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Fig. 1. Brain MRI findings of the patients examined. Axial images show various degrees of abnormal white matter. (A and B) Patient 1 examined at
60 years of age. (C and D) Patient 2 examined at 3 years of age. (E and F) Patient 3 examined at 8 months of age. (G and H) Patient 4 examined at
13 years of age. (I and J) Patient 5 examined at 16 years of age. (K and L) Patient 6 examined at 13 months of age. T1-weighted axial images (A, E, G,
and I) and T2-weigthed axial images (B-D, F, H, and J-L). Periventricular zones of patient 1 are not distinguished (A and B). T2-high intensity is
only shown in deep white matter, indicating early disease stage in patient 4 and 5 (H and J, respectively).

intensity in the white matter (Fig. 1). Routine laboratory
examinations of blood, urine, and CSF showed no
abnormality. Her neurological findings have gradually
improved. At present, she can speak simple sentences
and can walk unassisted.

Patient 3, a baby boy, was born with a weight of
2878 g (25th-50th centile), a length of 49.4 cm (50th—
75th centile), and occipitofrontal circumference (OFC)
of 33.0 cm (25th-50th centile) at 41 weeks of gestation.
At 6 months of age, he showed postnatal growth delay
with a weight of 6.2 kg (<3rd centile), a length of
63.4 cm (3rd-10th centile), and OFC of 42 cm (10th-
25th centile). Although he showed normal development
until 8 months of age, he suddenly displayed drowsiness
and poor sucking after an infectious disorder causing
high fever, and was admitted to the hospital. At that
time, the brain MRI showed diffuse T2 high intensity
in the white matter (Fig. 1). Routine laboratory examin-
ations of blood, urine, and CSF, including lactate and
pyruvate, showed no abnormality. Screening tests for
metabolic disorders of amino acids and very long chain
fatty acids also appeared normal. Thereafter, he showed
spasticity and severe developmental delay.

Patient 4 is a 22-year-old male, first born from non-
consanguineous parents. At the age of 13 years, he
started to show epileptic seizures. At that time, brain
MRI showed diffuse T2 high intensity in the white mat-
ter. Screening tests for metabolic disorders of amino
acids and very long chain fatty acids showed normal
patterns in patient 4. Enzyme activity of arylsulfatase
A and p-galactosidase as well as peripheral nerve
conduction velocities, were all within the normal limit.
At present, he only shows mild ataxia. Patient 5, the
19-year-old younger brother of patient 4, is the third

born among three siblings; his elder sister (the second
born) is healthy. Patient 5 also showed a clinical course
similar to that of patient 4; he showed epileptic seizures
and brain MRI abnormality at age 13 years. When he
was 16 years old, a traumatic accident triggered disease
progression; he showed prolonged delirium, and then
muscular weakness in his left side. Routine laboratory
examinations of blood, urine, and CSF showed no
abnormality in this sibling case.

Patient 6 is a 3-year and 5-month-old boy. There was
no remarkable family or past history. At 13 months, he
showed transient drowsiness and gait disturbance two
weeks after a febrile convulsion. Brain MRI showed
T2 high intensity in the white matter (Fig. 1). After
2 years of age, he easily dropped due to ataxic gait. At
present, his height is 95.1 cm (25th—50th centile), weight
is 159kg (75th-90th centile), and OFC is 51.8 cm
(90th-97th centile). He cannot stand alone due to
spasticity in his lower extremities. Compared to motor
development, his cognitive development was within the
normal limit. Screening tests for metabolic disorders of
amino acids and very long chain fatty acids showed nor-
mal patterns. Enzyme activities including arylsulfatase
A, PB-hexosaminidase A, B-galactosidase, galactosylce-
ramidase were within the normal limits. There were no
mutations in the glial fibrillary acidic protein gene
(GFAP) nor the megalencephalic leukoencephalopathy
with subcortical cysts 1 gene (MLCI).

4. Discussion
In this study, a molecular diagnosis of VWM was

established in six patients from five families (Table 1).
All of the identified mutations are depicted in the
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primary structures of EIF2B genes together with previ-
ously reported mutations (Fig. 2) [4-16]. The damage
prediction scores of the identified mutations were calcu-
lated and summarized in Table 1. Although the some of
the predictions from SIFT and Polyphen-2 appeared
benign or tolerated, all CADD scores (PHRED-like)
were higher than 15. Thus, mutations identified in this
study likely to have pathogenic effects.

In patient 6, p.I385T was inherited from his mother;
however, p.M3051 was not identified either parent.
Therefore, p.M3051 was suspected to be of de novo ori-
gin in the paternally derived allele. The UCSC Genome
Bioinformatics Site displays the different single nucleo-
tide polymorphisms (SNPs) in the same residues,
p-M305L (rs200143780) and p.I385V (rs113994073)
(Supplemental Fig. 2). The p.I385V is registered as a
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Fig. 2. Schematic representation of the distribution of EIF2B gene mutations. The novel mutations identified in this study are depicted on the
primary structures of EIF2B genes in red characters, while known mutations are shown in black. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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patients [25]. We also reported this mutation in a patient
with VWM, which was unmasked by a microdeletion of
the homologous allele [26]. Therefore, this mutation is
most common in the Japanese population. Because
p.V85E has also identified in a Chinese patient [13], this
variant may be common in individuals of east Asian ori-
gin. Other than p.V85E in ETF2B2, p.R357Q in EIF2B4,
registered as rs113994033, was recurrently identified in
the literature [8]. The other five mutations identified in
this study were novel and have not been reported previ-
ously (Table 1). Due to the limited number of patients,
we were unable to identify any genotype-phenotype
correlation.

In this study, patient 1 at 61 years of age presented
clinical manifestations of the end stage of VWM, with
completely vanishing white matter. We are unable to
distinguish the border of periventricular zones in the
brain MRI for this patient. Although patient 1 is now
bedridden with no response or motor activity, the onset
of her neurological symptoms began at age 29.
Therefore, compared to the other patients, this patient
showed later onset of disease and slower disease pro-
gression. The sibling case of patient 4 and 5 also showed
late onset and slow progression, and only started to
exhibit neurological symptoms after adolescence. In
the early stage of VWM, brain MRI may not necessarily
show diffuse cerebral white matter abnormalities and
rarefaction or cystic degeneration [27]. Therefore, the
brain MRI of patient 4 and 5, showing abnormal T2
high intensity only in the deep white matter, is sugges-
tive of an early disease stage.

The other three patients (patient 2, 3, and 6) showed
typical, diffuse white matter abnormalities in MRI. They
started to show neurological symptoms during early
infancy, and their disease occurrences were triggered
by environmental factors (high fever due to infections)
and were followed by episodes of acute deterioration
associated with disturbed consciousness and seizures.
These provocations have been frequently observed in
VWM patients [11].

Because EIF2B is involved in regulating the first steps
of protein synthesis and is ubiquitously expressed, it is
unclear why EIF2B alterations cause a brain-specific
disease [28.291. Although many mutations identified in
patients with VWM showed reduced EIF2B activities
[30], basal activities per se do not explain the disease
severity. Rather, the decreased EIF2B activity might
impair the cellular stress response and improperly acti-
vate the unfolded protein response (UPR) leading to
the endoplasmic reticulum (ER) stress [31]. The ER load
in astrocytes and oligodendrocytes is possibly higher
than in other cell types, rendering them vulnerable to
conditions that predispose to ER stress [32.33]. This is
the probable reason for disease provocations after envi-
ronmental stress factors in patients with EIF2B
alterations.

In this study, we recruited 22 patients who showed
mimicking clinical manifestations of VWM. Among
them, only six patients had genomic mutations in
EIF2B genes. The final diagnosis of the other 16 patients
is unknown at present. This would be challenges to be
overcome in our future.
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To the Editor,

Megalencephalic leukoencephalopathy with subcortical cysts
(MLC) is a rare hereditary disorder characterized by infantile-onset
macrocephaly and a gradual onset of progressive neurological symp-
toms including ataxia, spasticity, and mild mental decline [1]. As the
name of the disorder suggests, patients with MLC invariably had subcor-
tical cysts in the anterior temporal region of the brain [1].

Mutations in two different genes, MLC1 and GLIALCAM, may cause
MLC [1,2]. Homozygous or compound heterozygous mutations of
MLC1 were reportedly found in approximately 75% of MLC patients.
MLC1 is a plasma membrane protein expressed in the brain and is
mainly localized in astrocyte-astrocyte junctions and Bergmann glial
cells [3,4]. Although pathophysiological functions of the MLC1 protein
remain to be fully elucidated, this protein may be involved in ion
transport and water homeostasis [1,5].

In this manuscript, we report on two adult MLC patients who had
compound heterozygous mutations, p.Ser93Leu/Ala275Asp, in the
MLC1 gene with and without subcortical cysts in the brain. These
findings are important for making an accurate diagnosis of this
disease.

1. Case report

A 21-year-old female patient (case 1) was the second child to
healthy and non-consanguineous parents. Her birth weight, length,
and head circumference were 2988 g (25th-75th percentile), 51 cm
(5th-95th percentile), and 34.5 cm (25th-75th percentile), respective-
ly. Her head circumference was 43.5 cm (more than 95th percentile) at
3 months of age, which indicated mild macrocephaly. She rolled over
and controlled her head at 4 and 8 months of age, respectively. She

Abbreviations: MLC, megalencephalicleukoencephalopathy with subcortical cysts; MRI,
magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery.

http://dx.doi.org/10.1016/j.jns.2015.03.010
0022-510X/© 2015 Elsevier B.V. All rights reserved.

walked alone at 16 months of age, but with some difficulty. She showed
a gait disturbance at 2.5 years of age and lost the ability to walk and sit
unsupported at 3 years of age. Generalized clonic~tonic seizures
occurred at 3 years of age and continued until 9 years of age. She was
treated with sodium valproate. Brain magnetic resonance imaging
(MRI) at 3 years old revealed extensive bilaterally symmetrical white
matter changes. She was undiagnosed at that time. Her symptoms
progressed gradually. At 21 years of age, she had dysarthria, spasticity,
and ataxia. Mental impairment was not observed. Her mini-mental
state examination (MMSE) score was 29/30. Brain MRI revealed a
diffuse high intensity in the cerebral white matter on fluid-attenuated
inversion recovery (FLAIR) images; subcortical cysts were not found in
all sections (axial, coronal, sagittal image) in the brain (Fig. 1A-F).

Her younger sister, an 18-year-old female patient (case 2), had been
previously diagnosed as having unclassified leukoencephalopathy. Her
birth weight, length, and head circumference were 2904 g (25th-75th
percentile), 48 cm (25th-75th percentile), and 31 cm (5th-95th percen-
tile), respectively. She rolled over and controlled her head at 5 and
8 months of age, respectively. She walked alone at 18 months of age but
fell down easily. She lost the ability to walk and sit unsupported at
2 years of age. At 18 years of age, she also had dysarthria, spasticity, and
ataxia without mental impairment. Her MMSE score was 28/30. Brain
MRI FLAIR images revealed a diffuse high intensity in the cerebral white
matter, with subcortical cysts in the bilateral anterior temporal region
(Fig. 1G-)).

We analyzed the MLC1 cDNA from peripheral leukocytes by using
sequence analysis [6] in case 1, case 2, and their parents after we had
obtained informed consent. Case 1 and case 2 had compound heterozy-
gous mutations, ¢. 393C > T (p.Ser93Leu) in exon 4 and c. 823C> A
(p.Ala275Asp) in exon 10. Their father had a heterozygous p.Ala275Asp
mutation, and their mother had a heterozygous p.Ser93Leu mutation.
On the basis of these genetic analysis results, we diagnosed the sisters
as having MLC.

2. Discussion

Here, we described two Japanese sisters affected with MLC that
was caused by compound heterozygous mutations, p.Ser93Leu/
Ala275Asp, in the MLC1 gene. MLCT p.Ser93Leu and p.Ala275Asp
mutations were frequently found, especially in Japanese MLC
patients [6-9]. Although these two sisters with MLC caused by the
same compound heterozygous mutations had similar clinical disease
courses and symptoms, subcortical cysts occurred in the brain of
only one patient (case 2).

As the name of the disorder suggests, the presence of subcortical
cysts in the anterior temporal region, and frequently also in the frontal
and parietal regions, is a hallmark of MLC [1]. We did not find any
cysts, however, in one MLC patient (case 1). To the best of our knowl-
edge, this patient (case 1) is the first MLC case without subcortical
cysts findings in MRI. This patient (case 1) with leukoencephalopathy
did not receive a definitive diagnosis until she was 21 years old because
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Fig. 1. Brain MRI images of the two adult sisters with MLC. (A~F) Case 1 (1I-2). (G-]) Case 2 (II-3). (A, D-]) FLAIR images. (B) T1-weighted image. (C) T2-weighted image. Arrows point to
subcortical cysts in the anterior temporal region; the arrowheads indicate anterior temporal lesions without cystic changes in MRIL

her brain MRI did not show the typical subcortical cyst findings. MRI
findings in her younger sister (case 2) provided an important clue to
her definitive diagnosis. As clinicians attempting to make an accurate
diagnosis of MLC, we should understand that certain MLC patients
may not have subcortical cysts in the brain.

Via careful evaluation of the FLAIR images, we found small lesions
which were isointense with the cortex in the white matter of the an-
terior temporal region in case 1 (Fig. 1C). These lesions were low in-
tensity in T1-weighted image and high intensity in T2-weighted
image. Van der Knaap et al. reported that MLC patients had large
numbers of microscopic vacuoles in the white matter based on histo-
pathological examinations [10]. The anterior temporal lesions which
were isointense with the cortex without cysts in the FLAIR images
may have microscopic vacuoles in the white matter. Since subcorti-
cal cysts in MLC might change in size and number over time, subcor-
tical cysts could have been present on earlier MRIs in the case 1. Also,
fongitudinal follow-up evaluation of this MRI finding should be
performed.

In conclusion, in this report, we described two adult sisters with MLC
caused by compound heterozygous mutations of MLC1, one sister with
and one sister without subcortical cysts in the brain, We should thus in-
clude MLC in the differential diagnosis of leukoencephalopathy, even in
adult patients without subcortical cysts.
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lexander disease (AxD) is a rare neurodegenerative disorder with a prevalence rate of

1in 2,700,000." Its pathologic characteristics include the formation of cytoplasmic

inclusions in astrocytes, called Rosenthal fibers, and white matter degeneration.?

The genetic mutation of glial fibrillary acidic protein (GFAP)® is observed in
approximately 97% of cases.

In type 2 AxD,' which is usually adult-onset, marked atrophy and abnormal signals in the
medulla oblongata and cervical cord are characteristic MRI findings.>~> When the bulge of the
basilar part of the pons remains and atrophy of the medulla oblongata and cervical cord is
marked,® AxD is strongly suspected.

However, there is no clear standard by which to assess atrophy of the medulla oblongata,
and it has been speculated that it becomes more difficult to suspect AxD when the degree of
atrophy is mild to moderate. We report 4 AxD patients with an onset age older than 50 years
in whom characteristic abnormality of the signal intensity of the anterior portion of the medulla
oblongara along with mild to moderate atrophy of the medulla oblongata were observed.

The cases represent 4 patients who were suspected to have AxD and referred to Kyoto Pre-
fectural University of Medicine for GFAP gene analysis.
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Practical
Implications
Bilateral abnormal signals of -
anterior portion of the medull
oblongata on MRI may be helpful

in diagnosing Alexande:r:dyjs‘éés
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[ Figure Brain MRI of the 4 patients ]

“Eye spot”
of Taenaris

The upper, lower right, and lower left sections of each case show an axial image of the pyramids, an extended image
of the medulla oblongata, and a sagittal image, respectively. Symmetrical signal abnormality of anterior and lateral
portions was observed in all cases. It resembles the “eye spot” of Taenaris in the medulla oblongata with mild to
moderate atrophy. The figure of Taenaris diana was cited from http://www.pteron-world.com.

Case A

Fatigability during walking developed when the patient was 62 years old, gait disturbance was
noted and deteriorated at the age of 64, and subsequently speech disturbance and difficulty
swallowing appeared. The patient was hospitalized at age 65 with dysarthria, dysphagia, nystag-
mus, muscle weakness of the extremities (especially the left upper extremity), increased tendon
reflexes of the lower extremities, bilateral Babinski sign, mild trunk and limb ataxia, an ataxic
and spastic gait, sphincter abnormalities, and obstructive sleep apnea.

Case B

Impending incontinence and dropped head syndrome appeared at the age of 58 years, and
trunk ataxia was noted at age 60. Central sleep apnea was observed at the age of 62. Increased
tendon reflexes of the right upper extremity, bilateral Babinski sign, dysphagia, trunk and limb

ataxia, orthostatic hypotension, sphincter abnormalities, and scoliosis were noted at age 65.

Case C

After undergoing lumbar laminectomy for paraparesis at the age of 60 years, muscle weakness of
the bilateral upper extremities and dysarthria appeared. Muscle weakness of the extremities, in-
creased tendon reflexes of the upper extremities, bilateral Babinski sign, dysarthria, dysphonia,
and sleep apnea were observed at age 65.

Case D

Dysarthria and spastic gait had gradually progressed from the age of 64. She was hospitalized at
age 65, showing tendon reflexes, bilateral Babinski sign, dysarthria, dysphagia, and limb and
trunk ataxia.

MRI findings for each case are presented in the figure and the table, and abnormal signals in
the anterior and lateral portions of the medulla oblongata were observed in all patients.
Abnormal signals in the hilum of the dentate nucleus and periventricular abnormality were
noted in cases B and D. Inferior olivary hypertrophy was not detected on MRL

DISCUSSION

The following have been reported as characteristic MRI findings in patients with type 11 AxD:
(1) progressive atrophy of the medulla oblongata and upper spinal cord with or without hyper-
intensities on T2-weighted images,"*> (2) involvement of the hilum of the dentate
nucleus,”* (3) supratentorial periventricular abnormalities in signal intensity and spotty areas
of postcontrast enhancement,® and (4) pial fluid-attenuated inversion recovery signal

© 2015 American Academy of Neurology
© 2015 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
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Table Summary of clinical features and MRI findings of the 4 patients ]

GFAP,mutat‘gd;'\’ ~N386S E210K R258H  R70W -

Neurologic symptoms

Spasticity/hyperreflexia + + + +

Dysphagia : + + + L+

Autonomic dysfunction

MRI findings

Abnormal signal of frontal and lateral portions of + + + o+
medulla oblongata :

Periventricular abnormalities - + - +

abnormality and middle peduncle signal change or enhancement.” The frequency of signal
abnormality of the medulla oblongata varies with the age at onset, and it is observed in
varjous subregions, especially in juvenile-onset patients. In the present 4 patients with elderly-
onset AxD and mild to moderate atrophy of the medulla oblongata, the low intensity of the
lateral portion of the medulla oblongata has the configuration of butterfly wings, and the
signal abnormality in the anterior portion of the medulla oblongata resembles the “eye spot”
of Taenaris. The signal abnormality of the anterior portion on MRI may reflect myelin loss of
the bilateral pyramids.” As degeneration of the medulla oblongata progresses, the “eye spot”
sign disappears and the frontal portion of the medulla oblongata becomes atrophic, which
may reflect cavity change of the pyramids.”

Elderly-onset AxD tends to be more indolent, and the degree of atrophy of the medulla ob-
longata tends to be milder compared to the early-adult—onset form, which develops in the 20s—
40s. The characteristic signal abnormality of the anterior portion of the medulla oblongata
that we reported, for which we propose the term “eye spot” sign, is considered to be a useful
finding indicating AxD in elderly-onset cases.
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Incidental diagnosis of an asymptomatic
adult-onset Alexander disease by brain
magnetic resonance imaging for
preoperative evaluation
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1. Introduction

Alexander disease (AD) is pathologically characterized by accumula-
tion of Rosenthal fibers, which comprise glial fibrillary acidic protein
(GFAP) and aB-crystalline and heat shock protein 27 in the cytoplasm
of perivascular and subpial astrocyte end feet. Based on age of onset,
three forms of AD, caused by GFAP mutation, are recognized: infantile,
juvenile, and adult {1,2]. Following GFAP identification and diagnostic
magnetic resonance imaging (MRI), cases of adult-onset AD (AOAD)

are being described with increasing frequency. Although recent reports
have shown that AOAD has a wide clinical variability [3], asymptomatic
cases incidentally diagnosed by MRI have been rarely reported.

1.1. Case report

A 72-year-old man, with no neurological complaints, was referred to
our department because of brain MRI abnormalities. He had no family
history of AD, but his mother had been diagnosed with Parkinson's dis-
ease and died at age 64. He was a 400-meter hurdler in his college days.
His past medical history included hypertension, cardiac angina, and
transient diplopia interpreted as a manifestation of a transient ischemia
of the brainstem. At age 72, he was diagnosed with prostate cancer, and
a brain MRI was performed for preoperative evaluation because of past
stroke history.

Dysarthria, dysphasia, and palatal myoclonus were not observed.
Left side deep tendon reflexes were mildly increased, but plantar re-
sponses were flexor, and there were no signs of spasticity. No muscle
fasciculation or weakness or sensory abnormality was observed. His
gait was normal, and he could stand with Mann's position, but was
unable to perform tandem gait walking. Brain MRI showed atrophy of
the upper cervical cord, medulla oblongata, and cerebellum (Fig. 1).

Fig. 1. A and B, axial T2-weighted images show atrophy of the upper cervical cord and medulla oblongata. There are bilateral abnormal hyperintensities in the ventral medulla oblongata. C,
There are abnormal bilateral hyper-intensities in the dentate nuclei, and cerebellar atrophy. D, There are no apparent white matter lesions. E, An image of the scout view suggests atrophy

of the medulla oblongata and upper cervical cord.

http://dx.doi.org/10.1016/j.jns.2015.05.001
0022-510X/© 2015 Elsevier B.V. All rights reserved.
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There were bilateral T2-hyperintensity lesions in the ventral medulla
oblongata and hilum of the dentate nuclei. There were subtle and non-
specific cerebral white matter changes. Although there were only min-
imal signs from neurological examination, such MRI abnormalities led
us to consider a diagnosis of AD and prompted genetic testing. Sequence
analysis of the GFAP with informed consent revealed a heterozygous
¢.1157A > G mutation, predicting a p.N386S amino acid change.

2. Discussion

Here we describe an asymptomatic AOAD case. His diagnosis was led
by brain MRI performed for preoperative evaluation of prostate cancer
and confirmed genetically. The patient's past history of diplopia raised
concerns about the possible symptoms of AD because there was no ap-
parent vascular abnormality in the brainstem on MRI that could cause
diplopia. In contrast, diplopia is an atypical first symptom of AOAD,
and its sudden onset and transient course suggest an occurrence of
stroke. It is much more likely that a minor stroke, invisible on MRI,
caused the patient's diplopia. His mother had been diagnosed with
Parkinson's disease, and details of her clinical course were unknown.
There was a little possibility that her extrapyramidal symptoms were
caused by undiagnosed AD.

Although diagnostic MRI criteria for infantile AD have been defined
by van der van der Knaap et al. [4], recent studies suggest that the radio-
logic presentation of AOAD significantly differs from infantile-onset
cases [5,6]. AOAD cases appear to have less cerebral white matter
involvement. The severe atrophy of the medulla oblongata and spinal
cord, and signal abnormalities in the hilum of the dentate nucleus are
frequently presented in AO cases. Brain MRI of this patient revealed a
marked atrophy of the upper cervical cord, medulla oblongata, and
cerebellum as well as bilateral T2-hyperintense lesions in the ventral
medulla oblongata and in the hilum of the dentate nuclei. These find-
ings correlate well with the abnormalities reported as characteristic
findings of AOAD and led us to consider genetic testing for the GFAP
mutation.

Although several reports have already described asymptomatic AD
cases, most of them had an apparent family history and were young or
middle-aged people [3,5,7]. The patient in this case is not only an
asymptomatic AOAD case with characteristic MRI findings but has no
apparent family history and is the oldest of the previously reported
asymptomatic patients.

Before identification of the GFAP mutation in AD, some neurological-
ly asymptomatic adult cases with heavy deposits of Rosenthal fibers in
the central nervous system have been identified in autopsy {8]. There
may be some phenotypes showing typical MRI abnormalities, reflecting
pathological deposits of Rosenthal fibers, and present no or only subtie
neurological symptoms. In these phenotypes, family history is usually
unrecognized and patients are likely underdiagnosed. The reason for
discrepancies between marked MR abnormalities and scarce neurolog-
ical impairment is unknown. In cases of AD with clinical course of acute
exacerbation and remission, acute exacerbation was caused by fall
down, fever, and excessive alcohol consumption [9,10]. In addition to
deposition of Rosenthal fibers, other factors may be associated with pre-
sentation of neurological symptoms.

AOAD diagnosis may be proposed even in patients without symp-
toms and apparent family history. In such cases, characteristic MRI find-
ings are key for proceeding with genetic testing for GFAP. When
revealed, prompt genetic counseling is recommended.
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An autopsied case of adult-onset bulbospinal-
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Abstract. A 50-year-old Japanese man
with no apparent family history noticed
diplopia. He gradually showed gait distur-
bance and dysuria. Abducens disorder of eye
movement with nystagmus, tongue atrophy
with fasciculation, spastic tetraparesis, and
sensory disturbance were also observed.
MRI showed severe atrophy of the medulla
oblongata to the cervical cord (“tadpole ap-
pearance™). Tracheotomy and gastrostomy
were performed 7 years after onset due to the
development of bulbar palsy. Death occurred
following respiratory failure after 11 years
total disease duration. The brain weighed
1,380 g. The cerebrum, cerebellum, mid-
brain, and upper pons were preserved from
atrophy, but the medulla oblongata to the
cervical cord showed severe atrophy. A few
Rosenthal fibers were observed in the cere-
bral white matter, basal ganglia, and cere-
bellum, whereas numerous Rosenthal fibers
were observed in the medulla oblongata to
the cervical cord. Myelin loss with relatively
preserved axons was extensively observed
from the middle of the pons to the spinal
cord. The clinicopathological diagnosis was
adult-onset bulbospinal-form Alexander dis-
ease. Glial fibrillary acidic protein (GFAP)
gene analysis revealed a novel mutation of
S393R. Expression patterns of S393R mu-
tant GFAP using adrenal carcinoma-derived
cells (SW13 cells) showed a decreased num-
ber of filamentous structures and abnormal
aggregates,

Introduction

Alexander disease is a rare neurodegen-
erative and demyelinating disorder that is
classified as infantile-type, juvenile-type, or

- 230 —

adult-type according to age at disease onset
(< 2 years old, 2 — 12 years old, > 12 years
old, respectively) [1, 2, 3]. Infantile-type
cases show megalencephaly, seizure, loss or
delay of developmental milestones, mental
deficiency, and spastic tetraparesis, which
lead to death within a few years [1, 2, 3].
Juvenile-type cases show mild cognitive im-
pairment, bulbar involvement, muscle weak-
ness, ataxia, hyperreflexia, and variable sur-
vival [1, 2, 3]. Adult-type cases are rare, with
slow progression of the clinical course that
may be reminiscent of Parkinson’s disease or
multiple sclerosis [1, 2], and in some cases,
palatal myoclonus is emphasized [3, 4]. The
pathological characteristic is the presence of
numerous Rosenthal fibers, which are intra-
cytoplasmic astrocytic inclusions, particu-
larly in the cytoplasm of the perivascular and
subpial astrocyte end-feet [1, 2]. Recently,
new guidelines for the classification of Al-
exander disease into three distinct clinical
types on the basis of neurological and MRI
findings were proposed: cerebral form (type
1), in which onset occurs primarily in infan-
cy with abnormalities in the frontal cerebral
white matter observed on MRI, bulbospinal
form (type 2), in which onset occurs primar-
ily in adulthood with atrophy and signal ab-
normalities of the medulla oblongata to the
upper cervical cord observed on MRI, and
intermediate form (type 3), which has the
characteristics of both forms and of long-
term survivors with cerebral form [1, 4]. This
classification gives further understanding of
Alexander disease, but a need exists for fur-
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Figure 1 Head MRI obtained 6 years after onset. A: Axial T,-weighted images of the brain. Although mild dilatation of the anterior hom is
observed, no apparent cerebral atrophy or white matter degeneration is recognized (left: at the level of midbrain, middie: at the level of basal
ganglia, and right: at the level of corona radiata). B: Midline sagittal images of the brain. Severe atrophy with changes in signal intensity from
the medulla oblongata to the upper cervical cord (“tadpole appearance”) is observed (left: T,-weighted image, right: T,-weighted image).
C: Axial images at the level of the lower brainstem show severe atrophy of the medulla oblongata. Diffusion-weighted image shows hyperin-
tensity of the medulla oblongata (left to right: T,-weighted image, T,-weighted image, fluid-attenuated inversion recovery image, and diffusion-
weighted image). D: Midline sagittal image of the cervical cord. Diffuse atrophy is observed from the medulla oblongata fo the cervical cord
(left: T,-weighted image, right: T,-weighted image).
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ther genetic and clinicopathologic investiga-
tion.

We report on the clinicopathologic, ge-
netic, and experimental investigations of an
autopsied case of adult-onset bulbospinal-
form Alexander disease with a novel S393R
mutation in the glial fibrillary acidic protein
(GFAP) gene.

Case report

The patient was a Japanese man living
in Aichi prefecture, Japan. He noticed dip-
lopia at the age of 50. He had no remarkable
past history and was not under treatment for
any disease. There was no family history
of similar symptoms or neurodegenerative
disorders, and his parents were not con-
sanguineous. Six months after the onset of
symptoms, an operation was performed for
strabismus and the patient’s diplopia tem-
porarily improved, but eventually recurred.
The following year, he noticed dysuria and
was diagnosed with neurogenic bladder. At 3
years after onset, the patient gradually began
to notice gait disturbance, and muscle weak-
ness of his extremities progressed. At 5 years
after onset, he could not continue his job and
was admitted to the Department of Neurol-
ogy. Neurological examination revealed an
abducens disorder of eye movement with
nystagmus, spastic tetraparesis, and sensory
disturbance. Tongue atrophy with fascicula-
tion. was observed, but palatal myoclonus
was not apparent. The deep tendon reflexes
of his extremities were exaggerated, and bi-
lateral ankle clonus and Babinski sign were
present. Orthostatic hypotension was recog-
nized, but there were no episodes of synco-
pe. Head MRI showed severe atrophy with
changes in signal intensity from the medulla
oblongata to the cervical cord, whereas no
abnormalities were found in the cerebrum
and cerebellum (Figure 1). Cerebrospinal
fluid showed 58 mg/dL glucose, 58 mg/dL
protein, 1 lymphocyte/mm?, and negative
oligoclonal 1gG band. Electroencephalog-
raphy showed normal a-wave activity. The

electromyogram showed no active denerva-

tion potential or fibrillation potential in the
limbs. There was no evidence of dementia:
the patient’s score on the revised version of
the Hasegawa dementia scale (a commonly

- 232 -

used method in Japan to assess dementia that
uses a scale of 0 — 30, where < 21 suggests
dementia) was 30. Based on the clinical and
MRI findings, adult-onset Alexander disease
was suspected. Gene analysis of the patient’s
DNA, performed by direct sequencing of the
whole GFAP gene coding region and the ad-
jacent splice sites, showed a novel mutation
of S393R (AGC>AGQG). Muscle weakness
of the patient’s extremities gradually pro-
gressed with atrophy until he reached a state
of complete tetraplegia with extended limb
position and joint contracture. Tracheotomy
and gastrostomy were performed 7 years af-
ter the onset of symptoms due to the devel-
opment of bulbar palsy. For the next 4 years,
there were no apparent neurological changes,
and the patient’s state remained stable with
continued tube feeding. In the final year of
his life, the patient presented with respiratory
failure due to central alveolar hypoventila-
tion on three occasions. The patient became
comatose and died after a total disease dura-
tion of 11 years. The patient was not placed on
mechanical ventilation. No apparent cognitive
dysfunction was prior to death.

Materials and methods

Neuropathological analysis

An autopsy of the brain and spinal cord
was performed, and the tissue was fixed in
10% formalin. Neuropathological examina-
tions were performed on 8 pm thick sections
using hematoxylin-eosin, Klliver-Barrera,
Bodian, Gallyas-Braak, and Holzer staining.
Immunostaining . for anti-GFAP antibody
(DAKO, Glostrup, Denmark; mouse mono-
clonal, diluted 1 400), anti-oB crystallin an-
tibody (Novocastra, Newcastle upon Tyne,
UK, rabbit polyclonal, diluted 1  1,000),
anti-neurofilament antibody (DAKO, mouse
monoclonal, diluted 1 400), anti-CD45 an-
tibody (DAKO, mouse monoclonal, diluted
1 100), and anti-CD68 antibody (DAKO,
mouse monoclonal, diluted 1 100) was
also carried out as appropriate. Primary an-
tibody binding was detected by the labeled
streptavidin-biotin method (Dako LSAB kit;
DAKO). Peroxidase-conjugated streptavi-
din was visualized with 3,3’-diaminobenzi-
dine (DAB; Wako Pure Chemical Industries,
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Flgure 2
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Osaka, Japan) as the chromogen Immuno-
stained sections were counterstained lightly
with Mayer’s hematoxylin.

The morphologlcal study of
mutant GFAP

To clarify the effects of the mutant GFAP,
we experimentally examined the expression
patterns of S393R compared with wild-type
GFAP tmnsfected in human adrenal carcino-
ma-derived cells (SW13 cells) by immuno-
fluorescence. Details of the morphologxcal

and ﬁmqtmnal studies mcludmg the methods
for quantitation and the SW13 cell line that -

was used were described previously [5, 6].

Results

Macroscopic appearance

In coronal sections of the cerebrum, the an-
terior horns of the lateral ventricles showed
mild dilatation, but no abnormalities were
observed in the cerebral cortex and white
matter, basal ganglia, or thalamus. The hip-
pu‘campa]kkfoﬁnation was also well preserved.
The cerebellum, including the dentate nu-
cleus, showed no apparent abnormality. On
axial sections of the brainstem, the midbrain
and upper pons were preserved from atrophy,

- whereas the lower pons and medulla oblon-

gata showed severe atrophy (Figure 2A, B,
C, D). The medulla oblongata showed gelati-
nous degeneration, There was no apparent
depigmentation in the substantia nigra or lo-
cus ceruleus. The spinal cord showed general
atrophy, particularly in the cervical cord, but
the anterior and posterior nerve roots were
preserved from atrophy.

Microscopic appearance

At autopsy, the brain weighed 1,380 g
and showed no apparent cerebral atrophy.
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The cerebral cortex, including the hippo-
campus, showed no apparent abnormalities,
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Figure 3. Representative microscopic images of the brain. A: A few Rosenthal fibers are observed in the
cerebral white matter (occipital lobe, hematoxylin and eosin (H&E) staining). B: In the cerebellar white
matter, Rosenthal fibers are recognized in small numbers (subependymal tissue of the 4th ventricle, H&E
staining). C: The inferior olivary nucleus shows severe tissue rarefaction and myslin loss, whereas the
neurons are relatively preserved in number (Kliver-Barrera (K&B) staining). D-G: The tegmentum of the
medulla oblongata shows numerous Rosenthal fibers. The Rosenthal fiber shows a thick and eosinophilic
bundle by H&E staining (D) and an elongated and blue colored bundle by K&B staining (E). The Rosenthal
fiber shows immunopositive findings by anti-GFAP (F) and anti-aB crystallin immunostaining (G). H: Anti-
neurofilament immunostaining shows relatively preserved axons in the degenerative region (tegmentum of
the medulla oblongata). I: The cervical cord shows numerous Rosenthal fibers (H&E staining). Scale bars:

A:50um; B, D, E,F G, H,I: 100 pm; C: 500 pm.

A few Rosenthal fibers were observed in the
cerebral white matter, basal ganglia, thala-
mus, and cerebellum, particularly in the ven-
tricular subependymal tissue (Figure 3A, B),
but were not so apparent in the perivascular
regions. Reactive astrocytes were not appar-
ent in the supratentorial tissues and cerebel-
lum. In the midbrain, the substantia nigra,
red nucleus, and oculomotor nerve nucleus
were preserved from neuron loss, and the
cerebral peduncles were well preserved from
myelin loss. In the pons, the pontine nucleus,
locus ceruleus, abducens nerve nucleus, and
facial nerve nucleus showed gliosis but were
preserved from neuron loss. The longitudinal
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and transverse pontine fibers showed myelin
loss particularly in the lower pons but were
preserved from axon loss. Numerous Rosen-
thal fibers were extensively observed from
the middle of the pons to the cervical cord
(Figure 3D, E, F, G, H, I). In the medulla ob-
longata, the tegmentum and pyramid showed
severe degeneration with myelin loss, but the
axons were relatively preserved. The medial
longitudinal fasciculus, tectospinal tract, and
medial lemniscus were relatively preserved
from the myelin loss. The borderline of the
myelin loss was indistinct. The inferior oli-
vary nucleus and hypoglossal nerve nucleus
showed severe tissue rarefaction and my-
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Figure 4.

Immunofluorescence of astrocytes with wild-type and S393R GFAP gene mutation. The expres-

sion patterns in astrocytoma-derived cells (SW13 cells) stained with polycional antibody for GFAP (green
color) between cells transfected with wild-type GFAP and celis fransfected with S393R mutant GFAP gene.
A: Cells transfected with wild-type GFAP. A filamentous pattern, which cannot be distinguished from a normal
appearing filamentous GFAP structure, is observed. Polarized distribution pattern shows polar distribution of
GFAP in mitosis. B: Cells fransfected with S393R mutant GFAP gene. Filamentous pattern shows an aggre-
gate or amorphous pattern, which shows irregular aggregation of GFAP with a few filamentous structures or
the appearance of cells in which the filament networks are destroyed. Magnification: 40x.

elin loss, whereas the neurons were rela-
tively preserved in number (Figure 3C). In
the severely affected regions of the medulla
oblongata and cervical cord, no apparent re-
active astrocytes were observed, and GFAP-
positive astrocytes were decreased in num-
ber. By LCA immunostaining, mild positive
lymphocyte infiltration was observed, but no
apparent positive microglia infiltration was
observed by CD68 immunostaining. The
superior, middle, and inferior cerebellar pe-
duncles were preserved from myelin loss. In
the spinal cord, myelin pallor was observed
in the anterolateral column and fasciculus
gracilis (Figure 2E). Macrophages were ob-
served in the lateral corticospinal tract and
posterior column due to Waller degeneration.
The number of anterior motor neurons was
relatively preserved. The anterior and poste-
rior nerve roots were preserved from myelin
loss and axon loss. In regard to aging-relat-
ed pathology, a few neurofibrillary tangles
(Braak stage I) were observed in the transen-
torhinal cortex. Senile plaques, Lewy bodies,
and vascular lesions were not observed.

Functional alteration of
mutant GFAP

A morphological change of GFAP was
found in SW 13 cells transfected with the
S393R GFAP mutation. The cells transfected
with wild-type GFAP showed a filamentous
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pattern (Figure 4A) indistinguishable from a
normal-appearing filamentous GFAP struc-
ture. However, the cells transfected with the
S393R mutant GFAP gene showed an ag-
gregate or amorphous filamentous pattern,
with either a few filamentous structures or
the appearance of cells in which the filament
networks were destroyed (Figure 4B). Com-
pared to the wild-type cells, the aggregates
were found in the perinuclear region, and
the filamentous structures were decreased in
number.

Discussion

Although MRI findings, such as exten-
sive white matter changes with frontal pre-
dominance and periventricular rim observed
in the cerebral form or severe atrophy of the
medulla oblongata to the cervical cord ob-
served in the bulbospinal form, can clinically
assist in the diagnosis of Alexander disease,
this disease can be definitively diagnosed by
GFAP gene analysis or pathological exami-
nation [1, 2, 3]. Alterations of the GFAP gene
have been reported in 90%, but not 100%,
of Alexander disease cases that underwent
analysis [1, 2, 3, 6]. To date, more than 100
GFAP gene mutations including point mu-
tations, deletions, frame shifts, or aberrant
splicing have been reported in patients with
Alexander disease [1, 2], the majority of
which are identified as point mutations in the
coding region of the GFAP gene [1, 2]. Fol-
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lowing the identification of the GF4P gene
mutations in the patients with Alexander dis-
ease, milder forms of the disease with juve-
nile or adult onset have been described with
increasing frequency, and the phenotypes of
Alexander disease seem to have increased [1,
2]. In the present case, GFAP gene analysis
revealed a point mutation of S393R, which is
currently not reported in the Alexander dis-
ease database [2].

Although GFAP gene mutation in many
patients with Alexander disease is not in-
herited from the parents but occurs sponta-
neously [2], 65%. of patients with the bul-
bospinal form of Alexander disease have a
family history of the disease [1, 4]. However,
the hot spots of GFAP mutations in bulbos-
pinal-form Alexander disease have not been
identified [1, 4]. Although the present case
corresponded clinicopathologically to the
bulbospinal form, no apparent family history
was recognized; thus, this case may be due to
a de novo mutation.

Because the GFAP gene mutation was
discovered in cases of Alexander disease,
experimental research was conducted to de-
termine the relation between each miutation

and the pathologic findings in addition to |

the clinical presentation [1, 2, 3]. Although
the investigations on aggregate formation
in GFAP gene mutations concluded that the
mutations decrease the solubility of GFAP
[1, 3], the relation between genotypes and
phenotypes in Alexander disease remains
unclear [1, 2, 3, 7].

In immunohistochemical and immuno-
fluorescence studies using astrocytoma-de-
rived cells, most mutant GFAP cells showed
a filamentous pattern indistinguishable from
normal GFAP cells; however, some mutant
GFAP cells are known to show an irregular
aggregation with few filamentous structures
or appear as cells where filament networks
are destroyed [1, 5, 6]. In the present in-
vestigation, we performed an experimental
study using cultured cells transfected with
the mutation suggesting a potential mecha-
nism and obtained findings of abnormal
GFAP aggregation similar to those with the
S393R mutation. In the cells transfected with
the S393R mutant GFAP gene, an aggregate
or amorphous filamentous pattern was ob-
served, with either irregular aggregation of
GFAP with a few filamentous structures -or
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the appearance of cells in which the filament
networks were destroyed. According to cell
and animal model experiments, formation
of the mutant GFAP aggregate depends on
the site of the GFAP mutation [1], and Al-
exander disease pathology involves not only
functional abnormalities in the intermediate
filaments but also functional abnormalities in
the astrocytes and neurons [1, 5, 6]. Further-
more, it is possible that polymorphism in the
GFAP promoter gene regulates the degree to
which GFAP is expressed. This may have an
effect on clinical heterogeneity [1], and the
severity of pathological changes of cerebral
white matter may be determined by certain
factors related to each glial developmental
stage [1, 4].

In the severely damaged areas in the
medulla oblongata and cervical cord, even
though the myelin sheaths were severely af-
fected, the axons were relatively well pre-
served. Although this pathological change
can be regarded as a form of demyelination
or dysmyelination, we could find no apparent
pathological alterations in the oligodendrog-
lia. In general, the pathology of Alexander
disease shows destruction of the white matter
with Rosenthal fibers in the glia limitans and
periventricular areas [2, 8]. The filaments of
the Rosenthal fibers contain GFAP, oB crys-
tallin, heat shock protein 27, and ubiquitin,
but not vimentin [1, 2, 3, 9]. In the present
case, GFAP-positive astrocyte was decreased
in number and no apparent reactive astrocyte
was observed in the severely affected regions
of the medulla oblongata and cervical cord.

Salmaggi et al. [10] described a 35-year-
old Italian woman with adult-onset Alexan-
der disease with the same codon 393 muta-
tion of the GFAP gene [2]. That case showed
an 53931 (not S393R) GFAP mutation. The
patient presented with a 2-year history of
progressive lower paraparesis, dysarthria,
and dysphagia [10]. Neurological exami-
nations showed dysphagia, pseudobulbar
speech, and hyperreflexia with Babinski sign
[10]. MRI showed T,-hyperintensity in the
bulbar tegmentum, olivary nucleus, supe-
rior cerebellar peduncles, dentate nucleus,
and frontal periventricular white matter,
with slight cervical cord atrophy [10]. The
patient’s mother had died at 49 years after
a similar 15-year neurological disease [10].
The clinical findings were similar, in part, to



