and parietotemporal regions of the middle cerebral artery
(MCA) territory, respectively. Intracranial three-dimensional
time-of-flight MR angiography (fast spoiled gradient-echo,
TE/TR 5 6.9/37 msec, matrix 5 256 3 160, FOV 5 14 3
14, slab thickness 5 34 mm, 4 slabs, scan time 5 13 min-
utes 49 seconds) obtained 46 minutes after onset showed oc-
clusions in branches of the left ACA and MCA associated
with severely decreased signal intensity in the ipsilateral in-
ternal carotid artery (ICA) territory (Fig 2). The signal in-
tensity of the left ACA and MCA was slightly higher than
the ipsilateral ICA, suggesting an anterograde collateral blood
flow through the anterior communicating artery from the
contralateral ICA.

From the *Neurology Service, Hyogo Brain and Heart Center at
Himeji, and Divisions of †Clinical Neurosciences and ‡Neuroimag-
ing Research, Hyogo Institute for Aging Brain and Cognitive Dis-
orders, Himeji, Japan.

Received Aug 4, 1998, and in revised form Jan 29, 1999. Accepted
for publication Jan 30, 1999.

Address correspondence to Dr Yoneda, Neurology Service, Hyogo
Brain and Heart Center at Himeji, 520 Saisho-ko, Himeji, 670-
0981, Japan.

794 Copyright © 1999 by the American Neurological Association



Fig 1. Magnetic resonance imaging (MRI) scans in the hyperacute stage (39 minutes after stroke onset). Axial diffusion-weighted
MRI scans (top row) obtained 39 minutes after the ictus onset, demonstrating diffuse high signals in the left hemisphere. Axial T2-
weighted (bottom row) and T1-weighted (not shown) images were completely normal.

Fig 2. Intracranial magnetic resonance angiographic scans obtained 46 minutes after the ictus (left images) showing occlusions (ar-
rows) in the left anterior and middle cerebral artery branches, associated with a decreased signal of the ipsilateral internal carotid
artery territory. Cervical magnetic resonance angiography (right image) 2 days later showing an atheromatous stenotic lesion (arrow-
head) in the ipsilateral proximal internal carotid artery.
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A diagnosis of acute cerebral ischemia in the left ICA ter-
ritory was made, then he was admitted to the stroke care
unit of the Hyogo Brain and Heart Center at Himeji, lo-
cated on the common campus, 75 minutes after the symp-
tom onset (12:00 AM). The National Institutes of Health
Stroke Scale score was 21 points. Daily intravenous treat-
ment with 10,000 U of heparin and 500 ml of 10% low
molecular dextran solution was started immediately and
continued over the next 3 days, followed by 81 mg of as-
pirin orally daily. A single-photon emission computed to-
mography (Hitachi 2000H, Tokyo, Japan) with 99mTc-
hexamethylpropyleneamine oxime (HMPAO) 270 minutes
after the ictus showed a marked hypoperfusion in the left
hemisphere, which was quite similar to the abnormality on
the DWI. A brain computed tomography (Toshiba X-force,
Tokyo, Japan) 23 hours after the ictus showed a hypodense
area in the left ACA and anterior MCA territory. A cervical
three-dimensional time-of-flight MR angiography14 (Siemens
Magnetom Impact 1.0 T, Erlangen, Germany) 2 days later
demonstrated an atheromatous stenotic lesion in the left
proximal ICA (see Fig 2). Repeated axial MRI scans includ-
ing DWI, T1WI, T2WI, fluid-attenuated inversion-recovery
(FLAIR, TE/TR 5 147/9,002 msec, matrix 5 256 3 192,
FOV 5 20 3 20, thickness [gap] 5 5 [2.5] mm, 14 slices,
scan time 5 3 minutes 54 seconds) 23 days after stroke on-
set demonstrated a hemorrhagic infarction in the left ICA
territory (Fig 3). The superior part of the left parietal lobe,
which had abnormal intensity on the initial DWI and some-
what low ADCs, and the rest of the hemisphere with normal
appearance on the initial DWI and normal ADCs, were un-

affected by the final infarction on the follow-up MRI scans.
A repeated intracranial MR angiography showed a complete
reflow in whole branches of the left ICA. The patient was
gradually improved to some extent over the next 2 months
and discharged with Broca’s aphasia and right hemiparesis.

Discussion
In this patient, DWI detected a hyperacute ischemic
injury that in the future matured to an infarction 39
minutes after stroke onset. This experience is, to our
knowledge, the earliest detection of ischemic insult af-
ter onset by DWI in human ischemic stroke. In exper-
imental focal ischemia models, ischemic changes have
been demonstrated by DWI as early as 30 minutes af-
ter an MCA occlusion.9–12 We documented this in hu-
man stroke. A neurologist witnessed the onset of neu-
rological symptoms in this patient, although in clinical
practice a patient’s or a witness’s report of stroke onset
may be unreliable. In addition, a presumed stroke
mechanism was an abrupt occlusion of the ACA and
MCA branches by artery-to-artery embolic thrombi
from an atherosclerotic lesion in the proximal ICA.
Therefore, there would be little time lag from actual
cerebral arterial occlusion and critical reduction of
blood supply to clinical manifestation in this patient. It
is unlikely that preonset hemodynamic hypoperfusion
because of stenosis in the proximal ICA is involved,

Fig 3. Magnetic resonance imaging (MRI) scans in the chronic stage (23 days after stroke onset). Axial diffusion-weighted MRI
scans (top row) showing high signals with partly low-signal spots in the left hemisphere, indicating a hemorrhagic infarction. Axial
FLAIR (fluid-attenuated inversion-recovery) images (bottom row) demonstrating an area of high signal with partly low signals. The
final infarct size was slightly smaller than the hyperintense area on hyperacute diffusion-weighted images.
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because the stenosis in the left ICA was asymptomatic
and moderate in degree.

Previous studies have reported that the final infarct
sizes demonstrated by subsequent neuroimagings were
larger than or the same as the abnormalities on DWI as
early as hours or days after stroke onset.3,5–7 However,
the final infarct size in this patient was slightly smaller
than the lesion on the initial DWI, suggesting that the
abnormality on earlier DWI includes at least partially
reversible ischemic changes after early reperfusion,
which can be intervened by treatments as demonstrated
in experimental focal ischemia models.15,16 This report
provides important evidence that, as well as in experi-
mental models, DWI detects hyperacute focal cerebral
ischemia in minutes after the onset in human stroke,
and suggests that DWI is a useful neuroimaging tool in
the management of patients receiving thrombolytic,
anticoagulant, or neuroprotective therapies.

This study was supported by research grants for cardiovascular dis-
ease (9A-2 and 9A-8) from the Ministry of Health and Welfare,
Japan.
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The Postmigrational
Development of
Polymicrogyria Documented
by Magnetic Resonance
Imaging from 31 Weeks’
Postconceptional Age
Terrie E. Inder, MD,* Petra S. Huppi, MD,†
Gary P. Zientara, PhD,‡ Ferenc A. Jolesz, MD,‡
Erik E. Holling, BA,† Richard Robertson, MD,§
Patrick D. Barnes, MD,§ and Joseph J. Volpe, MD*

We report the case of a 27-week premature infant in
whom magnetic resonance imaging (MRI) at 4 postnatal
weeks (postconceptional age, 31 weeks), term, and 6
months of age documented the postnatal postmigrational
evolution of bilateral perisylvian polymicrogyria. The
polymicrogyria was readily detected by ultrafine 1.5-mm
coronal slices on three-dimensional, Fourier-transformed,
spoiled gradient–recalled and T2-weighted MRI se-
quences. These MRI sequences provide the first in vivo
documentation of the postmigrational evolution of poly-
microgyria. The likelihood that the polymicrogyria was
related to an ischemic encephaloclastic mechanism is sup-
ported by the simultaneous occurrence of periventricular
leukomalacia.

Inder TE, Huppi PS, Zientara GP, Jolesz FA,
Holling EE, Robertson R, Barnes PD, Volpe JJ.

The postmigrational development of
polymicrogyria documented by magnetic

resonance imaging from 31 weeks’
postconceptional age.

Ann Neurol 1999;45:798–801

Polymicrogyria of the cerebral cortex is a developmen-
tal abnormality characterized by excessive surface con-
volution.1 Two major histological varieties of poly-
microgyria are recognized: an unlayered type and a
“classic” layered type. The unlayered type is considered

to be a disorder of neuronal migration and includes
neuronal heterotopias as well as lack of cortical lami-
nation. The layered type includes a four-layered cortex
that contains normal neuronal layering, except for the
replacement of the deeper cortical layers by an area of
laminar necrosis. A role for intrauterine ischemia after
termination of cortical neuronal migration in the gen-
esis of the layered variety has been suggested by neu-
ropathological studies.2,3 Our case describes the post-
migrational development of polymicrogyria detected by
ultrafine slices on serial magnetic resonance imaging
(MRI) sequences for the first time in the living infant.

Case Report
The male infant was born to a 33-year-old gravida 1 para 0
mother following an unremarkable twin pregnancy. At 27
weeks’ gestation, she presented in preterm labor. There was
no evidence of fetal distress, and no maternal fever was doc-
umented. Delivery was by Cesarean section 1 hour after rup-
ture of membranes due to breech presentation of the first
twin. At delivery, the case infant, the second twin, was intu-
bated in the delivery room for respiratory distress. Apgar
scores were 6 at 1 minute and 7 at 5 minutes. His admission
weight was 1,165 g (50th percentile for gestational age), and
his head circumference was 29 cm (80th percentile for ges-
tational age). His initial hospital course included ventilator
dependency for a period of 17 days. He received dopamine
and hydrocortisone therapy for the first 3 postnatal days for
hypotension. The first cranial ultrasound scan at 1 day of age
showed small bilateral intraventricular hemorrhages. A repeat
cranial ultrasound at 3 days of age demonstrated additional
abnormalities (ie, prominent periventricular echodensities in
the left frontoparietal and bilateral parieto-occipital regions).
This abnormal parenchymal echogenicity evolved over 3
weeks to multiple echolucent periventricular lesions consis-
tent with cystic periventricular leukomalacia (Fig, A). At 4
weeks of age (31 weeks’ postconceptional age), the infant
was scanned in a 1.5-T General Electric Signa MRI system
(Milwaukee, WI). For the acquisition of primary MRI data,
two different imaging modes were applied: a three-
dimensional, Fourier-transformed, spoiled gradient–recalled
sequence with 1.5-mm slices as well as a double-echo proton
density and T2-weighted spin-echo sequence with 3-mm
slices.4 The MRI sequence at 4 postnatal weeks showed a
minor abnormality in the perisylvian region of uncertain sig-
nificance as well as findings consistent with the small intra-
ventricular hemorrhages and marked bilateral periventricular
leukomalacia (see Fig, B). MRI with diffusion-weighted im-
ages showed an elevation in the apparent diffusion coefficient
in the periventricular cerebral white matter at the sites of the
apparent cystic lesions, a finding suggesting that the periven-
tricular lesions were chronic. Subsequent MRI sequences at
13 weeks of age (term equivalent) (see Fig, C and D) and at
6 months of age (corrected age of 3 months) showed marked
evolution of extensive bilateral perisylvian cortical polymicro-
gyria as well as the presence of bilateral periventricular cystic
changes with mineralization.
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Discussion
This case report is important because it describes for
the first time the postmigrational development of an
apparent encephaloclastic polymicrogyria. The associa-
tion with the evolution of cystic periventricular leu-
komalacia and the findings on diffusion-weighted im-
aging support the conclusion that ischemia was an
important pathogenic mechanism. Moreover, the find-
ings have implications for the pathogenesis of “congen-
ital bilateral perisylvian polymicrogyria.”

Two anatomical forms of polymicrogyria, “classic”
layered and unlayered, can be distinguished by micro-
scopic appearance.1 The layered type is characterized
by four layers: a relatively intact outermost molecular
layer, a similarly preserved and richly cellular upper
cortical layer, a cell-poor gliotic layer of apparent lam-
inar cortical necrosis, and a relatively preserved deep
layer of intact neurons. A principal cause of this form
of polymicrogyria appears to be ischemia, with the oc-
currence of laminar cortical necrosis. Indeed, this type

of polymicrogyria often coexists at the margins of more
severe ischemic or destructive lesions (eg, hydranen-
cephaly) or in association with destructive infectious
processes.3 Williams and Caviness5 concluded from the
detailed analysis of their case that the deep cell-sparse
layer of the four-layered type represented neuronal loss
and glial replacement similar to that of laminar cortical
necrosis in the adult with hypoxic-ischemic injury.
Their conclusion was supported by Golgi analysis of
neuronal subtypes in the layers of the microgyric cor-
tex, which indicated that the neuronal classes present
were in their proper positions.5 Another recognized
cause of layered polymicrogyria is intrauterine infec-
tion, particularly cytomegalovirus. In this disorder, in-
direct evidence suggests that polymicrogyria is not
caused by direct viral attack but results from general per-
fusion failure.6 Our patient had no evidence of cytomeg-
alovirus infection by serum titers and urine culture.

In the nonlayered variety of polymicrogyria, the neu-
rons destined primarily for the outer cortical layers ap-

Fig. (A) Coronal ultrasound scan at 3 weeks of
age. There are multiple echolucent lesions in the
periventricular regions. (B) Axial T2-weighted
magnetic resonance imaging (MRI) scan taken at
4 weeks of age (31 weeks’ postconceptional age)
demonstrating findings consistent with small intra-
ventricular hemorrhage and cystic periventricular
leukomalacia (white arrows). The perisylvian re-
gion is not clearly abnormal. (C and D) Axial
T2-weighted MRI scans taken at 13 weeks of age
(ie, term equivalent), demonstrating marked evo-
lution of perisylvian cortical microgyria with rela-
tive sparing of the occipital cortex (black arrows)
as well as bilateral periventricular cystic changes
with mineralization.
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pear to have been impeded in their migrations. This
disturbance results in a cortical surface with multiple
plications and a poorly or nonlaminated cortex with
heterotopic neurons in cerebral white matter. This dis-
order of neuronal migration appears to occur no later
than the fourth to fifth month of gestation, that is, in
the final phase of neuronal migration for cortical de-
velopment. That this variety of polymicrogyria can be
related to an abnormality of the developmental pro-
gram for neuronal migration is supported by its occur-
rence in the cerebro-hepato-renal syndrome of Zell-
weger.7 In the nonlayered form of polymicrogyria,
ischemia during neuronal migration may also be a
pathogenic mechanism. Thus, this lesion has been doc-
umented in early feto-feto transfusion syndromes in
both donor8,9 and recipient twins.10 These cases in-
volved monochorionic twins, with the death of 1 twin
at 13 to 16 weeks of gestation. Our patient is a dicho-
rionic twin with an uncomplicated pregnancy, a surviv-
ing unaffected twin, and evolution after 31 weeks of
gestation.

Polymicrogyria has a variable appearance on MRI
studies depending on the technique(s) used. On rou-
tine, 5-mm, spin-echo sections, polymicrogyria has the
appearance of thickened cortex with irregularity of the
gray-white junction.11,12 Higher resolution of the cor-
tex can be obtained by using thinner sections, smaller
fields of view, and more phase-encoding steps. We
used a three-dimensional, Fourier-transformed, spoiled
gradient–recalled sequence with 1.5-mm coronal slices
and a T2-weighted sequence with 3-mm axial slices.
These sequences were quite sensitive for the early de-
tection of the cortical abnormality in this infant, and
this communication reports the earliest described MRI
detection of polymicrogyria.

The histopathology of the polymicrogyria in our pa-
tient is not known. The absence of evidence of heter-
otopias on ultrafine-slice MRI is consistent with a lay-
ered polymicrogyria. Our hypothesis is that this infant
suffered a major ischemic insult in the perinatal period,
probably shortly after birth. This insult resulted in
ischemia both to the periventricular white matter, with
the subsequent ultrasonographic evolution from periven-
tricular echodensities to echolucencies that is consistent
with the development of cystic periventricular leu-
komalacia, and to the cortical neurons, with the sub-
sequent development of cortical neuronal necrosis. The
latter occurrence led to the development of the bilateral
polymicrogyria of the layered type. This timing is sup-
ported by the evolution of the radiological findings. An
alternative hypothesis for the development of polymi-
crogyria in our patient is that the marked cerebral
white matter injury played a causal role. Thus, theoret-
ical modeling and experimental observations suggest
that the fiber development in cerebral white matter is
crucial to gyral development. With major white matter

injury as in our case, such “tension-based morphogen-
esis” might be impaired.13 There are no prior reports
of the coexistence of cystic periventricular leukomalacia
and polymicrogyria. This lack could be due to difficul-
ties with conventional MRI, computed tomography,
and ultrasonography in detection of the cortical lesion.

Congenital bilateral perisylvian polymicrogyria has
become recognized as a form of focal polymicrogyria.14

This developmental disorder usually presents in infancy
and childhood with the clinical features of facial diple-
gia, dysarthria, pseudobulbar palsy, mild to severe
mental retardation, and seizures. The condition was
originally recognized due to its similarity to the ac-
quired syndrome of fasciopharyngoglossomasticatory
diplegia resulting from bilateral infarction of the ante-
rior operculum as described by Foix and co-workers15

in 1926. Relatively few pediatric cases of congenital bi-
lateral perisylvian syndrome have been reported. Sub-
sequent to the original description by Grad-Radford
and colleagues16 in 1986, 30 childhood cases have
been reported.14,17 Gropman and co-workers12 de-
scribed the largest series (12 cases) presenting in child-
hood and identified by MRI. There has been no pre-
viously reported association with premature birth or
periventricular leukomalacia.

This work was supported by grants from the Swiss National Foun-
dation, Sigrist Foundation of the University of Berne, and the
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Extensive Cerebral White
Matter Abnormality without
Clinical Symptoms: A New
Hereditary Condition?
T. Autti, MD,* M. Muttilainen, MD,†
R. Raininko, MD,‡ H. Heiskala, MD,§ J. Puranen, BM,\

A.-M. Häkkinen, PhD,*\ P. Tienari, MD,††
P. Santavuori, MD,# P. Suominen, MD,¶
and M. Somer, MD**

A 30-year-old father and his 2 sons with slight hyperki-
nesia and mildly dysmorphic features and their close rel-
atives were examined clinically and with computed to-
mography (CT) and magnetic resonance imaging (MRI).

Neurophysiological and biochemical examinations were
normal; however, brain MRI of the father and sons re-
vealed extensive cerebral white matter changes. No radio-
logical progression could be detected at a 13-year
follow-up examination of the father, and proton mag-
netic resonance spectroscopy (MRS) of the father at the
age of 30 years was normal. MRI findings in the relatives
were normal, suggesting an autosomal dominant syn-
drome due to a new mutation in the father.

Autti T, Muttilainen M, Raininko R, Heiskala H,
Puranen J, Häkkinen A-M, Tienari P,

Santavuori P, Suominen P, Somer M. Extensive
cerebral white matter abnormality without clinical

symptoms: a new hereditary condition?
Ann Neurol 1999;45:801–805

The leukodystrophies are disorders characterized by
primary involvement of the white matter caused by en-
zyme deficiencies. Most leukodystrophies are inherited
as autosomal or X-linked recessive traits, and autoso-
mal dominant leukodystrophies are rare.1–12 In the in-
fantile and juvenile forms, the patients have progressive
mental retardation and premature death. In the adult
form, the symptoms are usually milder, and progres-
sion of the disease is slower.

Leukodystrophy-like brain alterations have been re-
ported in patients in whom the course of the disease is
nonprogressive. This group may include nonleukodys-
trophic white matter diseases of many different etiolo-
gies.13 In 18q-syndrome, for example, dysmyelination
is the most prominent finding. These patients usually
have mental retardation in addition to facial dysmor-
phism, syndactyly, and behavioral problems.14

We report a new, clinically benign, probably autoso-
mal dominant, nonprogressive condition with extensive
white matter abnormalities detected by means of mag-
netic resonance imaging (MRI) in midchildhood.

Case Histories
Subject 1
The early development of this 30-year-old man was normal.
At the age of 3 years, the short soft palate was noticed be-
cause of his nasal voice. The mandibular rami were hypo-
plastic. An audiogram was normal. At the age of 4 years, he
was in a car accident, at which time, he experienced brief
unconsciousness. After the accident, he was recorded as hav-
ing a symmetrical midfrequency sensorineural hearing loss,
necessitating a hearing aid. During his early school years, hy-
perkinesia was recorded.

At the age of 18 years, he was re-examined because of
recurrent headaches. Computed tomography (CT) showed
hypodense cerebral white matter, located mostly in the fron-
tal lobes, but some changes could also be seen in the parietal
and occipital lobes. No neurological abnormalities were no-
ticed; however, he had mildly dysmorphic facial features with
hypertelorism, bushy eyebrows, synophrys, asymmetrical pal-
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pebral fissures, and asymmetrical auricles. He had hyperopia
(16 diopters), mild exophoria, and tortuous retinal veins.
One year later, CT showed no progression. Peripheral blood
chromosome analysis with G-banding showed a normal
karyotype.

CT findings were unchanged in this patient at the age of
29 years, when similar CT alterations were found in his sons.
Muscle strength was normal, but tendon reflexes were weak.
There was no progression of the hearing loss. Neuropsycho-
logical tests showed his memory and reasoning ability to be
better than average.

At the ages of 29 and 30 years, this patient underwent
MRI with T2- and proton density–weighted spin-echo se-
quences, and a FLAIR sequence showed large frontoparietal
changes of high signal intensity. The changes showed low
signal intensity on T1-weighted images (Fig 1A and B). The
arcuate fibers were preserved. The frontal and parietal patho-
logical areas were partially separated, with the pre- and post-
central gyri being almost intact; small isolated hyperintensi-
ties were detected in the posterior temporal white matter. No
pathological changes were seen in the insular areas. The cor-
pus callosum and internal capsules were normal. Some
changes were seen in the vicinity of the occipital horns,
mostly lateral to and above the proximal parts. The optic
radiations were spared. The cerebellum and brainstem were
normal. No atrophy was found. Proton magnetic resonance
spectroscopy (MRS) (STEAM sequence: TE 5 20 and 270
msec, TR 5 300 msec) at the age of 30 years was normal.

Subject 2
The boy was delivered by emergency Cesarean section after a
30-week gestation because of acute placental bleeding. His
birth weight was 1400 g, and he had Apgar scores of 8. His
psychomotor development was normal. His first skull ultra-
sound examination at the age of 1 month showed slight
asymmetrical ventricular dilatation.

At the age of 6 years, he was sent for neurological evalu-
ation because of hyperkinesia and slight motor clumsiness.
He had scaphocephaly with a normal-sized skull, a high
frontal hairline, a triangular face, upslanting palpepral fis-
sures, a short nose, abnormal auricles, and a small chin.
There was mild cutaneous syndactyly of his second and third
fingers as well as his third and fourth fingers. The audiogram
was normal. He had strabismus convergens. At the age of 7
years, his Wechsler Scale of Intelligence (WISC-R) verbal IQ
was 108 and his performance IQ was 96, for a total IQ of
102. A neuropsychological examination identified problems
in impulse control and visual memory, but he had good ver-
bal skills and learning capacity.

He had problems in concentration and started school 1
year later than usual. After 2 years of occupational therapy,
he was doing well in a normal school. CT and MRI at the

Fig 1. Magnetic resonance imaging (MRI) (FLAIR sequence)
of the healthy 30-year-old man shows a large area of (A) high
signal intensity and (B) low signal intensity on a T1-weighted
image in the frontal and parietal white matter. The subcorti-
cal white matter is not affected. (C) MRI (FLAIR sequence)
of the 6-year-old boy shows a large area of high signal inten-
sity in the frontal and parietal white matter.

‹
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ages of 7 and 9 years, respectively, showed changes similar to
those seen in his father.

Subject 3
The second boy was delivered by emergency Cesarean sec-
tion because of threatening asphyxia after 31 weeks of gesta-
tion. His birth weight was 1370 g, and he had Apgar scores
of 10. Skull ultrasound examinations were normal. He
showed delayed speech evolution at the age of 18 months
and had speech therapy for 2 years, reaching normal lan-
guage milestones at the age of 6 years.

At the age of 4 years, brain CT showed changes similar to
those seen in his brother and father (see Fig 1C). He had a
large head (11.5 SD) for his height (20.5 SD) and similar
mildly dysmorphic features as his brother. He had strabismus
convergens. The ocular fundi were normal. The audiogram
was normal.

In a neuropsychological examination at the age of 5 years,
his WISC-R verbal IQ was 98 and his performance IQ was
68, for a total IQ of 78. His visuomotor age was 3 years and

11 months, and his standard score was 84. He was a talkative
and playful child, having significant problems in impulse
control.

MRI at the age of 6 years showed changes similar to those
seen in his father and brother. The frontal and parietal patho-
logical areas were not so well separated as in Subjects 1 and 2,
but no changes were found in the pre- or postcentral gyri.

Biochemical and Neurophysiological
Examinations
All subjects had normal biochemical examinations, including
urinary amino acid screening; arylsulfatase and sulfatide lev-
els; and quantitative assays of plasma amino acids, serum cor-
tisol, and very long chain fatty acids. Electroencephalo-
graphic, visual evoked potential, and motor and sensory
conduction velocity examinations were also normal.

Chromosome 18 Analysis
The terminal deletions of the 18q chromosome may de-
lete one copy of the myelin basic protein (MBP) gene. We

Fig 2. The pedigree shows the proband (arrow) and his sons with magnetic resonance imaging (MRI) findings resembling those of leu-
kodystrophy (half-shaded symbols). The family members with normal brain MRI findings are marked with (N). There is also sensori-
neural hearing loss in several family members (symbols with shaded upper quadrant) with apparent autosomal dominant inheritance.
Segregation of chromosome 18q haplotypes (myelin basic protein, D18S462, D18S871) demonstrate that there is no evidence of a dele-
tion characteristic of 18q syndrome. These markers cover approximately 1 Mb of DNA; the estimated distance to 18qter is 2.5 Mb.
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analyzed the segregation of three markers on chromo-
some 18q22–q23, namely, MBP-VNTR, D18S462, and
D18S871, which together encompass approximately 1 Mb of
DNA. As shown in Figure 2, there was no evidence for a
deletion (hemizygocity) of this genomic region.

Relatives
The father and 3 half-sisters of Patient 1 had no neurological
symptoms. The mother had mild sensorineural hearing loss,
which she presumably inherited from her father. All relatives
had normal MRI findings; however, there were several other
relatives with hearing defects (see Fig 2).

Discussion
We describe a subjectively healthy 30-year-old father
and 2 sons, all of whom had striking white matter al-
terations on brain MRI. To the best of our knowledge,
no discrepancy of this kind between clinical condition
and brain imaging findings resembling leukodystrophy
has been previously reported. An absence of similar
findings in close relatives of the father suggests that this
is a previously unknown autosomal dominant condi-
tion (due to a new mutation in the father).

These neuroimaging abnormalities of our subjects
may be speculated to represent a preclinical manifesta-
tion of an autosomal dominant leukodystrophy with
adult onset. Such leukodystrophies have been found
with clinical features resembling those of multiple scle-
rosis, but usually not occurring before the fourth to
fifth decade of life.1,2,4,6–9,11,12 Imaging studies of
adult onset leukodystrophies8,9,11 have included a total
of 18 symptomatic subjects and 18 asymptomatic rel-
atives. In the symptomatic patients, the alterations on
MRI resembled those seen in our subjects; in addition,
cerebellar and brainstem abnormalities were frequently
seen. In 16 asymptomatic relatives aged 18 to 63 years,
MRI findings were normal. Two asymptomatic men,
30 and 36 years of age, had focal alterations in the fron-
toparietal cerebral white matter; in addition, the younger
subject had cerebellar alterations. The areas of the cere-
bral abnormalities were much smaller than in our sub-
jects. The older patient had an abnormal somatosensory
evoked potential as did all of the patients with clinical
symptoms and abnormal MRI findings.11,12

MRI studies of multiple sclerosis patients15 and an
animal model of multiple sclerosis16 have demonstrated
that severe demyelination can occur in neurologically
normal subjects. The nonprogressive nature of the white
matter abnormalities and of the clinical symptoms in
this family indicates that this syndrome is probably not a
demyelinating disorder.13 This is supported by the nor-
mal proton MRS, indicating that MRI alterations are
not due to demyelination17,18 as has been found in au-
topsied cases of adult onset leukodystrophies.1,2,5,8

The disorder in our family may be due to a muta-
tion in an autosomal dominant gene such as the MBP

gene, leading to abnormal structure of the myelin. Fail-
ure of MBP gene expression19 and polymorphism at
the MBP locus20 are correlated with extrapyramidal
and other neurological symptoms, however. In our
subjects, there was no evidence of MBP deletion.

It remains unclear as to whether the sensorineural
hearing loss in the father of this family is in any way
related to the white matter abnormality of the brain.
He may have inherited it from his nonaffected mother
as an autosomal dominant trait. It is worth noting that
some patients with adult onset leukodystrophy have
sensorineural deafness.8

In conclusion, the severely affected cerebral white
matter and sparing of the white matter beneath the sen-
sorimotor cortex and the optic radiation, the normal
proton MRS, the negative laboratory tests, neurophysi-
ological examinations, and the mild dysmorphic features
in our family suggest a previously undescribed condition
with probable autosomal dominant inheritance. The par-
ents and 3 half-sisters of the father had normal brain
imaging findings, suggesting a new mutation in the father.

This work was supported by grants from the Ulla Hjelt Memorial
Fund awarded by the Foundation for Paediatric Research.
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2. Zerbin-Rüdin E, Peiffer J. Ein genctischer heitrag zur frage der
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Association of Anti-Yo
(Type I) Antibody with
Paraneoplastic Cerebellar
Degeneration in the Setting
of Transitional Cell
Carcinoma of the Bladder:
Detection of Yo Antigen in
Tumor Tissue and Fall in
Antibody Titers following
Tumor Removal
John E. Greenlee, MD,* Josep Dalmau, MD,†
Trek Lyons, BS,* Susan Clawson, BA,*
Richard H. Smith, MD,‡ and H. R. Pirch, MD§

Anti-Yo (type I) autoantibodies reactive with Purkinje cell
cytoplasmic antigens of 34 and 62 kd are found in the se-
rum and cerebrospinal fluid of patients with paraneoplastic
cerebellar degeneration associated with cancer of the ovary,
uterus, adnexa, or breast. Anti-Yo antibody response is
rarely associated with other tumors. Here, we present a pa-
tient who developed paraneoplastic cerebellar degeneration
and anti-Yo antibody response in association with transi-
tional cell carcinoma of the bladder. The presence of anti-Yo
antibodies was confirmed by immunofluorescence assay and
by Western blot analysis against both Purkinje cell lysates
and the CDR62 fusion protein. Yo antigen was demon-
strated in sections of the patient’s tumor. Antibody titers fell
after tumor removal. Transitional cell carcinoma should be
considered in patients presenting with subacute cerebellar
degeneration and anti-Yo antibody response in whom ovar-
ian, adnexal, uterine, or breast cancer cannot be detected.
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(type 1) antibody with paraneoplastic cerebellar
degeneration in the setting of transitional cell

carcinoma of the bladder: detection of Yo antigen
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Type I (“anti-Yo”) antibodies are autoantibodies found
in the serum and cerebrospinal fluid of patients with
paraneoplastic cerebellar degeneration.1–3 These anti-
bodies recognize cytoplasmic antigens of Purkinje cells
and label proteins of 34 and 62 kd in blots of Purkinje
cell lysates.1–5 Anti-Yo antibodies are almost invariably
associated with adenocarcinomas of the ovary, uterus,
adnexa, and breast, and the presence of anti-Yo anti-
body response has been used as a marker for these
tumors in adults presenting with subacute cerebellar
degeneration.6,7 Anti-Yo antibody response is rarely
associated with other tumor types.1,3,6–8 Here, we de-
scribe a 64-year-old woman with paraneoplastic cere-
bellar degeneration in whom anti-Yo antibody response
was associated with transitional cell carcinoma of the
bladder.

Patient Summary
A 64-year-old woman was in good health until March 10,
1991, when she awoke with nausea, vomiting, vertigo, head-
ache, and intermittent double vision. Her symptoms per-
sisted, and she presented for evaluation on March 29, 1991.
Her past health was unremarkable, except for a hysterectomy
many years before.

The results of her general physical examination were un-
remarkable. A neurological examination revealed coarse nys-
tagmus on right lateral gaze. The cranial nerves were other-
wise intact. The results of motor and sensory examinations
were normal. Her station was normal, and Romberg’s sign
was absent. Her gait was broad-based, however, and she had
difficulty with tandem gait. Her reflexes were symmetrical
throughout, and Babinski’s sign was absent. The hematolog-
ical studies were normal, except for an erythrocyte sedimen-
tation rate of 45 mm/hr. Magnetic resonance imaging (MRI)
showed a small area of increased signal in the white matter of
the right frontal lobe, which was consistent with old ischemic
injury. The patient was thought to have a viral labyrinthitis.

The patient remained vertiginous. Her gait became more
unsteady, and her speech became less clear. By September of
1991, the patient had become severely dysarthric. She was
unable to sustain gaze to either side, with nystagmus on lat-
eral gaze bilaterally and slight rotatory nystagmus on upward
gaze. Cranial nerves, strength, and sensory testing were oth-
erwise normal, but the patient was ataxic on finger-to-nose
and heel-to-shin testing and was unable to stand without
support. An electroencephalogram was normal. An MRI scan
showed slight cerebellar atrophy. Hematological studies re-
mained normal, and urine testing for heavy metals was neg-
ative. The cerebrospinal fluid contained three cells per cubic
millimeter, with normal glucose and protein levels but with
one oligoclonal band. Commercial tests for anti-neuronal an-
tibodies revealed anti-Purkinje cell antibodies. The results of
an extensive search for an occult neoplasm, including mam-
mography and ultrasonography as well as thoracic, abdomi-
nal, and pelvic computed tomography (CT), were all nega-
tive, except for slight enlargement of one adrenal gland.

Over the ensuing months, the patient’s ataxia worsened
and then stabilized, without improvement. CT scans showed
progressive cerebellar atrophy. Mammography and pelvic

MRI as well as CT studies of the chest, abdomen, and pelvis
remained normal, and no change was noted in the enlarged
adrenal gland. In March of 1994, however, follow-up pelvic
CT suggested a mass lesion in the dome of the bladder. Cys-
toscopy confirmed the presence of a transitional cell carci-
noma. The patient underwent laparotomy and partial resec-
tion of the bladder. A metastasis to the serosal surface of the
colon was found, and the patient underwent partial colec-
tomy. A histopathological examination of the surgical mate-
rial revealed a poorly differentiated transitional cell carci-
noma of the bladder (grade III), with invasion into but not
through the muscularis. A similar tumor was found on the
serosal surface of the colon. Extension of the tumor to re-
gional lymph nodes was not detected. The patient has since
remained neurologically unchanged, without evidence of tu-
mor recurrence.

Materials and Methods
Patient Materials
Serum samples were obtained from the patient on August
14, 1992; February 28, 1993; June 29, 1993; March 14,
1994; October 20, 1994; and December 9, 1996. Tumor
tissue was obtained as paraffin blocks from surgery. All ma-
terials were obtained under appropriate Institutional Review
Board guidelines.

Immunofluorescence, Gel Electrophoresis, and
Western Blot Methods
Immunofluorescence labeling of human cerebellar and brain-
stem sections and Western blot analysis of patient sera
against Purkinje cell lysates were carried out as previously
described.1,3,4,9 Patient serum was also reacted against the
CDR-62 fusion protein; cloned by Fathallah-Shaykh and co-
workers10 from a HeLa cell library using anti-Yo antibodies,
this protein is considered to be a reference standard for doc-
umentation of anti-Yo autoantibody response.3 Controls in-
cluded sera from normal individuals and from patients with
nonparaneoplastic neurological diseases.

Immunoperoxidase Labeling of Tumor Tissue for
Expression of Anti-Yo Antigens
Sections of paraffin-embedded tissue were deparaffinized, im-
mersed in 0.01 M of citric acid (pH 6), and microwaved for
10 minutes using the method of Cattoretti and colleagues.11

Tissue sections were allowed to cool for 30 minutes and
were then incubated with 10% normal human serum in
phosphate-buffered saline for 20 minutes followed by biotin-
ylated serum IgG from the patient for 1 hour.12 Next, they
were labeled using avidin-biotin-peroxidase complex and di-
aminobenzidine.12,13 Tissue sections incubated with biotin-
ylated serum IgG from a normal individual were used as a
control. To confirm that the reactivity of the tumor was due
to the expression of Yo antigens, competition assays were
performed in which sections of tumor were preincubated
with serum from another patient known to have anti-Yo
antibodies.
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Results
Immunofluorescence and Western Blot Studies
The patient’s serum produced intense immunofluores-
cence staining of Purkinje cell cytoplasm with sparing
of Purkinje cell nuclei and reacted in Western blots
with Purkinje cell proteins of 34 and 62 kd and with
the CDR62 fusion protein, which is typical of anti-Yo
antibody response (Figs 1 and 2). Titration of the pa-
tient’s serum to end point against cerebellar sections
revealed a titer of 1:5,120. Over the next 2 years, the
patient’s serum anti-Yo antibody titer remained within
one serial dilution of this value, ranging between

1:2,560 and 1:10,240. The patient’s antibody titer fell
to 1:1,280 by 6 months after surgery and was 1:320 2
years later.

Analysis of the Patient’s Tumor for Expression of
Yo Antigens
The expression of Yo antigens by the tumor is demon-
strated in Figure 3. Specificity of staining for Yo anti-

Fig 1. Patient serum diluted to a titer of
1:160 in phosphate was reacted with an
acetone-fixed section of normal human cerebel-
lum and stained using indirect immunofluores-
cence techniques. There is intense labeling of
Purkinje cell cytoplasm with nuclear sparing,
which is typical of anti-Yo antibody response
(magnification 3280 before 26% reduction).

Fig 2. Western blot analysis of serum from Patient S125V
reacted with lysate of Purkinje cell concentrate or with the
CDR62 fusion protein. In both blots, P represents serum from
Patient S125V, Yo represents serum from a patient previously
documented to have Yo antibody response, and N represents
control serum from a patient without Yo antibodies. Serum
from Patient S125V ( lane P) reacts with 34- and 62-kd pro-
teins, which is characteristic of anti-Yo antibody response (ex-
emplified by lane Yo) and labels the CDR62 fusion protein.

Fig 3. Section of the patient’s tumor reacted with the patient’s
biotinylated IgG, which was visualized with avidin-biotin com-
plex and diaminobenzidine and counterstained with hematoxy-
lin. Cells within the tumor label with the biotinylated antibody
(magnification 3180 before 43% reduction). The specificity of
staining for the Yo antigen was confirmed by competition exper-
iments: these demonstrated that binding of biotinylated serum
IgG from the patient was blocked by preincubation of the tu-
mor with a previously known anti-Yo serum but not with se-
rum from a normal individual (data not shown).
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gens was confirmed by competition experiments in
which binding of the biotinylated serum IgG of the
patient was blocked by preincubation of tumor sections
with a previously known anti-Yo serum but not with
serum from a normal individual (data not shown). In
addition, incubation of tumor tissue with biotinylated
serum IgG from a normal individual was negative.

Discussion
Anti-Yo antibodies were first described in patients pre-
senting with paraneoplastic cerebellar degeneration as-
sociated with adenocarcinoma of the ovary and were
subsequently identified in similar patients with adeno-
carcinomas of the breast, uterus, and uterine ad-
nexa.1–3,5,14 Anti-Yo antibody response has only rarely
been associated with other tumors. Hammack and co-
workers14 found ovarian malignancies in 9 of 16 pa-
tients with subacute cerebellar degeneration and anti-
bodies to Purkinje cell cytoplasmic antigens. Fallopian
tube neoplasms were found in 2 patients, endometrial
carcinoma in 1 patient, ovary and breast cancer in 1
patient, and a lymphoma in 1 patient; 1 patient had an
adenocarcinoma of unknown primary. In a series of 55
patients with anti-Yo antibodies, Peterson and col-
leagues3 identified malignancies in 53 patients. Of
these 53 patients, ovarian carcinomas were found in
26, breast carcinomas in 13, endometrial carcinomas in
4, and Fallopian carcinomas in 2. One patient had a
mesovarian carcinoma, and 1 patient had an adenocar-
cinoma of the lung. Six patients had adenocarcinoma
without known primary. Anti-Yo antibody response has
been described in 2 male patients; both of these patients
had gynecomastia but no definite evidence of breast ma-
lignancy.8,15 One of these men was found to have an
adenocarcinoma of unknown origin metastatic to a tra-
cheal lymph node,8 and the other was eventually found
to have an adenocarcinoma in one parotid gland.15

Paraneoplastic neurological disorders in association
with transitional cell carcinoma are extremely unusual.
Neither Henson and Urich16,17 in their 1982 mono-
graph on cancer and the nervous system nor Posner18 in
his more recent text reported cases of paraneoplastic
neurological injury associated with transitional cell carci-
noma. Lowe and co-workers19 have reported a case of
apparent paraneoplastic brainstem encephalitis in a pa-
tient with transitional cell carcinoma of the bladder, but
an association with cerebellar degeneration has not been
reported. In our patient, the presence of transitional cell
carcinoma was proven by tumor resection, the presence
of Yo antigens within the tumor was demonstrated im-
munohistologically, and antibody titers fell after tumor
removal. Although it is possible that she might harbor
an additional breast or gynecological malignancy, no ev-
idence of gynecological or breast carcinoma was found
in this patient despite an exhaustive initial investigation,
and no such malignancy has been detected despite care-

ful follow-up over 6 years. Our findings in this patient
indicate that transitional cell carcinomas of the bladder
may occasionally express Yo antigens and that anti-Yo
antibody response, although usually associated with gy-
necological and breast carcinomas, may also be found in
patients with transitional cell carcinoma of the bladder.
Transitional cell carcinoma should be considered in pa-
tients presenting with subacute cerebellar degeneration
and anti-Yo antibody response in whom ovarian, ad-
nexal, uterine, or breast cancer cannot be detected.

This work was supported by the United States Department of Vet-
erans Affairs and by USPHS/NINCDS Research Award 1 R01
NS34858.
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Ataxia with Isolated Vitamin
E Deficiency: A Japanese
Family Carrying a Novel
Mutation in the
a-Tocopherol Transfer
Protein Gene
Masataka Hoshino, MD, Naoki Masuda, MD, PhD,
Yasuhiko Ito, MD, Miho Murata, MD, PhD,
Jun Goto, MD, PhD, Masaki Sakurai, MD, PhD,
and Ichiro Kanazawa, MD, PhD

We report a Japanese family with ataxia with isolated vi-
tamin E deficiency (AVED). Gene analysis revealed a sin-
gle nucleotide substitution of T to C at nucleotide posi-
tion 2 in the a-tocopherol transfer protein gene (TTPA).
This substitution abolishes the start codon. The proband
and his affected sister were homozygous for this muta-
tion, and their serum a-tocopherol concentrations were
remarkably reduced. Relations between the mutations
and clinical features are discussed.

Hoshino M, Masuda N, Ito Y, Murata M,
Goto J, Sakurai M, Kanazawa I. Ataxia with

isolated vitamin E deficiency: a Japanese
family carrying a novel mutation in the

a-tocopherol transfer protein gene.
Ann Neurol 1999;45:809–812

Ataxia with isolated vitamin E deficiency (AVED;
MIM 277460) is a progressive neurodegenerative dis-
ease characterized by locomotor ataxia, hyporeflexia,
and decreased proprioceptive sensation. Although there
are neurophysiological and pathological differences,
these clinical features are strikingly similar to those of
Friedreich’s ataxia.1–7 In addition, some patients have
accompanying retinitis pigmentosa. The disease is in-
herited in an autosomal recessive manner, and the un-
derlying biochemical defect is the impairment of
a-tocopherol incorporation into very low density li-
poprotein in the liver.8,9 The a-tocopherol transfer
protein functions in that incorporation. The gene
(TTPA) for this protein is located on chromosome
8q13. Its mutation has been shown to cause AVED; to
date, 15 different mutations of TTPA have been iden-
tified in AVED patients in North Africa, Europe,
North America, and Japan.1–6 We report a novel mu-
tation identified in a Japanese family with AVED.

Family
Patient 1 (IV-1)
The proband, a 41-year-old man (Fig 1), was the firstborn
child of a consanguineous marriage (III-5 and III-11). The
parents were first cousins. He experienced unsteadiness of
gait at the age of 15 years. Difficulty in speech and visual
impairment appeared at the age of 19 years. Since he was
approximately 27 years old, he has had to use a cane for
walking. His mental functions were normal, but his visual
acuity was severely impaired, and he could scarcely count his
fingers. An ophthalmological examination detected the bilat-
eral central type of retinitis pigmentosa. His speech was
slightly slurred. There was a moderate degree of ataxia in all
four limbs and the trunk. Deep tendon reflexes were absent
generally, but plantar responses were extensor bilaterally. His
gait was wide-based and unsteady. Vibratory sense was lost in
the forearms and lower limbs, position sense was moderately

Fig 1. Family pedigree. Square symbols represent male mem-
bers, and circles represent female members. Filled symbols
represent neurological symptoms, the half-filled symbol repre-
sents a carrier, the half-crosshatched symbol represents an
obligate carrier, diagonal lines represent deceased individuals,
and the arrow represents the proband. Concentrations of se-
rum a-tocopherol are shown in parentheses.
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reduced in the feet, and Romberg’s sign was positive. The
serum a-tocopherol concentration was 0.34 mg/ml (normal,
5.7–14.3 mg/ml), although the serum vitamin A–, vitamin
D–, and vitamin K–dependent coagulation studies and beta-
lipoprotein were normal, and serum phytanic acid was not
detected. An orally administered test of a-tocopherol acetate
showed a normal increase in the serum vitamin concen-
tration but an accelerated decrease in the serum vitamin
concentration.

Patient 2 (IV-2)
This 40-year-old woman was the younger sister of the pro-
band (see Fig 1). Although she noticed no difficulties herself,
a neurological examination showed mild unsteadiness during
tandem walking and when standing on one foot. Position
sense was preserved, but vibration sense was impaired, and
deep tendon reflexes were reduced. No sign of retinitis pig-
mentosa was detected. Her serum a-tocopherol concentra-
tion was 0.67 mg/ml.

Other Family Members
The father (III-11) and youngest sister (IV-3) showed no neu-
rological abnormalities. Their respective serum a-tocopherol
concentrations were 5.39 and 9.91 mg/ml.

Materials and Methods
Polymerase Chain Reaction Amplification of
Genomic DNA
Genomic DNA was extracted from peripheral blood leuko-
cytes by the standard method.10 TTPA consists of five exons.
The primer pairs used to amplify the exons by polymerase
chain reaction (PCR) were as follows:

Exon 1: TTAAGAGGCAGCTCTGCTCG and CTTCG-
GCAGGGGTCAGATAT

Exon 2: CCATGTATGCCATTTGTAGAC and GGGA-
ACACAACTGAACTGGA

Exon 3: CACAATGCTAAGATATGATATGC and GGA-
AGTATTATGGCTGACAGT

Exon 4: ACTTGACATTAGGTATCAGATT and TGTTTG-
GTGTAGAGGAACAC

Exon 5: CATCTAATGCGGTTTCCTTC and TTTAGT-
TAGGAAGCCATTCACA

Conditions for PCR amplification of exon 1 were 35 cy-
cles consisting of 1 minute at 95°C, 1 minute at 57°C, and
1 minute at 73°C. The thermal cycle reactions were preceded
by denaturation at 95°C for 12 minutes. Conditions for
PCR amplification of exons 2, 3, 4, and 5 were 30 cycles
consisting of 1 minute at 95°C, 2 minutes at 55°C, and 1
minute at 73°C. The preceding denaturation was 3 minutes
at 95°C. PCR products were purified by agarose gel elec-
trophoresis and used for direct sequencing. They also
were subcloned using the pGEM-T Easy vector (Promega,
Madison, WI).

Nucleotide Sequencing
Sequencing was done using an automated fluorescence se-
quencer (ABI 377; Perkin Elmer, Foster City, CA).

Results
To investigate the possibility of mutation in TTPA,
PCR was done on the genomic DNA of the proband.
The sequence obtained showed a single nucleotide sub-
stitution: a T-to-C transition at the second position of
the start codon in exon 1 (Fig 2). This substitution
causes abolition of the translation start site. The pro-
band was homozygous for the mutation. The same
mutation was confirmed in his sister (IV-2) on se-
quencing her PCR products, and she also was homozy-
gous. Their father (III-11) was a heterozygote for the
mutant and normal alleles.

Discussion
The main clinical features of this family were ataxia, a
decrease in deep sensations, hypo- or areflexia, and ret-
initis pigmentosa. Serum vitamin E concentrations
were abnormally low in the affected members: the pro-
band (IV-1) and 1 of his sisters (IV-2). Clinical and
laboratory data indicated the diagnosis of AVED and
excluded secondary vitamin E deficiencies such as
chronic fat malabsorption, abetalipoproteinemia, and
Friedreich’s ataxia. To determine whether a mutation
causes AVED, we sequenced all five exons of TTPA.
The mutation common to this family was a single nu-
cleotide substitution of T to C at nucleotide position
2, which abolishes the start codon and presumably re-
sults in abortion of the translation of the mutant allele.
Both patients were homozygous for the mutation. Fif-
teen mutations in TTPA have been reported in patients
from 33 AVED families.1–6 The Table shows the rela-
tionships between the genotypes and clinical features of
these and our patients.1–6,11–16 In most of these fam-
ilies, the patients were homozygotes for mutant alleles,
but compound heterozygotes for different mutations
have been described in 4 families. In AVED patients,
biochemical study results show that the severity of neu-
rological dysfunction depends on the type of defect in
the transfer protein and on vitamin E supplementa-
tion.8,9 Cavalier and co-workers6 analyzed the pheno-
typic variability of 13 mutations in 29 families. They
classified the families into 3 groups based on the types
of mutations: families in which the patients had trun-
cating mutations (frameshift and nonsense) and those
in which the patients had nonconservative missense
mutations or semiconservative missense mutations. In
the first and second groups, the respective mean ages at
disease onset were 9 and 10 years, whereas in the third
group, the mean age at disease onset was 29 years,
which provides evidence of a correlation between ge-
notype and severity in AVED. The mutation described
in this report abolishes the start codon, and, presum-
ably, no a-tocopherol transfer protein is produced in
the homozygous patients. The ages at disease onset of
our patients, however, were older than those of patients
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Fig 2. Direct sequencing of poly-
merase chain reaction–amplified
products from exon 1 of the
a-tocopherol transfer protein
gene. Arrows indicate the muta-
tion site, and Y indicates pyrim-
idine nucleotides C and T.

Table. Mutations and Clinical Findings in Ataxia with Isolated Vitamin E Deficiency

Mutation Clinical Findings

Position

Exon Nucleotide Type Effect
Number of
Patients

Age at
Onset (yr) Ataxiaa Hyporeflexiaa Dysarthriaa

Disturbance of
Proprioceptiona

Disturbance
of Vibratory
Sensea

Pigmentarya

Retinopathy
Vitamin E
(mg/ml) Referenced

Homozygote
Exon 1 2 T to C Abolishing

start
codon

IV-1b 15 1 1 1 1 1 1 0.34 This report

IV-2b 40 1 1 0 0 1 0 0.67 This report

Truncating
Exon 3 400 C to T Nonsense 1 5 1 1 — 1 1 0 ,1.0 6

486 1-bp deletion Frameshift 2 7–8 2 2 2 1/1 1 0 ,1.1 2,6
513 2-bp insertion Frameshift 2 3–5 2 2 2 1/1 2 0 ,1.0–,2.1 2,6
530 AG to GTAAGT Frameshift 1 3 1 1 1 1 1 0 ,1.0 1,6
552 G to A Exon

skipping
1 ,10 1 1 0 1 1 0 1.2 4

Exon 5 744 1-bp deletion Frameshift 20 3–19 20 20 16 8/10 18 1/19 0.25–2.0 1,6,11,12,14
Subtotal 27 — 27 27 21 13 24 1

Missense
Exon 1 175 C to T R59W/

R59W
1 7 1 1 1 — 1 0 0.3 6

Exon 2 303 T to G H101Q/
H101Q

5 30–,70 4/4 5 4/4 5 5 2/4 1.0–3.2 6,15,16

358 G to A A120T/
A120T

1 21 1 1 0 — 1 1c 1.0 6

Exon 3 421 G to A E141K/
E141K

1 8 1 1 1 — 1 0 1.3 6

Exon 4 566 T to C L183P/
L183P

1 — 1 1 1 1 1 1 1.7 5

661 C to T R221W/
R221W

3 10–14 3 — — — 0 — — 6

Subtotal 12 — 11 9 7 6 9 4 —

Heterozygote
Exon 2 306 A to G Aberrant

splicing
and 2 16 2 0 1 — 2 0 1.2–3.3 6

Exon 3 513 2-bp insertion Frameshift
Exon 2 205-1 G to C Aberrant

splicing
and 1 2 1 1 1 — 1 1c 1.2 6

Exon 5 744 1-bp deletion Frameshift
Exon 3 400 C to T Nonsense

and 1 6 1 1 1 — 1 0 ,2.0 6
486 1-bp deletion Frameshift

Exon 3 513 2-bp insertion Frameshift
and 3 6–,27 1 0 0 1 3 0 1.2–1.8 2,6,13

Exon 4 574 G to A R192H
Subtotal 7 5 2 3 1 7 1

Total 48 45 40 32 21 42 7

aIndicates the number of patients presenting this symptom. The denominator is the number of patients for whom clinical information is available.
bPatient numbers given are according to this report.
cRetinopathy is not apparent, but moderately reduced amplitudes are present on the electroretinogram.
dNot all clinical reports were cited. They can be referred to mutation reports.



homozygous for the 744delA mutation, which is the
most frequent truncating mutation. Moreover, there is
a marked difference in the clinical findings for our pro-
band and his sister, including the age at disease onset
and severity of ataxia, irrespective of their having the
same mutation. The proband showed retinitis pigmen-
tosa, and this is also associated with two other Japanese
missense mutations.5,16 Retinopathy is relatively rare
among patients with AVED of other ethnic stocks,
however.14,17,18 Our patients have been given a vita-
min E supplement. A high oral dose of vitamin E is
reported to stabilize or lessen neurological deterioration
in AVED patients, especially in pre- or paucisymptom-
atic patients.2,3,11,13,14,16–18 These molecular findings
and clinical observations suggest that in addition to ge-
notype, factors such as ethnic or genetic background
and dietary factors profoundly affect the clinical fea-
tures of AVED.
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A Novel Phenotype in
Familial Creutzfeldt-Jakob
Disease: Prion Protein Gene
E200K Mutation Coupled
with Valine at Codon 129
and Type 2 Protease-
Resistant Prion Protein
Johannes A. Hainfellner, MD,* Piero Parchi, MD,†
Tetsuyuki Kitamoto, MD,‡ Christa Jarius, MD,*
Pierluigi Gambetti, MD,† and Herbert Budka, MD*

A novel phenotype of familial Creutzfeldt-Jakob disease
(CJD) with mutated codon 200 of the prion protein gene
(PRNP) coupled with the valine codon 129 (E200K-129V
haplotype) has two features never observed in subjects
carrying the pathogenic mutation coupled with the
methionine codon 129 (E200K-129M haplotype): (1)
plaque-like prion protein (PrP) deposits in the cerebel-
lum and (2) type 2 protease-resistant prion protein
(PrPres). This observation further underlines the role of
codon 129 on the mutated PRNP allele in modulating
the phenotype of familial prion diseases.
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One fascinating feature of prion diseases is the range of
clinical and pathological characteristics and the com-
plexity of the genotype-phenotype relationship in in-
herited forms. The disease phenotype linked to the
mutation at codon 178 (D178N) of the prion protein
gene (PRNP) changes radically according to the geno-
type of codon 129, the site of a methionine-valine
polymorphism.1,2 Much less is known concerning the
role of codon 129 in other PRNP mutations. Alterna-
tive coupling of the pathogenic mutation with the me-
thionine or valine codon 129 (129M or 129V haplo-
type) has also been reported in the P102L point
mutation as well as in the four- and five-repeat inser-
tion mutations.3,4

To date, the E200K mutation, the most common
PRNP mutation, has been reported only in coupling
with the methionine codon 129.5–10 The phenotype
linked to the E200K-129M haplotype strongly resem-
bles that of typical sporadic Creutzfeldt-Jakob disease
(CJD) and is invariably associated with protease-
resistant prion protein (PrPres) type 1.5–12 We now re-
port for the first time the coupling of the PRNP
E200K mutation with valine at codon 129 and PrPres

type 2. Several associated phenotypic features have
never been observed in CJD linked to the E200K-
129M haplotype. This unique observation provides the
opportunity to further assess the role of codon 129 in
determining clinical, pathological, and PrPres features
in inherited prion diseases.

Methods and Results
Pedigree
In Generation II, all 6 siblings died between the ages
of 50 and 65 years with descriptions of dementia or
depression of undetermined cause; Siblings II:2 and
II:4 committed suicide (Fig 1). The proband’s sisters
(III:2 and III:3) are healthy at the ages of 65 and 67
years, respectively.

Genotype
High-molecular-weight DNA was extracted from fro-
zen brain tissue of the proband (III:1) and from pe-
ripheral blood cells of the proband’s daughter (IV:1).
Polymerase chain reaction (PCR) amplification of
PRNP was performed with primers T-1 (GATGCTG-
GTTCTCTTTGTGG) and T-2 (CCCACTATCAG-
GAAGATGAG). Restriction fragment length polymor-
phism with Dde I, Alu I, Pvu II, NspI, Mae I, Tth111

I, Bsm AI, Spl I, and Nla III screened for mutations or
polymorphism of codons 102, 105, 117, 129, 145,
178/180, 200, 219, and 232, respectively.13 In the
proband, restriction fragment length polymorphism
identified valine homozygosity at codon 129 (V129V)
and a heterozygous codon 200 glutamate-to-lysine
(E200K) mutation; polymorphic codon 219 was ho-
mozygous for glutamic acid (Fig 2A). For direct PCR
sequencing, the complete open reading frame of PRNP
was amplified with primers P-1 (AAGAATTCTCT-
GACATTCTCCTCTTCA) and P-2 (AAGGATC-
CCTCAAGCTGGAAAAG). PCR products were se-
quenced by the ABI 377 DNA sequencer with the
dye-terminator FS kit (Perkin Elmer, Norwalk, CT).
Sequence analysis confirmed the presence of the
E200K mutation and excluded other mutations. The
octapeptide repeat region14 did not harbor deletion
polymorphism. No mutation was detected in the pro-
band’s daughter.

Proband’s Phenotype
CLINICAL HISTORY. This 66-year-old woman pre-
sented with a 2.5-year history of slight memory impair-
ment and a 1-year history of intermittent “swaying”
vertigo. Three and one-half months before her death,

Fig 1. Pedigree of the Austrian Creutzfeldt-Jakob disease
(CJD) family with the prion protein gene (PRNP) E200K
mutation. Circles indicate female members, and squares indi-
cate male members; a diagonal bar in the symbols signifies
deceased family members. Generations are indicated with ro-
man numerals, and arabic numerals identify individuals
within each generation. Crosshatched symbols (Members II:
1–II:6) have probable CJD according to nonmedical data.
The dark symbol (proband) indicates the PRNP E200K mu-
tation as proven by genomic analysis; the circle containing an
N (Member IV:1) indicates that genomic analysis revealed
normal PRNP.
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dementia was noticed and progressed rapidly. She was
neurologically examined when she was already confined
to bed. Disorientation (eg, personal identity, time,
place), dysarthria, slight spasticity, and slightly in-
creased deep tendon reflexes of the upper extremities
were found. There was no myoclonus. Laboratory tests,
including cerebrospinal fluid examination, were unre-
markable. An electroencephalogram showed diffuse
slowing and right frontal triphasic spikes. Computed
tomography and cerebral magnetic resonance imaging
revealed ventricular enlargement. Single-photon emis-
sion computed tomography with 99mTc-bicisate (neu-
rolite) disclosed hypoperfusion in the right frontopari-
etotemporal lobes. She died severely demented in a
nursing home.

NEUROPATHOLOGY. A postmortem brain examination
revealed slight to moderate diffuse cerebral and cerebel-
lar atrophy. Diffuse spongiform degeneration, astro-
gliosis, and neuronal loss occurred in cerebral and cer-
ebellar cortices and basal ganglia. Cerebellar Purkinje
and granular cells were moderately reduced, and torpe-
does were present. Immunocytochemistry showed dif-
fuse small granular (synaptic type) prion protein (PrP)
deposits in cerebral cortex, basal ganglia, brainstem,
and cerebellar cortex. In addition, unicentric plaque-
like PrP deposits occurred in the cerebellar granular
cell layer and subcortical white matter (Fig 3). These
deposits did not stain with Congo red. Slight to mod-
erate neurofibrillary degeneration was detectable in the
hippocampus and parahippocampus (stage II according
to Braak and Braak15).

IMMUNOBLOT ANALYSIS OF PrPres. Frozen frontal cor-
tex, striatum, and cerebellum were processed as previ-
ously described.11 In each region, immunoblots showed
the presence of PrPres, consisting of three major peptides
with electrophoretic mobilities of approximately 28, 26,
and 19 kd. Deglycosylation resulted in a single band of
approximately 19 kd, indicating that the 28- and
26-kd peptides correspond to distinct PrPres glycoforms
(see Fig 2B). The electrophoretic mobility of PrPres in
the proband represented PrPres type 2, which has been
described previously in sporadic CJD and fatal familial
insomnia (FFI).11,12 The stoichiometry among the
PrPres bands corresponding to the diglycosylated, mono-
glycosylated, and unglycosylated forms, which provide
an additional means to characterize PrPres, was 1:0.74:
0.39 similar to that of PrPres type 1 associated with the
E200K-129M haplotype (P. Parchi and P. Gambetti,
unpublished data, 1998). Quantitative analysis showed
a higher quantity of PrPres in the cerebellum than in
the frontal cortex (data not shown).

Discussion
The present observation allows for a comparative anal-
ysis of the characteristics associated with the two hap-
lotypes linked to CJD200: the common E200K-129M
haplotype and the E200K-129V haplotype. The clini-
cal features associated with the former resemble those
of typical sporadic CJD. In the proband, disease onset
and duration are difficult to assess. A 2.5-year history of
slight memory impairment is likely to represent incipi-
ent Alzheimer’s disease rather than early CJD, because
neuropathology showed transentorhinal Alzheimer-type
neurofibrillary degeneration. Although ataxia could not
be evaluated on neurological examination because the
patient was already severely demented and bedridden, it
is likely that the described “vertigo” was in fact ataxia.
The rapidly progressive dementia of 3.5 months’ dura-
tion was not accompanied by myoclonus.

The histopathology of the E200K-129M haplotype

Fig 2. Molecular genetic and Western blot analyses. (A)
BsmAI cutting shows the pattern of wild-type patients in lanes
1 and 2; lane 3 (proband) shows the pattern of the prion
protein gene E200K mutation. NsPI cutting reveals codon
129 polymorphism: lane 1 shows the pattern of M129M, lane
2 shows that of M129V, and lane 3 shows that of V129V
(proband). (B) Western blot of proteinase K–treated brain
homogenates from subjects with sporadic Creutzfeldt-Jakob
disease (CJD) types 1 and 2, and CJD200 types 1 and 2 be-
fore (lanes 1–4) and after (lanes 5–8) deglycosylation. All
samples were obtained from the cerebral cortex. Lanes 1 and
5: sporadic CJD, M129M, protease-resistant prion protein
(PrPres) type 1; lanes 2 and 6: CJD E200K, M129M, PrPres

type 1; lanes 3 and 7 (proband): CJD E200K, V129V,
PrPres type 2; lanes 4 and 8: sporadic CJD, V129V, PrPres

type 2.
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also strongly resembles that of typical sporadic CJD.
E200K-129M cases show spongiosis, gliosis, and neu-
ronal loss mainly affecting the cerebral cortex, striatum,
thalamus, and cerebellum, without amyloid plaques.
PrP immunocytochemistry9,10 (as well as P. Parchi and
P.Gambetti, unpublished data, 1998) reveals a punc-
tate and synaptic type of staining in gray matter. Wide-
spread spongiosis and PrPres deposition of synaptic
type were also found in the proband. In addition, how-
ever, the cerebellar cortex contained unicentric plaque-
like PrP deposits. Immunoblot analyses disclosed PrPres

of type 2 according to Parchi and co-workers11 as op-
posed to the PrPres type 1 observed in all CJD cases
with the E200K-129M haplotype examined to date9

(as well as P. Parchi and P. Gambetti, unpublished
data, 1998). Therefore, the phenotype associated with
the E200K-129V haplotype definitely appears to differ
for (1) the presence of nonamyloid plaques and (2) the
lower relative molecular mass (Mr) of the PrPres frag-
ment generated by treatment with proteinase K.

The effect of codon 129 on the phenotype linked to
the E200K mutation seems to be less striking than that
observed in the D178N and P102L mutations. The
former is linked to FFI, characterized by insomnia and
dysautonomia associated with thalamic atrophy, when-
the methionine codon is present at position 129 of the
mutant allele.1 In contrast, the D178N mutation is
linked to a CJD phenotype (CJD178) when coupled
with the valine codon 129. Moreover, although PrPres

in FFI has an Mr of 19 kd after deglycosylation, cor-
responding to PrPres type 2, the Mr of the PrPres

present in CJD178 is 21 kd, corresponding to PrPres

type 1.2,11 When coupled with the P102L muta-

tion, codon 129 also affects the phenotype of Gerst-
mann-Sträussler-Scheinker disease.3 Compared with
Gerstmann-Sträussler-Scheinker patients with the com-
mon P102L-129M haplotype,16 the subject with the
P102L-129V haplotype had a longer disease course,
seizures, and long tract signs with no dementia, and
the pathology was remarkable for a lack of spongiosis
and for significant involvement of the spinal cord. The
PrPres type associated with the P102L-129V haplotype
has not been reported.3 As for the four- and five-repeat
insertion mutations, only the age at onset and the dis-
ease duration have been recorded and found to vary as
a function of codon 129.4

The mechanism by which codon 129 modulates the
disease phenotype associated with the PRNP mutation
has not been definitely established but seems to relate
to a synergistic effect on the conformation of the mu-
tant PrPres. This hypothesis was recently strengthened
by two significant findings. First, although there is no
direct contact, the side chains of PrP residues 129 and
178 are connected by a hydrogen bond that could me-
diate interactions between these two residues.17 Sec-
ond, to date, alternative coupling of the same PRNP
mutation with either the methionine or valine codon
129 has always led to the expression of a different
PrPres type; each type is believed to represent a confor-
mationally distinct PrPres isoform.2,18 Therefore, codon
129 would modify the effect that the pathogenic PRNP
mutation has on the conformation of the mutant PrP.
In turn, conformationally different mutant PrP would
convert into PrPres isoforms that also differ in confor-
mation and cause distinct disease phenotypes.

The modulating effect on conformation of the inter-

Fig 3. Anti-prion protein (PrP) im-
munohistochemistry. Cerebellar cor-
tex with diffuse synaptic type PrP
deposits and plaque-like PrP deposits
in granular cell layer (magnification
3190 before 7% reduction).
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play between a mutant and homoallelic polymorphic
residue exemplified in the present report provides a
simple explanation for phenotypic heterogeneity of in-
herited prion diseases. A similar mechanism might op-
erate in other inherited disorders.

This study is part of the European Union Biomed-2 Concerted Ac-
tion “Human Transmissible Spongiform Encephalopathies (Prion
Diseases): Neuropathology and Phenotypic Variation” project (Dr
Budka is the project leader).
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Relation of JC Virus DNA
in the Cerebrospinal Fluid
to Survival in Acquired
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Patients with Biopsy-Proven
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The detection and semiquantitation of JC virus (JCV)
DNA in cerebrospinal fluid (CSF) is prognostic of sur-
vival and is a marker of the course of progressive multi-
focal leukoencephalopathy (PML). CSF samples from 15
acquired immunodeficiency syndrome (AIDS) patients
with biopsy-proven PML were analyzed by semiquantita-
tive polymerase chain reaction (PCR). A low JCV burden
was predictive of longer survival compared with a high
JCV burden (median survival from entry, 24 [2–63] vs
7.6 [4–17] weeks). Further analyses indicated a possible
threshold of 50 to 100 copies/ml separating high- and
moderate-risk cases. Patients with a JCV load below this
level survived longer than those with a JCV load above it.
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Progressive multifocal leukoencephalopathy (PML) is a
devastating neurological disease resulting from JC virus
(JCV) infection.1,2 Described in immunosuppressed
patients with malignancies, PML is increasingly seen
among human immunodeficiency virus (HIV) patients.
Median survival ranges from 2 to 6 months after the
onset of symptoms3–5 and slightly longer if PML is the
acquired immunodeficiency syndrome (AIDS)–defining
illness.6,7 Up to 10% of patients show prolonged sur-
vival, irrespective of treatment.2,3

PML is suspected in immune-compromised patients
with progressive focal neurological deficits and charac-
teristic neuroimaging studies.1–3 The clinical presenta-
tion and imaging studies are nonspecific,2,6,8 and de-
finitive diagnosis has been dependent on pathological
evaluation of brain tissue obtained by brain biopsy.9

With no proven effective treatment, clinicians have
been reluctant to subject patients to this procedure.
JCV DNA in cerebrospinal fluid (CSF) identified by
means of polymerase chain reaction (PCR) may have
value in confirming the diagnosis.9–12 Detection of
JCV DNA in CSF has demonstrated a 74 to 92% sen-
sitivity and a 92 to 100% specificity.11,13–15 This level
of specificity may be valuable for diagnosis and as an
entry criterion for therapeutic trials. This report de-
scribes the strong relationship between clinical out-
come and JCV DNA concentration in CSF. Our ob-
servations indicate that semiquantitative PCR is a
significant diagnostic marker and an index of disease
outcome.

Patients and Methods
Template Preparation
CSF samples were obtained from subjects participating in a
study conducted by the AIDS Clinical Trials Group and the
Neurologic AIDS Research Consortium. This protocol
(ACTG 243) evaluated the safety and efficacy of intrave-
nously and intrathecally administered cytosine arabinoside
(Ara-c) in the treatment of HIV-infected patients with
PML.4

Frozen CSF samples were received from participating sites.
The usual sample volume was 1 ml, which was kept frozen
until transferred to sterile microfuge tubes and centrifuged at
10,000 rpm for 2 minutes. CSF was removed and added to
an equal volume of buffer-saturated phenol (BRL, Grand Is-
land, NY; Life Technologies/Gibco), mixed, and extracted by
repeated phenol/chloroform extraction. The sample was sus-

pended in 20 ml of H2O and divided into 8- and 12-ml
aliquots.

PCR Amplification
Each template was serially diluted 10-fold to 1021 and 1022

for PCR amplification (Model 2400 Thermocycler; Perkin
Elmer). The nucleotide sequence of primer 1 from the 59 to
39 orientation was from map position 4999 to 497916 GAA
TAG GGA GGA ATC CAT GG; for primer 2, it was from
map position 4231 to 4252 GGA ATG CAT GCA GAT
CTA CAG G. These nucleotides are in the coding region for
the viral early T protein, which is essential for virus growth.
Amplification was initiated at 95°C for 30 seconds; per-
formed for 40 cycles at 95°C for 30 seconds, 55°C for 30
seconds, and 72°C for 60 seconds; concluded with an exten-
sion cycle of 72°C for 7 minutes; and then held at 4°C.

Gel Analysis of PCR Products
Ten microliters of each PCR reaction product was electro-
phoresed through a 1.2% agarose gel in TBE (0.045 M of
Tris, 0.045 M of boric acid, 0.001 M of EDTA; pH 7.4).
Each gel contained eight samples: two CSF samples with
three dilutions each as well as a negative control, no template
control, and a positive control of 1 pg of JCV DNA ampli-
fied as described. They were submitted to Southern blot hy-
bridization as described previously17 using a 32P-JCV DNA
probe, which was normalized by disintegrations per minute
so that hybridization of all CSF samples was done with the
same activity of the probe. Autoradiographs were made on
Kodak X-OMAT film (Eastman Kodak, Rochester, MN) at
24 and 120 hours. The amount of JCV DNA in the CSF
sample was estimated from each gel by a comparison be-
tween the band intensity in the positive control and that of
the bands in the samples and their dilutions by densitometric
tracing (Molecular Dynamics, Sunnyvale CA). Analysis of
the PCR reactions for each sample was done in duplicate by
4 laboratory members for a total of eight independent mea-
surements. Under these conditions, there was no cross reac-

Fig 1. Southern blot hybridization of 10-fold serial dilutions
of a JC virus (JCV) DNA template starting with 10 pg of
DNA in lanes from left to right and ending with 0.01 fg.
Estimation of the copy number of JCV DNA is based on the
calculation that 1 pg of JCV DNA corresponds to 100,000
copies.
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tivity to either BK virus (BKV) or SV40 nucleotide se-
quences as previously described.18

The level of sensitivity of the PCR amplification method
was determined by serial dilutions of JCV DNA starting
with 10 pg to 0.01 fg and Southern blot hybridization to a
radiolabeled probe. Figure 1 shows that the PCR protocol
described previously followed by Southern blot hybridization
could detect approximately 0.01 to 0.1 fg of DNA.

Collected Samples
CSF and plasma samples were obtained from subjects with
biopsy-proven PML. Most subjects were treated with zidovu-
dine alone or in combination with ddI, ddC and d4T. A
small number received 3TC or protease inhibitors. CSF sam-
ples were collected from 15 subjects prior to intrathecal
Ara-c administration on a weekly basis between weeks 3 and
6, biweekly during weeks 8 through 14, and every 4 weeks
thereafter until the end of the study (week 26). Eleven sub-
jects were male, and about half were white, with a median
age of 38 years (range, 33–49 years). There was no associa-
tion between demographics and JCV load at baseline. The
median CD4 count was 29 cells/ml (range, 0–420 cells/ml)
and was higher in subjects with undetectable versus detect-
able baseline JCV DNA (median, 107 vs 22 cells/ml; p 5
0.09).

The PCR data set (viral genome copies/ml CSF) is pre-
sented in the Table along with duration of follow-up and
treatment with Ara-C. Undetectable levels below 0.1
copies/ml are listed at the upper limit of assay sensitivity.
Patient survival in subgroups, which is defined by presence
or absence of JCV DNA and baseline JCV load, was com-
pared by the log-rank test. the relationship between JCV
load and survival was assessed by a Cox proportional hazards
model that also included CD4 count.

Results
Eleven of 15 subjects had detectable baseline JCV
DNA levels. The estimated sensitivity was 73.3%,

which is close to reported estimates. Neither detection
nor baseline JCV load was significantly associated with
survival (p 5 0.49 and 0.13, respectively). No subjects
with undetectable JCV DNA developed detectable lev-
els during the study, but previously detectable levels in
3 subjects fell below the level of detection.

Three subgroups were defined by their semiquanti-
tative PCR profile: subjects with undetectable, low,
and high JCV burden. Median survival was 24, 24.4,
and 7.6 weeks, respectively (p 5 0.14). Given the sim-
ilarity of survival expectations, the undetectable and
low groups were compared with the high group (Fig
2). Survival differences were statistically significant
(median survival, 24 and 7.6 weeks, respectively;
p , 0.05).

The impact of JCV load on survival was further elu-
cidated by considering in a time-dependent fashion
whether serial viral counts were above or below a cutoff
point in a 50- to 100-genome copies/ml interval.* This
interval, asserted by data inspection, has been con-
firmed through statistical analysis (data not shown) as
the threshold maximally differentiating the two groups
in terms of relative risk. JCV DNA levels above 50 to
100 copies/ml were strongly associated with increased
mortality (p , 0.01). This effect was present in a mul-
tivariate model incorporating CD4 count, indicating

*We performed several analyses. In each case, a threshold between
50 and 100 genome copies/ml was chosen, and the data were re-
coded as: 0 5 below the threshold, 1 5 above the threshold. For
example, if the chosen threshold value were 80 genome copies/ml, a
value of 100 genome copies/ml would be recoded as 1, and a value
of 30 genome copies/ml would be recoded as 0. As long as the
threshold value was confined in the 50- to 100-genome copies/ml
interval, the results were identical, and the resulting p values stayed
in a narrow and statistically significant range (p , 0.005).

Table. Semiquantitative PCR Data (Viral Genome Copies per Microliter of CSF)

Patient
Number

Study Week
Survival
(wk)

Weeks on
Treatment2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 20 22 24

1 ,0.1 ,0.1 ,0.1 ,0.1 ,0.1 ,0.1 15.0 15.0
2 ,0.1 2.3 2.0
3 ,0.1 62.6a 1.6
4 ,0.1 ,0.1 ,0.1 ,0.1 ,0.1 ,0.1 33.7 17.1
5 3 3 10 5 8.3 7.3
6 30 30 ,0.1 20 2 30 30 30.1 18.0
7 50 3 ,0.1 3 17.9 6.9
8 60 8 2 10 10 ,0.1 ,0.1 2 1 2 47.0a 23.7
9 500 500 300 7.3 5.9

10 30 100 100 400 500 15.1 7.7
11 800 200 200 6.6 5.1
12 10 100 100 3.9 3.9
13 500 100 16.9 2.9
14 50 70 30 30 70 70 100 ,0.1 10.0a 8.6
15 60 70 50 150 70 7.9 5.9

Levels of JCV DNA below 0.1 copies/ml were undetectable. Subjects 1 through 4 constitute the undetectable JCV load group, subjects 5
through 8 constitute the low (intermediate) JCV load group, and subjects 9 through 15 constitute the high JCV load group.
aPatient was alive at the time of the last study visit.
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that CSF JCV burden is an informative marker beyond
immunocompetence measures. Among PML patients
with similar CD4 counts, those with a high JCV bur-
den are at increased risk compared with those with a
low or undetectable JCV load.

Fifty-three subjects provided 246 plasma samples
collected every 4 weeks starting at baseline. Twelve of
52 baseline samples (23%) were JCV-positive, and 19
subjects (36%) had at least one positive on-study test.
This proportion was no higher than that reported in
the literature for the general HIV patient population
with or without PML,19 rendering detection of JCV
DNA in plasma inappropriate for diagnostic purposes.
In multivariate models that included CD4 counts, the
presence of JCV DNA in plasma at baseline or during
the study was not prognostic for patient survival. The
chance of a positive test was inversely related to CD4
count.

Discussion
Detection of JCV DNA in plasma has no diagnostic
significance and is likely a reflection of immunosup-
pression.20 The proportion of positive tests remained
within reported limits in the general population with
advanced HIV disease. On the contrary, semiquantita-
tion of JCV DNA concentration in CSF via PCR is a
useful diagnostic aid, especially if a second test is per-
formed after a negative test, as viral levels may tran-
siently fall below the level of detection in patients with
a low viral burden. Detection of PCR products using a
32P-labeled JCV DNA probe following Southern blot
hybridization increases the sensitivity and specificity of

the assay. JCV and BKV share a 70% nucleotide sim-
ilarity throughout their genomes, necessitating addi-
tional steps beyond identification of the PCR product
following gel electrophoresis.

Low levels of JCV DNA are associated with longer
patient survival. A threshold of 50 to 100 copies/ml
separated high- from moderate-risk cases. JCV burden
in the CSF supplements the information provided by
CD4 count, implying that the PML disease course can-
not simply be explained by changes in CD4. This ob-
servation is consistent with the findings of a recent
study reporting only a weak correlation between CD4
counts and JCV burden in CSF.20

HIV viral load was not measured, and further re-
search will determine whether knowledge of HIV bur-
den would supersede the prognostic value of CSF JCV
PCR. Nevertheless, recent studies report only partial
success in treating PML with highly active anti-
retroviral therapy without full resolution of symp-
toms.20 This would argue against HIV RNA changes
fully accounting for the course of PML and that erad-
ication of PML will likely depend on a combination of
anti-retroviral and JC-specific therapy. Semiquantita-
tive CSF JCV PCR may provide a reliable and rela-
tively noninvasive prognostic marker of the effective-
ness of these therapies.

This study was supported by grants PO1 NS3228, RR00036-37,
RR00046, RR00051, RR00722, NS26643, AI-25903, A1-25868,
AI-25915, and AI-38855 from the National Institutes of Health
and by the AIDS Clinical Trials Group, National Institute of Al-
lergy and Infectious Diseases.

Appendix
Participating Sites and Investigators
University of Kentucky School of Medicine, Lexington, KY
(J. Berger); Veterans Affairs Medical Center, West Haven,
CT (J. Booss); Beth Israel Deaconess Medical Center, Bos-
ton, MA (B. Dezube); Social and Scientific Systems, Rock-
ville, MD (S. Shriver); Yale University School of Medicine,
New Haven, CT (P. Jatlow); Albany Medical College, Al-
bany, NY (S. Remick); Columbia-Presbyterian Medical Col-
lege, New York, NY (M. Crawford, J. Dobkin, G. Dooneief,
K. Marder); Johns Hopkins University, Baltimore, MD (R.
Becker, K. Carter, A. Khan, V. Rexord); Massachusetts Gen-
eral Hospital and Harvard Medical School, Boston, MA (B.
Navia, T. Flynn, M. Hirsch, E. McCarthy); Mount Sinai
Medical Center, New York, NY (E. Chusid, P. Gerits, H.
Mendoza, H. Sacks); Northwestern University, Evanston, IL
(R. Levy, C. Cooper, R. Murphy, J. Phair); University of
California, San Francisco, CA (S. Forstat, D. Gary, D.
McGuire); University of Cincinnati, Cincinnati, OH; Uni-
versity of Colorado Health Sciences Center, Denver, CO (S.
Canmann, K. Tyler); University Hospitals of Cleveland,
Cleveland, OH (S. Weaver, S. Gordon); University of North
Carolina, Chapel Hill, NC (K. Robertson, E. Atos Radzion,
W. Robertson); University of Washington, Seattle, WA (C.

Fig 2. Patients with an undetectable or low JC virus ( JCV)
DNA concentration in the cerebrospinal fluid (median sur-
vival, 24 weeks) experienced longer survival compared with
patients with a high viral DNA concentration (median sur-
vival, 7.6 weeks). The difference was statistically significant
(log-rank, p , 0.05).
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Marra, A. Collier, C. Cooper, J. Lund); Washington Univer-
sity School of Medicine, St Louis, MO (M. Glicksman, J.
Voorhees, M. Royal).
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Exercise Intolerance due to a
Nonsense Mutation in the
mtDNA ND4 Gene
A. L. Andreu, MD,*† K. Tanji, MD,* C. Bruno, MD,*‡
G. M. Hadjigeorgiou, MD, PhD,* C. M. Sue, MD, PhD,*
C. Jay, MD,§ T. Ohnishi, PhD,i S. Shanske, PhD,*
E. Bonilla, MD,* and S. DiMauro, MD*

We report the first molecular defect in an NADH-
dehydrogenase gene presenting as isolated myopathy. The
proband had lifelong exercise intolerance but no weak-
ness. A muscle biopsy showed cytochrome c oxidase
(COX)–positive ragged-red fibers (RRFs), and analysis of
the mitochondrial enzymes revealed complex I deficiency.
Sequence analysis of the mitochondrial genes encoding
the seven NADH-dehydrogenase subunits showed a
G-to-A transition at nucleotide 11832 in the subunit 4
(ND4) gene, which changed an encoded tryptophan to a
stop codon. The mutation was heteroplasmic (54%) in
muscle DNA. Defects in mitochondrially encoded com-
plex I subunits should be added to the differential diag-
nosis of mitochondrial myopathies.
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intolerance due to a nonsense mutation
in the mtDNA ND4 gene.

Ann Neurol 1999;45:820–823

Mitochondrial DNA (mtDNA) mutations have been
associated with a wide range of clinical presentations
ranging from pure myopathies to multisystemic disor-
ders. Most of these mutations were in transfer RNA
(tRNA) genes, but increasing number of mutations are
being reported in polypeptide-coding genes.1 Here, we
present a nonsense mutation in the mtDNA gene en-
coding subunit 4 of NADH dehydrogenase (ND4) in a
patient with pure myopathy and complex I deficiency.
This is the first mutation in a complex I gene to be
associated with myopathy and the first nonsense muta-
tion to be reported in a complex I gene.

Material and Methods
Case Report
A 38-year-old man complained of lifelong exercise intoler-
ance. He described premature fatigue and myalgia even after
moderate exercise such as walking on level ground for 20
minutes. Walking uphill or upstairs is an activity that he can
only tolerate for a few minutes. If he forces himself to exer-
cise, he feels exhausted on the following day, and the muscles
he has used feel sore. He has never noticed pigmenturia. He
believes his legs are more affected than his arms. A cardio-
vascular consultation revealed no cardiac dysfunction. The
neurological examination was normal, including muscle bulk
and strength. Resting serum creatine kinase was normal. Lac-
tic acid was 5.2 mEq/L (normal values, 0.5–2.2 mEq/L) and
rose excessively after a standardized aerobic exercise (9.2
mEq/L after 1 minute). Electromyographic (EMG) findings
were normal. His family history was negative for neuromus-
cular disorders; specifically, his mother and 2 sisters do not
complain of exercise intolerance.

Biochemical Studies
Biochemical analysis of mitochondrial enzymes in muscle ho-
mogenates showed an isolated defect of complex I activity
(Table), which was even more pronounced when referred to
the activity of citrate synthase, which is a matrix enzyme and
a good marker of mitochondrial “mass.”

Histochemistry
Muscle frozen sections of 6-mm thickness were stained his-
tochemically with succinate dehydrogenase and cytochrome c
oxidase (COX) according to described methods.2 Succinate
dehydrogenase staining showed scattered ragged-red fibers
(RRFs), which stained intensely for COX activity and con-
tained an increased number of lipid droplets (Fig, A). No
COX-negative fibers were seen. Single-fiber analysis per-
formed by described methods3 showed that the mutation was
much more abundant in RRFs than in non-RRFs (92.4 6
1.95% vs 12.4 6 7.3%) (see Fig, B).

Molecular Genetic Studies
Muscle DNA was extracted according to conventional meth-
ods, and 12 polymerase chain reaction (PCR) products over-
lapping the entire coding region for the seven NADH-
dehydrogenase subunits were obtained using the set of
primers previously reported for sequencing the entire mito-
chondrial genome.4 Direct sequencing of PCR products was
performed using the same set of primers (forward and re-
verse) in an automatic sequencer (Model 310 Automatic Se-
quencer; Perkin Elmer, Foster City, CA). Sequence analysis
of the PCR products showed 15 nucleotide changes com-
pared with the Cambridge sequence.5 Fourteen were either
known errors in the reference sequence or neutral polymor-
phisms. The 15th change was a G-to-A transition at nucle-
otide position 11832 in the ND4 gene (see Fig, C), which
caused the substitution of tryptophan-358 (UGA) with a
stop codon (UAA) and resulted in the loss of 102 amino
acids from the C terminus of the ND4 subunit equivalent to
22% of the total polypeptide length. To quantitate the pro-
portion of mutant mtDNA, we performed PCR–restriction
fragment-length polymorphism (RFLP) analysis. A 286-base
pair fragment was amplified using the following primers:
21-mer forward (59-cagtcatt-ctcataatcgccc-39) and 20-mer re-
verse (59-ggagtatagggctgtgacta-39). a-P32 deoxyadenosine
triphosphate was added in the last PCR cycle to avoid under-
estimation of the mutated mtDNA molecules due to hetero-
duplex formation. Because the mutation creates a novel re-
striction site for MseI, this enzyme was used for RFLP
analysis. Digested PCR products were run through a 12%
nondenaturing polyacrylamide gel and subjected to autora-
diography. RFLP analysis showed that the mutation was het-
eroplasmic in the patient’s muscle (54%) but that it was not
detectable in blood (see Fig, C). Using PCR-RFLP analysis of
DNA isolated from muscle, we could not detect this mutation

Table. Mitochondrial Enzyme Activities in the Patient’s Muscle

Controlsa Patientb

NADH–cytochrome c reductase (I 1 III) 1.02 6 0.52 0.54 (53)
NADH dehydrogenase (I) 35.5 6 7.07 9.91 (28)
Succinate–cytochrome c reductase (II 1 III) 0.70 6 0.23 0.76 (109)
Succinate dehydrogenase (II) 1.00 6 0.53 1.63 (163)
Cytochrome c oxidase (IV) 2.80 6 0.52 3.83 (137)
Citrate synthase 9.88 6 2.55 17.9 (181)

aValues are expressed as micromoles per minute per gram. Control values are mean 6 SD in 20 individuals.
bNumbers in parentheses are percentages of the mean normal values.
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in 100 controls (40 normal individuals and 60 patients with
different pathogenic mtDNA mutations).

Discussion
This patient complained of lifelong exercise intolerance
but had no fixed weakness, and both neurological ex-
amination and EMG findings were normal. It is fair to
assume that such subjective complaints would be easily
dismissed even by competent neurologists as “psycho-
genic.” Nevertheless, an increased level of blood lactate,
which was even more pronounced after aerobic exercise
on a treadmill, suggested mitochondrial dysfunction
and led to a muscle biopsy. The finding of COX-
positive RRFs and decreased complex I activity
prompted us to sequence the seven mtDNA genes en-
coding complex I subunits. We found a nonsense mu-
tation in the ND4 gene. This is the first mutation in a
complex I subunit gene to be associated with pure my-
opathy and the first nonsense mutation to be detected
in a complex I gene. Evidence supporting the pathoge-
nicity of this mutation includes the following findings:

1. Heteroplasmy was detected in muscle (54%),
which is typical for pathogenic mtDNA muta-
tions. Moreover, the lack of the mutation in
blood, the absence of multisystemic involvement,
and the lack of maternal inheritance suggest that
this mutation may have arisen de novo during
embryogenesis and may not be present in the
germ line. This concept is in agreement with re-
cent findings in patients with myopathy harboring
mutations in the cytochrome b gene, in whom the
molecular defect was also confined to muscle and
was not present in maternal relatives.6–9

2. The mutation is consistent with the biochemical
defect of isolated complex I deficiency in muscle.

3. This nonsense mutation causes the loss of 102
amino acids from the C terminus of the polypep-
tide, which undoubtedly impairs the function of
complex I.

4. Single-fiber analysis showed a clear relationship
between the abundance of the mutation and
morphological alterations.

Fig. (A) Cytochrome c oxidase (COX) stain-
ing in the patient’s muscle. Asterisks indi-
cate COX-positive ragged-red fibers (RRFs).
(B) Percentage of mutated mtDNA in non-
RRFs and RRFs is demonstrated by means of
single-fiber polymerase chain reaction analysis.
(C) Left: Electropherogram of ND4 gene
showing the sequence of muscle DNA in a
control and in the patient. Sequencing was
performed using a reverse primer and shows
the G11832A transition (C-to-T transition in
the reverse sequence). Right: Restriction
fragment-length polymorphism analysis. Mse I
cuts the original fragment (286 bp) into two
fragments of 183 and 103 bp. The mutation
creates a new restriction site for Mse I that
cuts the 183-bp fragment into two fragments
of 138 and 45 bp. U 5 uncut fragment;
NC 5 normal control muscle; PB 5 pa-
tient’s blood; PM 5 patient’s muscle.
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Until recently, mutations in mtDNA associated with
isolated myopathy had been in tRNA genes: T3250C
and A3302G in tRNALeu(UUR),10,11 A12320G in
tRNALeu(CUN),12 and C15990T in tRNAPro.13 Re-
cently, however, several mutations in protein-encoding
genes have been observed in patients with selective
muscle involvement. These include a microdeletion in
the gene encoding COX III14 and four distinct muta-
tions in the cytochrome b gene.6–9 Interestingly, all of
these cases have been sporadic. Mutations in NADH-
dehydrogenase genes have been mostly associated with
Leber’s hereditary optic neuropathy, including the first
point mutation identified in mtDNA, G11778A in the
ND4 gene.15 Besides “primary” and “secondary” Leb-
er’s hereditary optic neuropathy mutations, two muta-
tions, one in the ND1 gene and the other in the ND5
gene, have recently been described in 2 patients with
the mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes syndrome (MELAS).16,17 Un-
like the mutation described here, those mutations were
missense, multisystemic, and maternally inherited.

In conclusion, mutations in protein-encoding genes
of mtDNA should be carefully considered in the dif-
ferential diagnosis of sporadic patients with exercise in-
tolerance even when neurological examination and
EMG findings are normal as in the case presented in
this report.

This study was supported by the Muscular Dystrophy Association
and NIH grants PO1HD32062 and NS11766 (S.D.), the Fondo de
Investigationes Sanitarias BAE 98/5144 (A.L.A.), and Telethon-Italy
(C.B.).
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Correction
In the article “Miller Fisher anti-GQ1b antibodies:
a-latrotoxin–like effects on motor end plates” by
Plomp et al in the February issue (Ann Neurol 1999;
45:189–199), the title of the table on page 191 was a
misprint. The correct title is as follows:

Table. Effects of MFS Sera and Purified IgG on Mouse
Diaphragm

The publisher apologizes for the error.
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