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Pallidotomy was performed in a patient with hemichorea
caused by lacunar infarction in the striatum. Chorea in
the lower limb was reduced after a neurosurgical lesion in
the medial portion of the sensorimotor territory of the
internal segment of the globus pallidus, and chorea in the
upper limb disappeared after an additional lesion in the
lateral portion of that same area. Intraoperative neuronal
recording revealed that mean firing rates were low, and
that firing was irregular in the globus pallidus compared
with off-state parkinsonian patients. These results suggest
that chorea with striatal infarction is driven by phasic
neuronal activity with a low firing rate in the globus pal-
lidus and that the neural pathway of chorea has a func-
tional somatotopical organization in the globus pallidus.
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Decreased activity of the basal ganglia output nuclei has
been proposed as a central mechanism underlying hy-
perkinetic disorders.1,2 Decreased firing rates have been
demonstrated by intraoperative neuronal recording in
patients with hemiballismus caused by subthalamic le-
sions3–5 and in those with apomorphine-induced dyski-
nesia,6 while neuronal changes of the pallidum in chorea
caused by vascular striatal lesions7,8 have not been elu-
cidated. We report on changes in the firing pattern in
the pallidal neurons and the effects of pallidotomy in a
patient with chorea caused by ischemic striatal lesions.

Case Report
A 75-year-old hypertensive woman, with a history of tran-
sient right hemiparesis 3 years before, acutely developed in-

voluntary movements of the right upper and lower limbs.
She had no neuroleptic exposure, rheumatic fever, or family
history of chorea. Examination revealed choreiform move-
ments in the right upper and lower limbs without paresis.
She had no mental impairment. Laboratory tests revealed no
hematologic abnormalities, including negative antinuclear
antibody. Magnetic resonance images (MRIs) taken 2
months after onset demonstrated multiple small, hyperin-
tense foci on T2-weighted images in the bilateral putamen,
left caudate, and left globus pallidus (lacunar infarcts); some
of these foci were hypointense on T1-weighted images, sug-
gesting enlarged Virchow-Robin spaces (état criblé).9 No le-
sion was shown in the subthalamic nuclear areas (Fig 1).
These findings were confirmed by an MRI taken 13 months
after the first one. The patient was treated with 3mg halo-
peridol daily, and the choreiform movements were amelio-
rated. Three months later, parkinsonian signs, consisting of
severe bradykinesia, rigidity, and dysphagia, appeared and led
to reduction in the haloperidol dose, resulting in exacerba-
tion of the choreiform movements. At the time of surgery,
performed 15 months after onset, she took no neuroleptic
medication and showed choreiform movements severely in
the right lower limb and mildly in the right upper limb, as
well as mild lingual dyskinesia. Electromyograms (EMGs) re-
corded from the right extremities revealed repetitive recipro-
cal discharges in the pretibial and gastrocnemius-soleus mus-
cles with a 3- to 5-second interval and repetitive discharges
in the wrist flexor muscles intermittently synchronized to the
leg EMGs.

To improve the medically intractable involuntary move-
ments, left pallidotomy was performed with microelectrode
guidance. No sedation was used in surgery, and all medica-
tions were withheld overnight and during surgery. Glass-
coated elgiloy microelectrodes with an impedance of 0.4MV
at 1,000Hz were used for single-cell recording. Recording
tracks were made in the parasagittal plane, proceeding from
anterodorsal to posteroventral at an angle of 45 degrees from
the vertical line. The lateral distance of the electrode tip to
the cerebral midline was measured by intraoperative com-
puted tomography. After electrophysiological mapping, the
coagulation electrode (diameter 1.2mm, exposed tip length
3mm) was advanced for lesioning in two tracks, the first
track at lateral 19mm and the second track at lateral 21mm.

Ten- to 30-second samples of spontaneous single-cell ac-
tivity from the external globus pallidus (GPe) and the inter-
nal globus pallidus (GPi) were recorded during mapping and
stored on digital tape. Neuronal signals were digitized at
50kHz, action potentials discriminated, interspike interval
data stored, and firing rates calculated. Cross-correlation
analysis was carried out to determine whether the neuronal
signals and EMG signals correlated. The level of chance cor-
relation was calculated using the control spike trains. Eight
control spike trains were made by randomizing the order of
the interspike intervals of the original neuronal signal of the
patient, and significant levels were determined by means 6 2
standard deviations (SD) of the maximal or minimal corre-
lation coefficients. Student’s t test (two-tailed) was used to
determine the level of statistical significance when comparing
mean firing rates in the present patient with those in off-
state parkinsonian patients.
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Results
The recording sites and coagulation sites are illustrated
in Figure 2A. The activity of 11 cells was sampled
from the GPe and GPi along the third track at lateral
18.0mm, and along the fifth and sixth tracks at lateral
19.0mm. The frequency of 4 GPe cells (mean 6 SD
49.6 6 12.4Hz) was not significantly different (p ,
0.2) from that in parkinsonian patients without dyski-
nesia (56 cells from 13 patients; 59.6 6 19.8Hz). The
frequency of 7 GPi cells (56.7 6 21.1Hz) was signifi-
cantly lower (p , 0.005) than that in patients without
dyskinesia (85 cells from 16 patients; 89.5 6 25.7Hz).
The activity of one of the 11 neurons in the present
patient correlated with chorea EMG activity from the
wrist flexor muscles, pretibial muscles, and gastro-
cnemius-soleus muscles (Fig 3). The regularity in the
cross-correlation functions with approximately 4.5 sec-
onds duration between the neuronal signals and EMGs
from the lower limb reflects the periodicity of the chorea
EMG discharges. This and the other neurons could not
be recorded long enough to test for kinesthetic responses.

After coagulations along the first coagulation track at
lateral 19mm, leg choreiform movements were remark-
ably reduced without change in arm choreiform move-
ments (see Fig 2C). After coagulations along the second
coagulation track at lateral 21mm, arm and leg chorei-
form movements almost disappeared (see Fig 2D). Cho-
reiform movements contralateral to the surgery were
completely abolished after surgery and have not returned

over the follow-up period, which is now longer than 2
years, but mild lingual dyskinesia persisted.

Discussion
Acute-onset hemichorea in our patient suggests a vas-
cular pathogenesis, and rhythmic choreiform move-
ments demonstrated by EMG are also characteristic of
vascular chorea.10 Repeated MRI studies depicted lacu-
nar infarcts in the striatum without apparent involve-
ment of the subthalamic nucleus. From these findings,
we conclude that the hemichorea in this patient was
most probably due to striatal lacunar infarction, which
is known to be one of the causative lesions of hemi-
chorea outside the subthalamic nucleus.7,8 Mild lingual
dyskinesia may have been tardive dyskinesia following
haloperidol administration.

In the case of hemiballismus, reduced activity in
both the GPi and GPe has been demonstrated in mon-
keys11,12 and humans,3–5 and destruction of the
subthalamus-GPe and subthalamus-GPi excitatory
pathways by subthalamic lesions is assumed to cause
these changes. Decreased activity in the GPi with over-
activity in the GPe has been observed in apomorphine-
induced dyskinesia in parkinsonian laboratory ani-
mals13 and humans6; overactivity of the striatum-GPi
inhibitory pathway by D1 receptor stimulation and re-
duced activity of the striatum-GPe inhibitory pathway
by D2 receptor stimulation may cause these changes.14

Firing rates in the GPi were significantly lower than

Fig 1. (A) T2-weighted frontal magnetic resonance images (slices 10 and 15mm posterior to anterior commissure) 2 months after
onset, showing multiple lacunar infarcts and état criblé in the bilateral striata, without involvement in the left subthalamic area
(arrowhead). (B) T1-weighted images (same slice location as in A) 10 days after surgery, following pallidotomy, showing the surgi-
cal lesion with surrounding edema.
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those in off-state Parkinson’s disease in the present pa-
tient, suggesting that decreased firing rate in the GPi is
the underlying abnormality in chorea caused by isch-
emic striatal lesions, as well as in other choreic disor-
ders. However, firing rates in the GPe were not differ-
ent from those in Parkinson’s disease. Since the
number of GPe neurons studied is too small to be con-
clusive, the contribution of the direct and indirect
pathways to GPi underactivity remains obscure.

The development of choreiform movements depends
on choreogenic neuronal activity in the brain. An ir-
regular, or bursting and pausing, firing pattern in the
GPi has commonly been observed in hemiballismus
patients,3–5 and correlation between neuronal activity
and EMGs has been observed in some GPi neurons of
a patient with hemiballismus.5 The firing pattern in
the GPi was also irregular and phasic in the present
patient compared with that in Parkinson’s disease, and
one GPi neuron showed a time correlation to the cho-
rea EMGs recorded from the upper and lower limbs.
While it may indicate choreogenic neuronal drive in
the GPi, this correlation could result from feedback re-
sponse to peripheral sensory stimuli associated with
choreiform movements. The synchronous pauses fol-

lowing the high-frequency firing in the GPi may cause
phasic cortical disinhibition, resulting in ballismus. It
has been noted before that improvement in choreiform
movements with pallidotomy procedures is paradoxical
because a reduction of basal ganglia output by such
lesions could be expected to further disinhibit the cor-
tex. Appreciation of this paradox has led to the pro-
posal that altered pallidal firing patterns may be of crit-
ical importance in the development of chorea.

Intraoperative EMG analysis and continued neurolog-
ical examination demonstrated that lesioning in the me-
dial portion of the GPi sensorimotor territory improved
the leg chorea, and that lesioning in the lateral portion
improved the arm chorea in this patient. Physiologic and
anatomical studies in normal monkeys have demon-
strated the existence of a somatotopical organization15,16

and subchannels with different cortical origins in the
basal ganglia.17 Similar body representations have been
observed in parkinsonian patients, eg, leg representation
located medial and dorsal to arm and face representa-
tions,18 and coagulation effects on parkinsonian signs
occasionally follow the representations.18 The results in
our patient suggest that the neural pathways potentially
related to the development of chorea have a somatotopi-

Fig 2. (A) Reconstruction of the trajectories (tracks 3, 5, and 6) through the external and internal segments of the globus pallidus
(GPi) and the recording sites (open circles) illustrated on the sagittal brain maps (nearest planes from Schaltenbrand and Bailey
atlas19). Track 3 at 18mm to midline and tracks 5 and 6 at 19mm are drawn in the same plane. The lateral location was mea-
sured by intraoperative computed tomography. Electromyograms (EMGs) from the right upper and lower limbs recorded during pal-
lidotomy before coagulation (B), after coagulation along the first coagulation track at lateral 19mm (C), and after coagulations
along the second coagulation track at lateral 21mm (D). Chorea EMGs from the lower limb were markedly reduced after coagula-
tion in the medial portion, and those from the upper limb disappeared after coagulation in the lateral portion.
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cal organization in the GPi that corresponds to the body
representations demonstrated by neuronal responses to
somatosensory stimuli or active movements.

We thank Dr T. Wichmann for critical reading of the manuscript.
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Fig 3. (A) Spike train of a neuron in the internal segment of the globus pallidus and EMGs simultaneously recorded from the right
upper and lower limbs. Signals were sampled at 1kHz. Chorea EMGs from the pretibial and gastrocnemius-soleus muscles appeared
reciprocally. (B) Instantaneous firing rate of a neuron and rectified EMGs converted from the signals in A and smoothed with 20-
point averaging. (C) Cross-correlation functions between neuronal firing and EMGs calculated from the data in B. Dashed lines
indicate maximal levels of chance correlation. Small vertical bars show the range from 21 to 11. Maximal correlation coefficients
were 0.45 at 1576msec between neuronal signals and EMG signals from the wrist flexor muscles (muscle activity preceding neuro-
nal activity), 0.43 at 11,824msec between neurons and pretibial muscles, and 0.44 at –672msec between neurons and
gastrocnemius-soleus muscles.
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Myelinopathia Centralis
Diffusa (Vanishing White
Matter Disease): Evidence of
Apoptotic Oligodendrocyte
Degeneration in Early
Lesion Development
Wolfgang Brück, MD,1,3 Jochen Herms, MD,1

Knut Brockmann, MD,2 Walter Schulz-Schaeffer, MD,1

and Folker Hanefeld, MD2

We describe histopathological changes in a 2-year-old
boy who died from myelinopathia centralis diffusa. De-
spite extensive white matter destruction, surprisingly
high numbers of oligodendrocytes expressing proteolipid
protein mRNA were detected. In an active demyelinating
lesion in the brainstem, oligodendrocytes showed typical
signs of apoptosis. We suggest that death of mature oli-
godendrocytes is the critical event in the disease.

Ann Neurol 2001;50:532–536

Leukodystrophies in childhood form a large group of
disorders that are mostly inherited, and are associated
with an enzyme defect. However, a large group re-
mains unclassified. During the past few years, a new
type of leukoencephalopathy, termed myelinopathia
centralis diffusa,1 vanishing white matter disease,2 or
childhood ataxia with diffuse central hypomyelination,3

has been identified.4 The hallmark of this disease is a
clinically rapid progressive syndrome with ataxia and
spasticity, leading to severe impairment and death
within a few years after onset.1 Magnetic resonance im-
aging (MRI) shows diffuse signal hypointensity in the
white matter resembling the intensity of cerebrospinal
fluid (CSF).1,2 Magnetic resonance spectroscopy reveals
absence of almost all metabolites except glucose and
lactate in the lesions.1,2

The few pathological descriptions of this leukoen-
cephalopathy include the following features: cavitation
and vacuolation of the cerebral hemispheres with my-

elin and axon loss, macrophage infiltration, and reac-
tive gliosis.5,6 The subcortical white matter (U-fibers),
internal capsule, and corpus callosum are largely pre-
served.2–4,7 Several studies have noted increased num-
bers of oligodendrocytes.3,6,7 The present report de-
scribes detailed findings of oligodendrocyte pathology
in myelinopathia centralis diffusa.

Case Report
The boy was the first and only child of unrelated parents. He
was born prematurely at 35 weeks of gestation by cesarean
section. His birth weight (1,990g) and head circumference
(29.5cm) were normal according to the gestational age. The
Apgar score was 8/9/10. No abnormalities were obvious dur-
ing the first months of life, except for some degree of mus-
cular hypotonia. His motor development was mildly delayed;
he was sitting at 10 months and walking with support at 16
months. At the age of 11 months, an episode of fever and
vomiting occurred. Eight months later, another attack of gas-
troenteritis and vomiting occurred, this time accompanied by
ataxia and tremor. Again, he recovered. Two months later,
he developed a fever plus myoclonic jerks. He became se-
verely ill and apathic, and died from pneumonia. During his
short illness, his reflexes were always preserved and brisk.
There were some swallowing difficulties, but otherwise no
abnormal cranial nerve findings could be obtained. In par-
ticular, his fundi were normal and he reacted normally to
sound.

Intensive laboratory investigations excluded metabolic dis-
orders of any of the known white matter diseases, such as
Krabbe’s disease, metachromatic leukodystrophy, Canavan’s
disease, or any infectious disorder. The CSF showed no signs
of inflammation or infection; toxicological screening was
negative. MRI revealed widespread leukoencephalopathy.
Magnetic resonance spectroscopy showed a decrease of all
metabolites and an increase of glucose and lactate in the
white matter, as seen during the evolution of myelinopathia
centralis diffusa.1

The family history of this boy is remarkable. More than
25 years previously, 2 siblings (brother and sister) from the
father’s line died at about the same age, following a similar
clinical course. In 1 male case, a postmortem examination
was performed and the diagnosis of leukodystrophy was
made. Brain sections of this patient were made available
(courtesy of Dr Peiffer, Tübingen, Germany).

Neuropathological Techniques
Paraffin sections were stained with hematoxylin and eosin,
Luxol fast blue (LFB), periodic acid–Schiff, and Biel-
schowsky’s silver impregnation.

Immunocytochemistry, In Situ Hybridization, and
In Situ Tailing
Immunocytochemistry was performed with an avidin–biotin
complex or an alkaline phosphatase/antialkaline phosphatase
technique. The following primary antibodies were used:
anti-myelin basic protein (MBP; Boehringer-Mannheim,
Mannheim, Germany), anti-29,39-cyclic nucleotide 39-
phosphodiesterase (CNP; Biotrend, Köln, Germany), anti-
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Charité, Campus Virchow-Klinikum, Augustenburger Platz 1,
D-13353 Berlin, Germany. E-mail: wolfgang.brueck@charite.de

532 © 2001 Wiley-Liss, Inc.



Fig 1. Pathology of cerebral white matter. (A, B) Double hemispheric sections stained for myelin with Luxol fast blue and periodic
acid–Schiff (A) and Bielschowsky’s silver impregnation for axons (B). (A) There is extensive myelin loss with sparing of the U-fibers,
corpus callosum, and internal capsule (arrows). (B) Axons are also rarified with similar loss and preservation (arrows) as myelin.
(C) Higher magnification of cerebral white matter, showing thin myelin sheaths (immunocytochemistry for myelin basic protein).
(D) Bielschowsky’s silver impregnation reveals axon loss. (E) Oligodendrocytes (arrowheads) are present (in situ hybridization for
proteolipid protein mRNA in black, immunocytochemistry for proteolipid protein in red). (F) Macrophages infiltrate cerebral white
matter (immunocytochemistry for Ki-M1P). (C, D, and I) Magnification 320; (E) 340.
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proteolipid protein (PLP), antimyelin oligodendrocyte glyco-
protein (MOG), microglia/macrophages (anti-Ki-M1P), T
cells (anti-CD3; Dako, Copenhagen, Denmark), B cells
(anti-CD79a; Dako), plasma cells (antihuman immunoglob-
ulin G; Dako), and anti-glial fibrillary acidic protein (Dako).

For in situ hybridization, digoxigenin-labeled riboprobes
specific for PLP mRNA were used. The source and specific-
ity of the probes, labeling techniques, and methods of in situ
hybridization have been described previously.8

The in situ tailing (IST) protocol has been described pre-
viously.9 Oligodendrocytes were identified by double immu-
nocytochemistry for MOG as described above.

Morphometry
Numbers of oligodendrocytes (MOG or PLP mRNA), apo-
ptotic oligodendrocytes (MOG or CNPase and IST) and
macrophages/microglia (Ki-M1P) stained per square unit of
tissue were determined on serial sections in at least 10 stan-
dardized microscopic fields of 10,000mm2 each, defined by
an ocular morphometric grid. Values in the table and figures
represent the number of cells per square millimeter. Relative
axonal density was determined in sections stained with
Bielschowsky’s silver impregnation by point sampling using a
25-point eyepiece (Zeiss, Oberkochen, Germany), as de-
scribed previously.10

Results
Macroscopically, cerebral hemispheres were grayish and
appeared cystic. Myelin staining revealed a massively
reduced staining intensity (Fig 1A); a prominent loss of
axons was seen (Table; see Fig 1B and D). U-fibers,
the corpus callosum, and the internal capsule were
largely spared. A more detailed analysis revealed the
presence of thin myelin sheaths in the LFB and myelin
protein stains (see Fig 1C). Oligodendrocytes were re-
duced in number (see Fig 1E and Table), although a
considerable number of oligodendrocytes were still
present; PLP mRNA-expressing oligodendrocytes were
increased over MOG-positive cells. There was promi-
nent microglia activation in the gray matter and a
mixed microglia/macrophage infiltrate in the cerebral
lesions (see Fig 1F). T lymphocytes or B cells were
completely absent. Similar pathological changes were
seen in the autopsy specimens of cerebral hemispheres

from the male relative of the patient, who died 25
years previously.

A quite different type of lesion pathology was ob-
served in the pontine white matter. LFB and MBP
staining revealed a demyelinated lesion with prominent
macrophage infiltration in the absence of T or B cells.
There was minor axonal loss (see Table); whether this
was part of the initial disease process or due to Walle-
rian degeneration of the descending fiber tracts is not
clear. Higher magnifications revealed macrophages
with LFB-, MBP-, and MOG-positive myelin degrada-
tion products (Fig 2A and B), indicating recent and
active demyelination.11 In these areas, oligodendrocytes
were significantly reduced (see Fig 2C and Table). The
IST reaction revealed numerous oligodendrocytes with
DNA fragmentation (see Fig 2D). These dying cells
showed all of the morphological signs of apoptosis (see
Fig 2E and F).

Pathological findings were also observed in the white
matter, which appeared normal in the myelin stains
(see Fig 2G and H). A high number of PLP mRNA-
expressing oligodendrocytes were present (see Fig 2I).
There were, however, MOG-positive oligodendrocytes
with all of the morphological characteristics of apopto-
sis (see Fig 2K and Table). In Bielschowsky’s silver im-
pregnation, there were no axonal bulbs detected as
signs of acute axonal damage.

Discussion
Myelinopathia centralis diffusa, or vanishing white
matter disease, is a recently defined leukoencephalopa-
thy of childhood with characteristic clinical and neuro-
radiological features. The pathogenesis of this disease
remains unknown. Increasing numbers of oligodendro-
cytes have been described in two studies.3,7 The
present case clearly revealed primary destruction of ma-
ture oligodendrocytes via apoptosis in early lesion for-
mation, which was followed by recruitment of progen-
itor cells expressing PLP mRNA.

The morphological features of oligodendrocyte death
in combination with the detection of DNA fragmenta-
tion suggest that apoptosis is critically involved in oli-

Table. Numbers of Oligodendrocytes and Macrophages/Microglia per Square Millimeter in Different Brain Areas

NAWM
Active demyelinating

lesion (pons)
Inactive lesions

(cerebral hemispheres)

PLP mRNA 830.0 6 239.0 53.3 6 61.8 300 6 162
MOG 322.0 6 78.0 25.0 6 43.0 194 6 116
Apoptotic oligodendrocytes 44.4 6 59.8 90.0 6 53.8 0
Macrophages/microglia 336.0 6 107.0 808.0 6 218.0 410 6 160
Relative axon density (% of NAWM) 100.0 80.0 6 9.0 30 6 15

PLP 5 proteolipid protein; MOG 5 myelin oligodendrocyte glycoprotein; NAWM 5 normal-appearing white matter in the medulla, mid-
brain, and cerebellum.
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Fig 2. (A–F) Pathology of the active demyelinating brainstem lesion. (A and B) Macrophages (arrows) contain (A) myelin oligoden-
drocyte glycoprotein (MOG)1 (A), and myelin basic protein (MBP)1 (B) degradation products (immunocytochemistry for MOG
and MBP). (C) The number of proteolipid protein (PLP) mRNA–expressing oligodendrocytes (arrowheads) is reduced in the demy-
elinated area (right) compared with the normal-appearing white matter (left). (D) MOG1 oligodendrocyte (arrow) with DNA
fragmentation (immunocytochemistry for MOG in red, in situ tailing in black). (E and F) MOG1 oligodendrocytes (arrows)
stained at the surface showing chromatin condensation and margination characteristic of apoptosis. (G–K) Pathology of normal-
appearing white matter. (G and H) Myelin appears normal with Luxol fast blue and periodic acid–Schiff stain (G) and by immu-
nocytochemistry for MBP (H). (I) Numerous PLP mRNA–expressing oligodendrocytes are present (in situ hybridization for PLP in
black, immunocytochemistry for PLP protein in red). (K) MOG1 oligodendrocyte (arrow) with the typical morphology of apoptosis
in normal white matter.
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godendrocyte degeneration in myelinopathia centralis
diffusa. Apoptotic oligodendrocyte degeneration is a
hallmark of different demyelinating conditions, includ-
ing autoimmune-mediated demyelination,11 virus-
induced myelin destruction,12 toxic oligodendrocyte
damage,13 as well as myelin protein deficiency.14 The
autoimmune features of demyelination were not ob-
served in the present case. Clinically and histopatho-
logically, infectious disorders and the known hereditary
leukoencephalopathies or hypomyelinating diseases
have been excluded. The morphological features pre-
sented here suggest severe damage of the oligodendro-
cyte that has just finished maturation and myelination.
In most cases reported in the literature, the disease
starts at this age (16–17 years), although later age of
onset has been described.7

Detection of oligodendrocyte apoptosis in the ab-
sence of inflammation leaves the field open for possible
pathogenetic mechanisms. Macrophage/microglia-derived
cytotoxic mediators such as tumor necrosis factor
(TNF)-a or lymphotoxin are known to induce oligo-
dendrocyte apoptosis, and overexpression of TNF-a in
transgenic mice results in oligodendrocyte apoptosis
and primary demyelination.15 Thus, microglial dys-
regulation could lead to the morphological changes
observed in this disease. Growth factors are important
for the development of oligodendrocytes. However,
when applied at the inappropiate time and matura-
tion state, these factors trigger oligodendrocyte apo-
ptosis.16 Another pathogenetic mechanism involved
may be alterations in the cell death program of oli-
godendrocytes. Overexpression of the protooncogene
p53, for example, induces programmed cell death of
oligodendrocytes.17

Damage to axons is severe in the disease, but it
seems to occur in the later stages of the lesion and is
not part of the initial events. This is in contrast to
inflammatory demyelinating lesions, in which axons
are destroyed initially.10 Remyelinated axons seem to
be protected from further damage,18 indicating that
trophic support by oligodendrocytes may prevent ax-
onal degeneration. Such a mechanism has been sug-
gested in experimental animal models deficient in
myelin proteins.19 The continuous depletion of ma-
ture oligodendrocytes in vanishing white matter dis-
ease may therefore predispose for secondary axonal
destruction.

The familial predisposition of the disease suggests a
genetic background. Recently, the locus of the gene for
the disease was found on chromosome 3q27.20 Further
studies will identify the genes responsible for the
pathogenesis of myelinopathia centralis diffusa, or van-
ishing white matter disease.
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A Novel Deafness/Dystonia
Peptide Gene Mutation that
Causes Dystonia in Female
Carriers of Mohr-
Tranebjaerg Syndrome
Russell H. Swerdlow, MD, and G. Frederick Wooten, MD

Sex-linked male deafness and dystonia (Mohr-Tranebjaerg
syndrome) arises from mutation of the deafness/dystonia
peptide (DDP) gene. We describe a novel guanine deletion
at nucleotide 108 of the DDP gene in a family with Mohr-
Tranebjaerg syndrome, which terminates this 97–amino
acid protein at codon 25. Unlike previously reported kin-
dreds, carrier females in this family also manifest dysto-
nias, including torticollis and writer’s cramp. A family his-
tory of male deafness should alert clinicians to the
possibility of DDP mutation in women with focal dysto-
nias.

Ann Neurol 2001;50:537–540

A sex-linked sensorineural deafness disorder (DFN-1)
was described in 1960 by Mohr and Mageroy.1 Subse-
quent observations of concomitant dystonia in DFN-1
males defined an expanded phenotype, the Mohr-
Tranebjaerg syndrome (MTS).2,3 In 1995, Tranebjaerg
and colleagues2 established linkage in an MTS kindred
to Xq21.3-Xq22. The following year, Jin and col-
leagues4 implicated mutation of a gene they named the
dystonia/deafness peptide (DDP) gene. Three unrelated
kindreds with three different mutations were initially
described, followed by a unique de novo mutation in a
male child.4,5 Another mutation of the DDP gene was
also discovered in a family with the phenotypically
similar Jensen syndrome,6,7 which was then reclassified
as part of the MTS spectrum.8

We now describe a kindred with X-linked deafness/
dystonia and a novel DDP mutation. In addition to
the presence of a previously undescribed mutation, this
kindred is unique in that female carriers also manifest
dystonia syndromes.

Subjects and Methods
The proband is a 30-year-old male previously diagnosed with
congenital deafness (Subject IV:2, Fig 1). At age 28 years, he
developed progressively worsening involuntary head-and-neck
movements. Our examination revealed generalized dystonia
and a markedly hypertrophied right sternocleidomastoid. He
held his head deviated to the left with a tilt to the right. In-
termittent, involuntary contractions of the right sternocleido-
mastoid flexed his right ear onto his shoulder. There was sco-
liosis concave to the right. Cranial nerve examination revealed
frequent facial grimacing and blepharospasm. Intermittent tor-
sional contractions occurred in all four limbs. Muscle tone was
normal between paroxysms of dystonic contractions.

The proband’s mother (Subject III:9, see Fig 1) reported
head shaking, chronic neck muscle pain, and writer’s cramp
since age 25 years. Examination revealed repetitive horizontal
head jerks with brief, palpable, involuntary contractions of
the bilateral sternocleidomastoids and other neck muscles.
Hearing was grossly normal.

Two female siblings of the proband were examined. Subject
IV:4 was normal. Subject IV:3 reported the onset of head
shaking in her late teens and writer’s cramp in her mid-
twenties. On examination, she manifested hypertrophy of both
sternocleidomastoid muscles with head deviation to the right,
prolonged jerky horizontal head shaking, and frequent, palpa-
ble, semirhythmic contractions of multiple neck muscles.

A brother of the proband (IV:1, see Fig 1), was by report
neurologically normal. The proband’s mother reported that 2
half-brothers (different father, common mother) were deaf at
the time of, or perhaps shortly after, birth. One of these
brothers (III:11) developed a generalized dystonic disorder in
his late twenties, blindness in his early fifties, and dementia
in his late fifties. He died at age 63 years. The other brother
(III:12) died at age 22 years without having developed dys-
tonia. The proband’s maternal grandmother was said to be
normal, but the maternal great-grandmother’s (I:1) head
shook. A sister of the proband’s grandmother had 2 sons
(III:2 and III:3) who were deaf and developed generalized
dystonia as adults.

Genetic analyses were performed under a protocol approved
by the University of Virginia Investigational Review Board.
Following informed consent, blood samples were obtained
from each of the 4 subjects studied. DNA extractions were
done with a QIAamp DNA minikit (Qiagen, Valencia, CA).
Taq/Pwo polymerase (Roche Diagnostics, Indianapolis, IN)
and a GeneAmp9600 were used for polymerase chain reaction
(PCR) amplifications of the 2-exon DDP gene. The primers
used were previously described by Jin and colleagues4 with
minor modification. The exon 1 primers were 59-
GCGGAGTTCGTCTCTGCAAGC-39 (upper primer) and
59-GTAGGTACAGTGTTCAGGTC-39 (lower primer). The
exon 2 primer sequences were 59-CTAAGCAACAAAAAG-
GGAC-39 (upper primer) and 59-GTTCACTGGCTAG-
ATTCC-39 (lower primer). Thirty cycles were run for each
reaction, with an annealing temperature of 62°C and exten-
sion time of 60 seconds.

PCR products were purified with a QIAquick kit (Qia-
gen). Dideoxynucleotide chain termination sequencing of
exon 1 and exon 2 amplicons from the proband and his
mother were performed using an Applied Biosystems (model
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377; Foster City, CA) sequencer. Sequencing reactions con-
tained 8pmol of the same primers employed in the PCR am-
plification and 20ng/100 bp of exon 1 and exon 2 product.
Sequence data were compared to those reported by Jin and
colleagues4 and to those reported for the DDP cDNA in
Genbank (accession U66035).

For restriction fragment length polymorphism assays, 700
to 800ng of purified exon 1 PCR product from each subject
were incubated with MnlI (New England Biolabs, Beverly,
MA); 350 to 400ng of each digestion product were electro-
phoresed on a 4% agarose gel containing ethidium bromide
(E-Gel; Invitrogen, Carlsbad, CA).

Results
The extended kindred is illustrated in Figure 1. By re-
port, some affected males displayed deafness from birth,
which is somewhat unique because deafness in other re-
ported MTS families arose after attainment of early
childhood language milestones.9 We can neither confirm
nor dispute the accuracy of the congenital deafness re-
ports for Subject IV:2 and possibly III:11 and III:12.

For genetic studies of the DDP gene, the DDP exon
2 sequence from the proband did not differ from the
reported sequence.4 In exon 1, the proband demon-
strated a silent A3G transition at nt 86. The mother
was homozygous for this polymorphism. The pro-
band’s sequence also revealed a G deletion at nt 108,
for which the mother was heterozygous (Fig 2). This
108delG mutation converts the 25th codon of the pro-
tein, which typically codes for valine, to a stop codon.

The restriction enzyme MnlI cuts 7 nucleotides down-
stream of 59-CCTC-39 sequences and 6 nucleotides up-
stream of 39-GGAG-59 sequences. The wild type exon 1
amplicon contains three such sequences, which deter-
mine cuts at nt 53, 98, and 163 of the wild type exon 1

Fig 1. A family with dystonia with or
without deafness over multiple generations.
In this family, deafness appears to repre-
sent an X-linked recessive trait.

Fig 2. Deafness/dystonia peptide (DDP) gene exon 1 chromato-
grams from the male proband and his mother. (A) Chromato-
gram from the male proband shows a guanine deletion at nu-
cleotide 108. (B) Chromatogram from the proband’s mother
reveals that she is heterozygous and indicates the presence of both
a normal allele and an allele with a deletion at nucleotide 108.
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amplicon (Fig 3). Additional 59-CCTC-39 sequences are
present at nt 49–52 and nt 55–58. The nt 49–52 59-
CCTC-39 determines a cut at nt 59 that can remove the
nt 55–58 59-CCTC-39 from the 59 end of the down-
stream fragment. Doing so results in a 39 bp down-
stream fragment. Alternatively, the cut at nt 53 can neu-
tralize the 49–52 59-CCTC-39 site so that the 59 end of
the downstream fragment is determined by the nt 55–58
59-CCTC-39. In this scenario, the 59 end of the down-
stream fragment begins at nt 65 (yielding a 33 bp down-
stream fragment). The 108delG mutation disrupts a 39-
GGAG-59 sequence and eliminates the cut at nt 98.
Addition of the 33 and 39 bp fragments upstream of nt
98 to the 64 bp fragment that is downstream to it cre-
ates unique 96 and 102 bp fragments.

The results of the MnlI restriction digests are shown
in Figure 3. The proband’s pattern was consistent with
the absence of a wild type allele and the presence of the
108delG mutation. The proband’s asymptomatic sister
showed only the wild type pattern, indicating that she is
not a 108delG carrier. The proband’s mother and symp-
tomatic sister possessed both wild type and 108delG al-
leles.

Discussion
This 108delG mutation converts the 97–amino acid
DDP to a 24–amino acid peptide. Regarding deafness,
the mutation is recessive as female carriers do not com-
plain of hearing loss. The mutation’s effects on move-
ment, however, are best characterized as dominant,
with greater penetrance in males. It is conceivable that
some women who present with seemingly sporadic id-
iopathic dystonias actually possess DDP mutation.
Family histories of female patients with dystonia
should carefully assess for the presence of deafness, ce-
rebral palsy, or early death in male relatives.

Males with the 108delG mutation manifest general-
ized dystonia, while females experience focal dystonia
syndromes. Possible explanations for this include the po-
tential ability of the normal allele to provide an amelio-
rative effect despite its inactivation or X-chromosome in-
activation that leads to a mosaic pattern of mutational
expression. In our opinion, the latter explanation is
more probable.

Previously described MTS DDP gene mutations in-
clude a total gene deletion, a 10 bp deletion starting at
nt 183 in exon 2, a 151delT in exon 1, a C233G tran-
sition in exon 2, and a G105T transversion in exon
1.4,5,7 The 108delG mutation we now describe should
yield a protein similar to that of the G105T mutation
(which leads to translation termination at the adjacent
upstream codon). These earlier reports did not describe
movement disorder as a clinical manifestation in carrier
females. It is unclear why one DDP gene mutation
(108delG) might affect movement in a dominant fash-
ion, while a neighboring mutation or total gene dele-

tion does not. One observation potentially relevant to
this issue is that DDP mutation appears to skew
X-chromosome inactivation patterns10; perhaps differ-
ent mutations can variably skew X-chromosome inac-
tivation in phenotypically relevant ways.

In 1999, homology of DDP to a family of peptides
responsible for mitochondrial protein translocation was
noted.11 Its counterpart in yeast is the mitochondrial
protein Tim 8p, and DDP was recently renamed trans-
locase of the inner mitochondrial membrane (TIMM)
8a.11,12 Specific mitochondrial DNA mutations are
also accepted as primary causes of both deafness and
dystonia.13–15 The finding of TIMM protein mutation

Fig 3. Deafness/dystonia peptide (DDP) restriction by MnlI. (A)
MnlI restriction sites are shown for the 207 bp exon 1 ampli-
con (see text). The 108delG mutation eliminates the restriction
site that is normally present at nucleotide 98. (B) MnlI restric-
tions of DDP exon 1 from symptomatic and asymptomatic
members of the Mohr-Tranebjaerg syndrome kindred. The first
lane is a molecular weight marker showing 10 bp increments.
Lane 2 is from the asymptomatic female Subject IV:4 (a sister
of the proband) and shows the expected wild-type bands. The
proband (Subject IV:2), who is deaf and severely dystonic, dis-
plays a hemizygous mutation (lane 3). This is indicated by
108delG-related loss of an MnlI restriction site. Lane 4 is from
the proband’s other sister (Subject IV:3) with focal dystonias
and reveals the presence of both 108delG and wild-type alleles.
Lane 5 is from the mother (Subject III:9) of the 3 siblings. She
also suffers from focal dystonias and is a heterozygous carrier of
the 108delG mutation.
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as the apparent cause of deafness and dystonia in this
kindred emphasizes the relevance of mitochondria to
disorders of sensorineural hearing and movement.

This study was supported by grants from the National Institute of
Aging, the National Institute of Neurologic Diseases and Stroke,
and the American Parkinson’s Disease Association.

We are grateful to Dr Lil Currie for assistance with Figure 1.
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Multisystem Disorder
Associated with a Missense
Mutation in the
Mitochondrial Cytochrome
b Gene
Flemming Wibrand, PhD,1 Kirstine Ravn, MSc,2

Marianne Schwartz, PhD,2 Thomas Rosenberg, MD,3

Nina Horn, PhD,1 and John Vissing, MD, PhD4

Mitochondrial cytochrome b mutations have been re-
ported to have a homogenous phenotype of pure exercise
intolerance. We describe a novel mutation in the cyto-
chrome b gene of mitochondrial DNA (A15579G) asso-
ciated with a selective decrease of muscle complex III
activity in a patient who, besides severe exercise intoler-
ance, also has multisystem manifestations (deafness, men-
tal retardation, retinitis pigmentosa, cataract, growth re-
tardation, epilepsy). The point mutation is heteroplasmic
in muscle (88%) and leukocytes (15%), and changes a
highly conserved tyrosine to cysteine at amino acid posi-
tion 278.

Ann Neurol 2001;50:540–543

Complex III (ubiquinol:ferricytochrome-c oxidoreduc-
tase, EC 1.10.22), the central segment of the respira-
tory chain, is composed of 11 subunits. Only one of
these, cytochrome b (cyt b), is encoded by mitochon-
drial DNA (mtDNA). The first mutation in the cyt b
gene was described in 1996, in a patient presenting
with exercise intolerance and reduced complex III ac-
tivity in muscle.1 Since then, 8 patients with patho-
genic cyt b mutations and a similar phenotype have
been identified.2–5 Based on these findings, it has been
proposed that mutations in this mitochondrial gene are
associated with a pure myopathic phenotype involving
exercise intolerance, sometimes accompanied by weak-
ness or myoglobinuria.3,4 We describe a novel missense
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mutation in the cyt b gene in a patient with multior-
gan involvement.

Case Report
The patient is a 19-year-old woman. At age 6 years, bilateral
central hearing loss was detected, and the condition pro-
gressed to deafness at age 11 years. At age 15 years, a co-
chlear stimulator was implanted. At age 10 years, it was
noted that she had exercise intolerance, cognitive dysfunc-
tion, and growth retardation. Neuroendocrine investigations
indicated relative inhibition of pituitary growth hormone se-
cretion, and she was treated with growth hormone injections.
Due to deficient development of secondary sexual character-
istics, the patient was also treated with estrogens. At age 19
years, neuropsychological tests indicated cognitive function
corresponding to a 14-year-old girl. Nausea, headaches, and
occasional vomiting accompanied low-intensity exercise.
Echocardiography was normal. Eye examination revealed bi-
lateral cataracts and a retinal rod and cone dystrophy (atyp-
ical retinitis pigmentosa). Binocular visual acuity was 0.4. No
oculomotor deficiency was present. Manual muscle testing
revealed diffuse muscle weakness of 4 to 41 on the Medical
Research Council score in all limbs. Cerebral magnetic reso-
nance images (MRIs) at ages 11 and 15 years were normal.
Plasma creatine kinase, carnitine, aminotransferase, and glu-
cose levels were normal. Lactate concentrations were elevated
in the blood (range, 4 to 8mmol/L) and cerebrospinal fluid
(8.8mmol/L). The patient developed epilepsy at the age of
19 years. She has been treated with coenzyme Q10 (60mg
daily) and ascorbic acid (500mg daily) for several years with-
out apparent effect. The 2 parents and a younger sister
showed no signs of neuromuscular disease. The patient was
further evaluated with a cycle ergometry test and a needle
biopsy from the left lateral vastus muscle.

Biochemical Investigations
Mitochondrial enzyme activities were measured in post-
nuclear supernatants of frozen muscle, as described previous-
ly.6,7 The activities of respiratory chain enzyme complexes
were expressed relative to the activity of the matrix enzyme
citrate synthase, to correct for different mitochondrial con-
tents.

Molecular Genetic Investigations
To prepare templates for mtDNA sequencing, the entire
mtDNA was amplified by polymerase chain reaction (PCR)
in two segments with the following 20mer primers corre-
sponding to the mtDNA position: L-strand 336/H-strand
5745, L-strand 5756/H-strand 282, using the Expand Long
Template PCR System (Boehringer-Mannheim, Mannheim,
Germany).8 All tRNA genes as well as the cyt b gene were
sequenced using an automated DNA sequencer (model 310)
and fluorescent dye-labeled ddNTP chain terminators (Big-
dye Sequencing System; Applied Biosystems, Foster City,
CA). Sequencing primers were spaced by approximately 400
nucleotides, to cover these genes in overlapping fragments.
PCR-restriction fragment length polymorphism (RFLP) anal-
ysis was performed to detect the A-to-G transition at nt
15579. A 20mer light-strand primer corresponding to posi-
tions 15471 to 15490 was used in combination with a mis-

match heavy-strand primer, corresponding to the mtDNA
position 15580 to 15601 (59-AGGGACGGATCGGAG-
AATTGCG-39). The mismatch primer creates a HinPI re-
striction site, which is not present in the wild type mtDNA.
The relative proportions of mutant and wild type mtDNA
were determined by solid-phase mini-sequencing.9

Results
The patient exercised for 6 minutes at a workload of
10W on a cycle ergometer (MedGraphics, CPE 2000;
St Paul, MN) until severe nausea and fatigue devel-

Fig 1. Trichrome (A) and cytochrome-c oxidase (B) staining
of serial sections of vastus lateralis muscle. Ragged red fibers
(asterisks) seen in the trichrome stain also stain intensely for
cytochrome-c oxidase.
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oped. Maximum oxygen consumption was 9ml/min21/
kg21 (normal for age is 45ml/min21/kg21). Cubital
venous blood lactate concentration was elevated at rest
(7.0 mmol/L) and increased to 9.0 mmol/L after 5
minutes of exercise.

The muscle biopsy showed numerous (17%) ragged
red fibers in the trichrome stain (Fig 1A). All fibers,
including ragged red fibers, stained intensely for
cytochrome-c oxidase (see Fig 1B). Enzyme analysis re-
vealed decreased complex III activity (6% of control
mean) and normal activities of the other respiratory
chain complexes (Table).

The biochemical investigations prompted us to se-
quence the cyt b gene. This revealed an A-to-G tran-
sition at nt 15579, which causes substitution of a ty-
rosine with a cysteine at amino acid position 278
(Y278C). PCR-RFLP analysis (Fig 2) and mini-
sequencing showed that the patient’s muscle (88%)
and leukocytes (15%) were heteroplasmic for the mu-
tation. The mutation was absent in the healthy moth-
er’s leukocytes and in 50 controls. Analysis of the pa-
tient’s tRNA genes did not reveal any mutations.

Discussion
We report on a patient with a missense mutation in
the mitochondrial cyt b gene associated with a multi-
system disorder. The mutation is pathogenic for the
following reasons: (1) Biochemical studies revealed an
isolated complex III deficiency in the patient’s muscle
tissue; (2) heteroplasmy was detected in muscle and
leukocytes; (3) the mutation was absent in 50 controls
and has not been reported as a polymorphic variant10;
(4) the mutation was not found in the mother’s leuko-
cytes, suggesting a de novo mutation, which is charac-
teristic of all cyt b mutations reported so far11; and (5)
the mutation results in the substitution of tyrosine
with cysteine at amino acid position 278, a radical
change because tyrosine-278 is highly conserved
throughout evolution12 and is located within the ef he-
lix, which is part of the quinol-oxidizing (Qo) site.13

Quinol oxidation occurs in a so-called bifurcated reac-
tion, in which one electron is transferred to the Rieske
iron-sulfur protein (ISP) and the other to the hemes of
cyt b. Electron transfer to the ISP requires docking of
the extrinsic domain of ISP at the interface on
cyt b.13,14 Tyrosine-278 lies at this interface and has
been shown either to interact directly with the ISP13 or
to be part of a hydrophobic pocket, which most likely
is involved when the quinone intermediate binds to the
ISP.14 The presence of a cysteine-278 instead of a ty-
rosine is likely to interfere with the docking process,
thereby preventing formation of a quinone–ISP com-
plex and blocking electron transfer.13

Since 1996, 9 patients with exercise intolerance have
been found to harbor different pathogenic mutations
in the cyt b gene.1–5 Some also had weakness or myo-
globinuria, but all symptoms were restricted to skeletal
muscle. Based on these findings, it has been stated
within the last 2 years, both in original articles3,4 and
in a review,15 that cyt b mutations are associated with
a homogeneous clinical phenotype of isolated myop-
athy. However, 4 patients with cyt b mutations and
symptoms in one organ other than skeletal muscle have
been identified; 2 had hypertrophic cardiomyopa-
thy,16,17 and 2 had progressive central nervous system

Table. Activities of Mitochondrial Enzymes in Skeletal Muscle

Patient Controls (mean 6 SD)a

NADH-decylubiquinone oxidoreductase (complex I) 0.25 0.28 6 0.05 (0.21–0.34)
Succinate-decylubiquinone oxidoreductase (complex II) 0.21 0.28 6 0.05 (0.20–0.35)
Decylubiquinol-cytochrome-c oxidoreductase (complex III) 0.05 0.85 6 0.30 (0.46–1.38)
Cytochrome-c oxidase (complex IV) 3.29 3.20 6 0.89 (1.93–4.68)
Citrate synthase 63.00 204.00 6 73.00 (67.00–309.00)

Enzyme activity is expressed as milliunits per milliunits citrate synthase. Citrate synthase activity is expressed as milliunits per milligrams
protein.
a13 age-matched individuals.

Fig 2. Polymerase chain reaction–restriction fragment length
polymorphism analysis (HinPI) of the A15579G mutation
using a mismatch primer. The mutant sequence introduces a
HinPI site (112bp), whereas the normal (wild-type) sequence
lacks the HinPI site (131bp). Lane 1 5 molecular weight
marker. Lane 2 5 patient’s muscle. Lane 3 5 patient’s
blood. Lane 4 5 patient’s mother’s blood. Lanes 5 and 6 5
controls.
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(CNS) involvement.11,18 The patient described here
has the most severe multiorgan manifestation seen so
far in mitochondrial cyt b gene mutations. Besides ex-
ercise intolerance, it includes progressive hearing im-
pairment, rod and cone dystrophy, cataract, cognitive
impairment, and endocrine dysfunction resulting in
delayed puberty, epilepsy, and growth retardation.

The distinguishing feature between patients present-
ing with pure muscle symptoms and those presenting
with involvement of other organs is probably not re-
lated to the type of mutation because in both groups
some had stop-codon mutations,3–5,11 resulting in
truncated cyt b protein, and others had deletions4,18 or
missense mutations1,2,4,16,17 located within or close to
one of the quinone-binding sites.19 However, when
comparing cyt b mutations associated with pure muscle
symptoms and those with involvement of two or more
organs, it appears that the conditions differ with re-
spect to age at onset,11 mutation load in muscle, pres-
ence of the mutation in tissues other than muscle,11,20

and residual activity of complex III in muscle. When
age at onset has been reported, patients with involve-
ment of tissues other than muscle, including our pa-
tient, have onset at age 0 to 9 years,11,16–18 whereas
patients with pure myopathy have onset at age 10 to
30 years.1–4 It also appears that the proportion of mu-
tant mtDNA in muscle (or heart/liver) is higher in our
patient and patients with heart or CNS involvement
(87–95%, n 5 5)11,16–18 compared to the group with
pure muscle symptoms (50–87%, n 5 8).1–4 In all
patients with pure muscle symptoms, no mutation
could be detected in leukocytes,1–4 whereas the muta-
tion was present in either leukocytes or other non-
muscle tissues of our patient and patients with heart or
CNS involvement.11,16–18 In addition, it appears that
complex III (or II1III) activity in muscle extracts is
lower in patients with other organ manifestations
(5–9% of control means, n 5 3)11,18 than in those
with pure myopathy (9–54% of control means,
n 5 7).1–4

The present report rejects the notion that cyt b mu-
tations are associated with pure muscle symptoms, and
indicates that mutations in the cyt b gene lead to a
variety of phenotypes, as do most mutations in other
mitochondrial genes. The findings also indicate that
variable phenotypes may be explained by differences in
the mutation load in muscle and other tissues.
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One hundred fifty patients undergoing carotid endarter-
ectomy were randomly assigned to receive intravenous
10% dextran 40 or placebo. Transcranial Doppler mon-
itoring of the ipsilateral middle cerebral artery 0 to 1
hour postoperatively detected embolic signals in 57% of
placebo and 42% of dextran patients, with overall em-
bolic signal counts 46% less for dextran (p 5 0.052).
Two to 3 hours postoperatively, embolic signals were
present in 45% of placebo and 27% of dextran patients,
with embolic signal counts 64% less for dextran (p 5
0.040). We conclude that dextran reduces embolic signals
within 3 hours of CEA.

Ann Neurol 2001;50:544–547

Carotid endarterectomy (CEA) is an effective means of
preventing stroke in patients with symptomatic severe
carotid stenosis.1,2 There is some evidence,3 though
less compelling,4 that CEA is also effective in patients
with asymptomatic stenosis. However, beneficial effects
are offset by a small risk of perioperative stroke and
death.5 Perioperative stroke and death rates higher than
experienced in published CEA trials jeopardize the ef-
ficacy of the procedure, particularly in asymptomatic
stenosis.

Thrombo-embolism accounts for 38%6 to 68%7 of

perioperative neurological events. Most perioperative
strokes occur intraoperatively or in the recovery room.
During carotid dissection, atheromatous debris may
break free and embolise intracranially. Postoperatively,
the denuded arterial wall stimulates platelet adhesion,
activation, and aggregation leading to thrombosis, em-
bolism, and carotid occlusion.

Transcranial Doppler (TCD) is ideally suited to de-
tect intracranial emboli, which are detected in the
Doppler spectrum as high-intensity transient signals.
Several investigators have shown an association be-
tween embolic signals (ESs) recorded from the ipsilat-
eral middle cerebral artery and development of clinical,
radiological, and neuropsychological evidence of isch-
emia.8–11

Our group previously performed a systematic study
of ES detection in the high stroke risk early postoper-
ative period.12 We found 7 of 65 (11%) patients had
.50 ES per hour in the early postoperative period, and
5 of these patients had early ischemic neurological
symptoms. This led to the hypothesis that detection of
frequent postoperative ESs could provide a marker of
incipient carotid thrombosis and cerebral ischemia.
Further, detection of ESs by TCD could serve as a
means of evaluating antithrombotic therapy.

Dextran is a polysaccharide compound commonly
used as a volume expander and with known antiplatelet
and rheologic properties.13,14 Dextran reduces platelet
adhesion to vascular grafts15 and improves the patency
of lower limb arterial bypass grafts.16 Lennard and col-
leagues17 conducted an open, nonrandomized study in
which 5 patients with frequent early postoperative mi-
croembolism were given dextran 40, with a reduction
in rates of microembolism. Although many vascular
surgeons use dextran in the belief that it reduces peri-
operative stroke, no prospective, randomized, con-
trolled trials have been performed.

We therefore designed a double blind, placebo-
controlled, randomized trial to test the efficacy of dex-
tran in this setting. The study involved two phases:
Phase 1, to test whether dextran reduces ES in the
early postoperative period; and Phase 2, to test whether
dextran reduces the incidence of perioperative stroke.
Phase 1 has been completed and is the subject of this
article.

Patients and Methods
Patients
Sequential patients with carotid artery stenosis undergoing
CEA at a major Melbourne University teaching hospital
(Austin and Repatriation Medical Center) and its associated
private hospital (Warringal Private Hospital) participated in
this study. Ethics committee approval for this project was
obtained from both centers. Patients diagnosed with symp-
tomatic or asymptomatic carotid artery stenosis in whom CEA
was recommended were included. Informed consent was ob-
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tained according to the Declaration of Helsinki. Exclusion
criteria included congestive cardiac failure, unstable angina
or acute myocardial infarction within 3 months of surgery,
serum creatinine .0.20mmol/L; platelet count ,100,000/
mm3, administration of dextran or other hemodilution ther-
apies over the preceding 72 hours, history of sensitivity to
dextran, requirement for continuous intravenous heparin
therapy over the first 24 postoperative hours, or inadequate
ultrasonic temporal bone windows.

Randomization and Trial Therapy
Computer-generated randomization sequence was adminis-
tered by the hospital clinical trials pharmacist.

Patients randomized to dextran received an intravenous
bolus of 20ml of dextran 1 two minutes before skin incision,
to avoid anaphylaxis. This was followed by an intravenous
infusion of 1,000ml of 10% dextran 40 in normal saline
commenced at the time of skin incision. The first 500ml was
administered over 4 hours (125ml/hr) and the second 500ml
over the next 12 hours (42ml/hr). Patients randomized to
placebo received normal saline instead of dextran using
equivalent volumes and rates of infusion.

Concomitant Antithrombotic Medication
Most patients were on antiplatelet drugs throughout the
perioperative period. In some patients, at the surgeon’s dis-
cretion, antiplatelet therapy was ceased 24 hours before sur-
gery and recommenced 24 to 48 hours after surgery. Anti-
coagulants were ceased preoperatively. All patients received
an intraoperative bolus dose of heparin, reversed with prota-
mine at the surgeon’s discretion following arteriotomy clo-
sure.

Transcranial Doppler Monitoring
A 2MHz, portable TCD device (DWL, Sipplingen, Ger-
many) was used to insonate the ipsilateral middle cerebral
artery through the temporal bone. The monitoring probe
was secured by a headband. Monitoring was performed for
30 minutes at 0 to 1 hour, 2 to 3 hours, 4 to 6 hours, and
24 to 36 hours postoperatively. Doppler signals were re-
corded on digital audiotape for off-line analysis.

Embolic Signal Analysis
Digital audiotapes were reviewed off-line for ES by trained ob-
servers blind to clinical details and treatment allocation. A 6dB
intensity threshold was used to ensure acceptable accuracy.18

Statistical Analysis
Statistical analyses were performed using the SPSS for Win-
dows v 9.0.1 (SPSS, Chicago, IL). To compare the number
of ESs between treatment groups, the nonparametric Wil-
coxon Mann-Whitney U test was used. The a priori hypoth-
esis was that dextran reduces ES counts in the 0- to 1-hour
postoperative epoch.

Results
Of a potential pool of 302 patients undergoing CEA,
150 were randomly assigned. Most of the remainder
was not randomly assigned for logistical reasons. Of

the 150 patients randomly assigned, 2 patients did not
have CEA, another withdrew from the study, 3 did not
have TCD recordings, 2 did not have a technically sat-
isfactory recording, and 1 tape was lost. There were
therefore 141 patients (69 placebo group, 72 dextran
group) with analyzable TCD records in the 0- to
1-hour epoch. The 2 groups were well balanced, with
no significant differences between baseline characteris-
tics (Table 1). There were 117 recordings available for
the 2- to 3-hour epoch, 116 for the 4- to 6-hour ep-
och, and 102 for the 24- to 36-hour epoch. Reasons
for failure to obtain later recordings included after-
hours logistics, clinical deterioration, and commence-
ment of open-label dextran or anticoagulant therapy.

During the 0- to 1-hour postoperative period, ESs
were recorded from 39 of 69 (57%) patients who re-
ceived placebo and 30 of 72 (42%) receiving dextran
(Table 2). Total ES counts were 46% lower in the dex-
tran group (Fig) (p 5 0.052, Wilcoxon-Mann-
Whitney U test).

During the 2- to 3-hour postoperative period, ESs
were recorded from 26 of 58 (45%) patients who re-
ceived placebo and 16 of 59 (27%) patients who re-
ceived dextran (see Table 2). Total ES counts were
64% lower in the dextran group (p 5 0.040).

During the 4- to 6-hour postoperative period, total
ES counts were 91% lower in the dextran group (see
Table 2). Because these counts were in fewer patients,
and the overall number of emboli was lower, only a
trend toward a beneficial effect was seen (p 5 0.13).
There was no discernable difference between the 2
groups at 24 to 36 hours after CEA (p 5 0.84).

Antiplatelet therapy (mostly aspirin) was adminis-
tered to 76% of the dextran group and 84% of the
placebo group in the 7 days prior to surgery. Post hoc
analysis of 0- to 1-hour data revealed a probable anti-

Table 1. Baseline Characteristics of 141 Patients with
Postoperative Embolic Signal Analysis Assigned
to Receive Dextran or Placebo

Characteristic

Treatment Group

Dextran
(n 5 72)

Placebo
(n 5 69)

Mean age (yr) 6 SD 69.0 6 7.6 69.5 6 8.7
Male gender 69% 75%
Hypertension 67% 70%
Diabetes 11% 15%
Ischemic heart disease 39% 46%
Peripheral vascular disease 33% 39%
Smoking (current) 18% 12%
Smoking (past) 58% 64%
Antiplatelet therapy within

7 days of surgery
76% 84%

Intraoperative reversal of
heparin by protamine

68% 67%
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platelet effect on ES counts and possible interaction be-
tween dextran and antiplatelet therapy. Median ES
counts were: neither drug, 6; dextran alone, 2; anti-
platelet alone, 1; and both drugs, 0. Furthermore, us-
ing stepwise logistical regression analysis for treatment
with dextran, antiplatelet therapy and dextran 3 anti-
platelet interaction, with presence or absence of emboli
as the dependent variable, dextran was rejected from
the model whereas antiplatelet therapy (p 5 0.0011)
and dextran 3 antiplatelet interaction (p 5 0.0390)
were included. However, this does not take into con-
sideration any decrease in high numbers of emboli. In-
traoperative reversal of heparin by protamine had no
effect on ES counts.

No allergic reactions occurred in either dextran or pla-
cebo groups. Eleven patients (7 dextran group, 4 placebo
group, not significant) developed wound hematoma, of
whom 7 were returned to the operating room for surgi-
cal evacuation and hemostasis. Other surgical complica-
tions were not overrepresented in the dextran group.

Discussion
In patients undergoing CEA, intravenous infusion of
10% dextran 40 beginning from the time of skin inci-
sion produced a reduction in ESs in the early postop-
erative period, corresponding to a period of high stroke
risk.6,7 Our results are consistent with the mechanism
for postoperative strokes being platelet adhesion, acti-
vation, and aggregation, which culminate in embolism
or carotid occlusion and hemodynamic insufficiency.

This study is novel in a number of ways. It is the
first large randomized, double blind, placebo-controlled
trial to use ESs as an endpoint in the evaluation of an
antithrombotic drug. It is also the first randomized,
controlled trial to examine the antithrombotic effect of
10% dextran 40 in the early postoperative period of
CEA. In a smaller trial involving 24 patients under-
going CEA, Molloy and colleagues19 showed that
S-nitrosoglutathione, a nitric oxide donor with relative
platelet specificity, also reduced ESs.

Although a reduction in ESs from treatment with

Table 2. Comparison of Embolic Signal Counts in Placebo and Dextran Treatment Groups According to
Time After Carotid Endarterectomy

Time Postop (hr)

Placebo Dextran

paES 1 ve
Total

ES
ES/30
min

Mean
Ranka ES1

Total
ES

ES/30
min

Mean
Ranka

0–1 (n 5 141) 39/69 (57%) 656 0–118 77.4 30/72 (42%) 354 0–78 64.9 0.052
2–3 (n 5 117) 26/58 (45%) 387 0–123 64.6 16/59 (27%) 138 0–88 53.5 0.040
4–6 (n 5 116) 17/58 (29%) 273 0–105 62.1 12/58 (21%) 25 0–13 54.9 0.130
24–36 (n 5 102) 11/49 (22%) 86 0–33 51.1 13/53 (25%) 85 0–35 51.9 0.840

aWilcoxon Mann-Whitney U test.

ES 1 ve 5 patients in whom embolic signals are detected.

Fig. Emboli counts per 30-minute record-
ing during the 0- to 1-hour postoperative
period in individual patients in dextran
and placebo groups, ranked within each
group according to increasing emboli
counts.
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dextran may reduce the rate of postendarterectomy
stroke, this remains to be established. Hence, we con-
tinue to randomize patients into Phase 2 of the study,
to determine clinical outcome.

TCD is safe, noninvasive, relatively simple, and in-
expensive. If Phase 2 demonstrates that dextran reduces
postoperative stroke, then TCD emboli counts may be
a useful surrogate for clinical outcome in future trials
of antithrombotic agents in the setting of CEA,
thereby reducing sample size requirements substan-
tially.

We thank Dr John Ludbrook for his helpful review of the statistical
analysis.
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Mutation of the
Doublecortin Gene in Male
Patients with Double Cortex
Syndrome: Somatic
Mosaicism Detected by Hair
Root Analysis
Mitsuhiro Kato, MD,1 Masayo Kanai, MD,1
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and Kiyoshi Hayasaka, MD1

The molecular basis of double cortex syndrome was in-
vestigated in 2 male patients. Magnetic resonance imag-
ing of the patients’ heads showed diffuse subcortical band
heterotopia, as is seen in female patients. We found a
heterozygous mutation for Asp50Lys or Arg39Stop in
both patients. Microsatellite polymorphism analysis re-
vealed that both patients had inherited a single X chro-
mosome from their mothers. Restriction enzyme analysis
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using DNA extracted from the hair roots of each patient
showed four different patterns in the combination of cells
carrying wild and mutant alleles, which strongly suggest
somatic mosaicism. We conclude that somatic mosaic
mutations in the doublecortin gene in male patients can
cause subcortical band heterotopia, and that molecular
analysis using hair roots is a useful method for detecting
somatic mosaicism.

Ann Neurol 2001;50:547–551

X-linked lissencephaly and subcortical band heteroto-
pia,1 or double cortex syndrome,2 is a brain malforma-
tion involving diffuse cortical dysplasia, and is charac-
terized on magnetic resonance images (MRIs) as
bilateral continuous symmetric bands of gray matter
underlying the cortical mantle (subcortical band heter-
otopia [SBH]) in female patients. The major clinical
manifestations are epilepsy and mild to moderate men-
tal retardation. Affected sons of a mother with SBH
show classic lissencephaly (smooth brain), a more se-
vere form of cortical dysplasia. Linkage analysis and
subsequent positional cloning have led to the isolation
of a novel gene, doublecortin (DCX), mapping to
Xq22.3–Xq23.3,4 It has been revealed that females with
heterozygous DCX mutations develop band heteroto-
pia, and males with DCX hemizygous mutations de-
velop classic lissencephaly.5 On the other hand, a rela-
tively small number of male patients with band
heterotopia has been reported.6 Although the results of
one study based on single-stranded conformational
polymorphism analysis and direct sequencing has sug-
gested somatic mosaicisms for the DCX mutation,7 an-
other study has demonstrated missense mutations of
DCX or LIS1, but failed to provide evidence of somatic
mosaicism in male patients with band heterotopia.8

The mechanism causing a less severe form in male pa-
tients is still unclear.

Here, we report on 2 sporadic male patients with
SBH in whom molecular analyses of hair roots revealed
somatic mosaic mutations in the DCX gene, and in
whom microsatellite polymorphisms were located on
the X chromosome.

Patients and Methods
Patient 1
Patient 1 was the first child of unrelated healthy parents. He
was born at term in a normal delivery after an uncompli-
cated pregnancy. His body stature was normal at birth. He
showed nystagmus from 2 months of age. At 8 years of age,
he had recurrent episodes of loss of consciousness and loss of
face color. Electroencephalograms (EEGs) revealed focal
spike-and-slow-wave discharges in the right occipital area.
His seizures were refractory. At 11 years of age, his full scale
IQ was 44 (WISC-R). At 12 years of age, MRI revealed
SBH, indicating double cortex syndrome (Fig 1A). Results of
neurological examination were normal, except for moderate
mental retardation. There were no abnormal laboratory find-
ings in biochemical analysis, including liver and renal func-
tions and serum electrolytes. Results of chromosomal analysis
were 46XY. EEGs revealed no paroxysmal activity.

Patient 2
Patient 2 was the second child of unrelated healthy parents,
whose elder brother showed normal development. Patient 2
was born at term in a normal delivery after an uncompli-
cated pregnancy. Instability of head control and internal stra-
bismus were noticed at 4 months of age. At 5 months of age,
his eyes began to fix and pursuit, but neurological examina-
tion demonstrated poor head control. His total developmen-
tal quotient was 70 ( Japanese Enjoji developmental test).
MRI revealed SBH (see Fig 1B). Results of chromosomal
analysis were 46XY. EEGs revealed no paroxysmal activity.

Genomic DNA Extraction
After obtaining informed consent from the parents, periph-
eral blood was taken from the patients and their parents, and

Fig 1. T1-weighted brain magnetic reso-
nance images of Patient 1(A) and Patient
2 (B). Bilateral symmetrical heterotopic
gray matter surrounded the periventricular
white matter on all sides except the medial
region. Sulci are shallow, but not lissence-
phalic. Patient 2 is more severely affected
than Patient 1. Patient 2 showed a re-
duced volume of cerebral white matter,
delayed myelination, and dilatation of the
perivascular space.
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hair roots were taken from the patients. Genomic DNA from
peripheral blood leukocytes and hair roots was extracted us-
ing a DNA extraction kit (Nucleon BACC3 for blood and
cell cultures, Amersham, Buckinghamshire, UK) according
to the manufacturer’s instructions, and according to a previ-
ous report.9

DNA Sequencing
All coding regions of the DCX gene were sequenced using
genomic DNA from the patients’ peripheral leukocytes.
Polymerase chain reaction (PCR) products were amplified as
described previously,10 and sequence analysis was performed
on an automated DNA sequencer (ABI 310; Applied Biosys-
tems, Foster City, CA).

Restriction Enzyme Analysis Using Genomic DNA
from Hair Roots
A DNA fragment (exon 2.1) was amplified from the
genomic DNA of Patient 1, and another DNA fragment
(exon 2.2n) was amplified from the genomic DNA of Patient
2 using a set of primers, 2.2F/2.2R, followed by nested PCR
with a set of mismatch primers, 2.2F/n2.2R (59GCCTGC-

AAGGTTCTGGTGC-39).10 Amplified DNA fragments
were digested with the restriction enzyme MboII in Patient 1
and with AciI in Patient 2. They were electrophoresed on a
3% agarose gel and a 15% polyacrylamide gel, respectively.

Evaluation of Parental Origin Analyzed by
Microsatellite Polymorphisms
Genomic DNA from the peripheral leukocytes of the patients
and their parents were analyzed using short tandem repeat sys-
tems located on the full length of the X chromosome.11 PCR
amplification was performed with an ABI PRISM Linkage
Mapping Set-MD 10 Panel 28 (Applied Biosystems) accord-
ing to the manufacturer’s instructions. Control DNA CEPH
1347-02 was used as a reference for allele designation using
Gene Scan Analysis v 2.1 software.

Results
DNA sequence analysis of coding regions (exons 2–6)
showed that Patient 1 had a G-to-T substitution at nu-
cleotide number 150, which resulted in an asparagine
substitution for lysine at codon 50 (Fig 2A). Patient 2
demonstrated a C-to-T transition at nucleotide num-
ber 115, which resulted in an arginine–to–stop codon
substitution at codon 39 (see Fig 2B). The patients
were heterozygous for mutant and wild alleles. Their
parents did not carry these mutations, suggesting that
the mutations were de novo.

Restriction enzyme analysis of the products from the
hair roots of each patient showed four patterns (Fig 3).
They represented the product from only the wild allele,
the mixed product from a more-wild allele and a less-
mutant allele, the mixed product from a less-wild allele
and a more-mutant allele, and the product from only a
mutant allele. The mutant allele was segregated from
the wild allele, suggesting somatic mosaicism.

Microsatellite polymorphism analysis showed that
each patient had a single allele of each marker on the X
chromosome of the mother (data not shown), indicat-
ing that each patient had inherited a single X chromo-
some from his mother. These results indicated that the
patients represented a somatic mosaic mutation, but
not a chimera, and suggested that the mutation of the
DCX gene located on an X chromosome inherited
from the mother occurred during early embryogenesis.

Discussion
We analyzed mutations in the DCX gene in 2 male
patients with SBH, and identified two novel heterozy-
gous mutations. Because the patients showed normal
karyotypes, it was thought that they were mosaics or
chimeras. Microsatellite analysis showed that each pa-
tient had inherited a single allele of each marker lo-
cated on the X chromosome of his mother. These re-
sults indicate that neither of the patients are chimeras.
Hair roots have been used as material to confirm so-
matic mosaicism.12 We therefore performed PCR and
restriction enzyme analysis using DNA extracted from

Fig 2. DCX mutations in Japanese patients with subcortical
laminar heterotopia. Direct DNA sequencing of polymerase
chain reaction (PCR) products from the patients. (A) The
sequence is from nucleotides 144 to 156 of DCX, demonstrat-
ing a heterozygous G-to-T transition at nucleotide 150 in
Patient 1, compared with that in a normal control. (B) The
nucleotide sequence of DCX in Patient 2 showed a heterozy-
gous C-to-T transversion at nucleotide 115, compared with
that in a normal control.

Kato et al: Mosaics in Doublecortin 549



hair roots. Recently, multipotent stem cells that gener-
ate all the lineages of the hairy skin in adult mice were
found.13 Because three progenitor cells are commonly
involved in the development of one human hair root,14

a male patient with somatic mosaicism of the DCX
gene is expected to have four types of hair roots, con-
sisting of cells carrying only the wild allele; mixed cells
carrying the wild or mutant allele (ratio of 2:1); mixed
cells carrying the wild or mutant allele (ratio of 1:2);
and cells carrying only the mutant allele. The results of
hair root analysis coincided with the above hypothesis,
and proved that the patients had somatic mosaicisms.
Lymphocytes (mesodermal derivatives) and hair roots
(ectodermal derivatives) showed mosaicism; therefore,
their somatic DCX mutations showed generalized mo-
saicism. These results suggest that the mutation of the

DCX gene may have occurred during early postzygotic
division.15

There are conflicting reports as to whether DCX
mutations in males with double cortex syndrome indi-
cate mosaicism.7,8 Because mosaicism can vary between
tissues, molecular analysis using lymphocytes may not
show mutation. On the other hand, hair roots as well
as brain are ectodermal derivatives. Hair root analysis
would therefore be better than blood analysis for estab-
lishing somatic mosaicism of the brain. In addition,
there are some SBH patients without DCX mutations
in DNA extracted from peripheral lymphocytes, partic-
ularly patients with posterior dominant or focal heter-
otopia.10,16,17 Hair root analysis may also be advanta-
geous for detecting somatic mosaicism localized in one
part of the brain.

Factors influencing the severity of brain malforma-
tions include mutational genes, location and type (such
as missense or nonsense) of the mutation,5,17 distribu-
tion of mutation (X chromosome inactivation or so-
matic mosaicisms), and other modifying agents (such
as environment and other genes). Gleeson and col-
leagues analyzed the ratio of mosaicism using quantita-
tive PCR reaction or densitometry of single-stranded
conformational polymorphism bands,7 and they sug-
gested that individuals with a higher mutation load are
likely to be more severely affected. In our study, Pa-
tient 2 showed more severe brain malformation, dif-
fusely thick-band heterotopia, and hypoplastic gyral
formation than did Patient 1. We did not estimate the
ratio of mosaicism, but the results of restriction analy-
sis using genomic DNA isolated from peripheral leu-
kocytes suggested that there was a larger number of
cells carrying mutation alleles in Patient 2 (see Fig 3B,
lane 3) than in Patient 1. In addition, it was thought
that the nonsense mutation at exon 2 of Patient 2
would have produced a truncated protein that may be
toxic and may be related to the severity in Patient 2.
Further cases should be analyzed to make clear
genotype-phenotype relationships.
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