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Table 2
Clinical and MR findings of 19 patients with Pelizacus-Merzbacher disease. (See below-mentioned references for further information.)

Sex Age at Clinical Age at Family ~ PLP1 gene Age at MR findings
enrollment severity onset history  abnormality gggé;;ﬁgt Evaluated by T2WI Evaluated  No. of White Cerebellar Thin Previous case
by TIWI MR  matter atrophy  corpus report of
Hypomyelination High Myelination Myelination exams signal callosum point
type signals in age age changes mutation
brainstem
1M 14 FO 2 months + ¢.749C>A(p. 14 A Diffuse  Before birth Before birth 1 + ++ This study
Thr250Lys)
2M 4 FO Just after — c.238_240delTTC 0 A Diffuse  Before birth Before birth 2 Unchanged + [15]
. birth (p.Phe80del)
IM 0 FO I month — ¢.725C>T(p. 0 A Diffuse  Before birth Before birth 1 + [16]
e Ala243Val)
4M 1 FO Just after — c.454-2A>C 0 A Diffuse  Before birth Before birth 1 ++ Same
birth mutation as
[23]
5M 6 FO 4 months + Duplication 0 A Partial  Before Before birth 2 Advanced ++
birth—
4 months
6 M 14 FO Before + Duplication 10 A Partial  Before birth 0 month~ 1 + ++
12 months before birth
7™ 5 F1 Just after — ¢.260T>C(p. 0 A Diffuse  Before Before birth 2 Unchanged + Same
birth Leu87Pro) birth— mutation as
8 months [20]
3 M 20 F1 Before + Duplication 18 A Partial  Before birth Before birth 1 ++
12 months
IM 9 F2 Just after — Duplication 0 A Partial ~ Before birth Before birth 2 Advanced +
birth
10M 20 F2 Before — ¢.254T>C(p. 15 B None ++ [15]
12 months Leu85Pro)
11M 22 F2 Just after — Duplication 14 B Partial Unchanged + +
birth
12M 29 F3 Just after — Duplication 28 A None 1 + +
birth ’ - N
13M 16 F3 Unknown + Duplication 13 B Partial 6 months 4 months 1 +
14M 13 F3 Before + Duplication 6 B Partial  4-6 months 0-4 months 2 Unchanged +
12 months
I5SM 9 F3 Unknown + Duplication 2 B None 4-8 months 4 months 1 +
I6M 10 F3 I month — Duplication 1 B None 0 month ++
I7M 5 F3 10 months + c.192-2A>T 3 C None mo Advanced - [22]
1I8M 11 F4 Unknown Unknown IVS3-9T>G 4 B Partial - Omata et al.
SPG2 [25]
I9M 9 F4 3 months — ¢.589G>C(p. 8 B None ++ [21]
SPG2 Glyl97Arg)

“Before birth” indicates no detectable signs of myelination that is listed in the Table 1.

Shaded columns indicate gap in myelination age between T1WI and T2WIL.

"Clinical severities evaluated at the time of enrollment. FO: never gained head control ability. F1: achieved head control. F2: maintains a sitting position. F3: walks with support. F4: walks
autonomously.

“*Type of hypomyelination on T2WI. Type A: diffuse cerebral and corticospinal high signals. Type B: diffuse cerebral high signals with corticospinal low signals in the internal capsule. Type C:
patchy high signals in cerebral hemispheres.

"*Died at 8 months of age.

"**Dropped from follow-up at 1 year old.
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(A)

(B)

Fig. 1. (Case 3, Type A). This patient was a 7-month-old male with Ala243Val (c.725C>T) point mutation, and the clinical stage was estimated as
F0. His symptoms started at 1 month old with horizontal nystagmus, developmental delay, spasticity, and persistent primitive reflex. The myelination
age was “before birth” on both TIWI (A) and T2WI (B). The corpus callosum was thin, although there was no cerebellar atrophy. Low signals in the
posterior limb of internal capsules were not identified on T2WI, and brainstem is diffusely hyperintense. This case manifested type A imaging.

mutation. A family history of PMD was identified in
eight patients. The clinical severity, which was evaluated
in all patients aged > 4 years except for Patients 3 and 4,
showed wide variation, ranging from FO to F4. Patient 3
died at 8 months of age and patient 4 dropped out from
follow-up at 1 year old. Since these two patients showed
extremely poor development with no head control
throughout the course of observation and showed severe
manifestations, we assumed their clinical severity as FO
[15,16]

There were 10 patients with myelination pattern type
A, eight with type B, and one patient with type C. All
eight patients with the severe form (FO or F1) had type
A myelination (Fig. 1). There were two patients with
type A imaging manifesting F2 and F3 (Cases 9, 12),
but both lacking a brainstem abnormal T2-high signal.
Among the eight patients with the type B myelination
pattern (Fig. 2), the clinical severity ranged from F2 to
F4. The clinical form of one patient with type C (Case
17) was F3.

Brainstem abnormalities were observed in 13
patients. Five patients had diffuse T2-high signal in
the brainstem, and all of them were clinically severe

with PLPI point mutations. The remaining eight
patients had partial high signals on T2WI (Table 2).
Eight of the 10 patients who demonstrated a myelina-
tion age “‘before birth” on TIWI and T2WI showed sev-
ere phenotypes (FO or F1). The clinical form was always
milder than F2 in the eight patients whose myelination
age was >4 months on TIWI. When TIWI showed an
almost complete myelination pattern and there was a
discrepancy in myelination age (>4 months) between
TIWI and T2WI, the clinical manifestation was rela-
tively mild (Cases 10, 12, 17, and 18) (Case 10,
Fig. 3). No common type of gene mutation was found
among them. The mildest cases with clinical stage F4
(Cases 18 and 19) had PLP] point mutations. However,
we observed no other relationship between PLP] gene
abnormalities and the clinical severity, or with the
myelination age.

Follow-up MRI studies were performed in seven
patients, and advancement of myelination was noted
in three of them. In one point mutation case (c.192-
2A>T), patchy areas of myelination appeared during
follow-up, which differs from the normal course of mat-
uration (Fig. 4). Cerebellar atrophy was found in four of
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(A)

(B)

Fig. 2. (Case 14, Type B). This patient was a 13-year-old male with PLPI duplication, and the clinical stage was F3. His symptoms started at birth
with nystagmus, hypotonia, spasticity, and pyramidal signs. The first MRI was performed at 6 years old. The myelination age was 0-4 months on
TIWI (A) and 4-8 months on T2WI (B). There was atrophy of the corpus callosum without cerebellar atrophy. Low signals in the posterior limb of
internal capsules were identified on T2WI. This case manifested type B imaging. Note a couple of high signals in the pons on T2WL

the 19 patients. There was mild to moderate atrophy of
corpus callosum in all but two of the patients.

4. Discussion

This retrospective study revealed various patterns of
imaging findings in 19 PMD patients, with reference to
the clinical course and genetic abnormalities. Our anal-
ysis showed several correlations between the imaging
types and the clinical severity. The most important
MR findings for predicting severe clinical form is diffuse
brainstem high signals on T2WI. On the other hand,
hypomyelination type B or C judged by T2WI was the
most recognizable finding for predicting a mild case.
Our findings also emphasized the importance of TIWI.
Myelination age “before birth” on TIWI is a second
manifestation correlated with the clinically severe phe-
notypes. In contrast, when the myelination age on
T1WI was over 4 months, the patients’ clinical severity

was milder than F2. There were four patients whose
T1WI showed an almost complete myelination pattern
while T2WI revealed severely delayed myelination,
showing an apparent discrepancy in myelination age
between TIWI and T2WI. An unusual order of myelina-
tion or advanced myelination during the follow-up was
also observed. Brainstem abnormalities were observed
only in the patients with point mutation, and the mildest
two cases also had point mutations. However, common
genetic abnormalities associated with other findings
were not obvious.

To the best of our knowledge, this is one of the
largest studies of original PMD cases. Laukka et al.
performed a quantitative analysis and reported a
negative correlation between white matter volume and
clinical severity [17]. However, a precise volumetric
analysis is theoretically challenging in PMD because
the ambiguous MR signal differentiation between gray
and white matter may lead to inaccuracy in separating
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(A)

(B)

Fig. 3. (Case 10, Type B). A 20-year-old male with Leu85Pro (¢.254T>C) point mutation. The clinical stage was F2. His symptoms started at birth
with nystagmus, developmental delay, quadrilateral paresis, hypotonia, spasticity, and pyramidal signs. The first MRI was performed at 15 years old.
The myelination was apparently completed on TIWI (A), but the myelination age was 0-2 months old on T2WI (B). There was atrophy of the corpus
callosum without cerebellar atrophy. The gap between TIWI and T2WI was evident in this case. Low signals in the posterior limb of internal capsules

were identified on T2WL. This case also manifested type B imaging.

these two segments based on the signal intensity. To
ensure scientific accuracy, we used visual surveillance,
which is more suitable for imaging analyses. Steenweg
et al. analyzed the MRI patterns of patients with
hypomyelinating diseases including 21 PMD patients,
focusing on distinguishing different hypomyelinating
leukodystrophies without presenting variable imaging
patterns among the PMD patients [18).

Nezu et al. classified the MRI findings of PMD into
three patterns judged by T2WI from type I to type I1I
as described in Section 2, referring to four of their orig-
inal cases and 15 cases from seven previous reports.
They reported that all PMD with PLPI duplication
cases belonged to type I [13]. Plecko et al. also suggested
that PLPI duplication leads to type I imaging in their
study including four PMD patients [19]. In contrast,
type II imaging in PLPI duplication was reported by
Takanashi et al. [20]. In the present study, we found

both type I and type II imaging among the patients with
PLPI duplication. PMD with PLPI duplication shows
various imaging patterns, although diffuse T2-high sig-
nal of brainstem may exclude PLPI duplication. All
patients whose brainstem showed diffuse T2-high signal
were PLPI point mutation and their clinical findings
were severe, FO or F1. On the other hand, all patients
with corticospinal T2-low signals in the posterior limb
of the internal capsule (type B or C) were mild form
(F2 or F3) and their gene abnormalities were various.
All patients whose TIWI showed “before birth” were
FO or F1 except for Case 9 (F2 in 9 year old). But his
first MR evaluation was performed before one year
old and myelination was progressive in successive exam-
ination. Therefore, the myelination age of “before birth”
on TIW1 may be related to FO and F1 without excep-
tion. These findings showed the importance of evaluat-
ing the myelination age on TIWI, which has been
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(A)

(B)

(C)

Fig. 4. (Case 17, Type C). A 5-year-old male with ¢.192-2A>T intronic point mutation; the clinical stage was F3. His symptoms started at 10 months
old with developmental delay, paraplegia, and spasticity. The first MRI was performed at 3 years old. The myelination was apparently completed on
T1WI (A), but the myelination age was 8 months old on T2WI (B). Subsequent images of the same patient acquired at 5 years old revealed advanced
myelination on T2WI, but the pattern was patchy and subcortical fibers were more myelinated (C). There was no atrophy of the corpus callosum or

cerebellum.

underappreciated. In the present study, the existence of
the gap of myelinating age between TIWI and T2WI
was virtually predictive of a mild clinical course. Well-
advanced myelination on TIWI may be a cause of the
T1/T2 gap, and this in turn also demonstrates that a

T1WI assessment is crucial to predict the clinical stage.
A case report by Osaka et al. presented a mild pheno-
type in PMD caused by a DM20-sparing mutation
(c.352_353delAG (p.Glyl130fs)); the clinical stage was
F3 and TI1/T2 discordance was also mentioned [21].
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The patient also showed myelinated patchy areas at
subcortical white matter and unmyelinated deep white
matter, which corresponds to Type C. This paradoxical
myelination pattern was also found in our patient (Case
17) with ¢.192-2A>T mutation. This is considered to be
the rarest imaging pattern in PMD and may be difficult
to differentiate from other demyelinating leukodystro-
phies that affect the deep white matter. A thin corpus
callosum was apparent in most (n = 17) of the present
cases. Three patients had cerebellar atrophy. These find-
ings may be problematic when differentiating PMD
from other hypomyelinating disorders such as Poly-
merase Ill-related leukodystrophies [22,23], and
hypomyelination with atrophy of the basal ganglia and
cerebellum (H-ABC) [24], where atrophy of the corpus
callosum and that of the cerebellum have been noted
to be key findings.

Follow up MRI studies in PMD patients were per-
formed in seven cases and progression of myelination
was observed in three of them. Surely, it is unknown
when the myelination process stops. However, the
hypomyelination types did not -change even when
progressive myelination was observed in this study
(two cases; type A, and one case; type C). Clinical
severity was evaluated according to motor function
such as from head control to walking ability. Clinical
outcome was evaluated after 4years old in all
patients except for cases 3 and 4. We think 4 years
old is enough age for evaluating these motor func-
tions. Therefore, we think the correlation between
clinical and MRI stage can be reasonably discussed
in this study.

In summary, the present IBISS study revealed a wide
spectrum of imaging findings in each phenotype with
PMD. Type B or C (corticospinal low signal in the inter-
nal capsule on T2WI) is thought to be essential for pre-
dicting a mild form. Meanwhile, diffuse high signal in
brainstem on T2WI or myelination age of “before birth”
on TIWI suggests a severe form. The disease course
should not be predicted solely by genetic background,
and clinicians’ understanding of the various MRI find-
ings in PMD will contribute to the better management
of PMD patients.
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Canavan disease: Clinical features and recent advances in research
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Abstract Canavan disease (CD) is a genetic neurodegenerative leukodystrophy that results in the spongy degeneration of white
matter in the brain. CD is characterized by mutations in the gene encoding aspartoacylase (ASPA), the substrate enzyme
that hydrolyzes N-acetylaspartic acid (NAA) to acetate and aspartate. Elevated NAA and subsequent deficiency in
acetate associated with this disease cause progressive neurological symptoms, such as macrocephaly, visuocognitive
dysfunction, and psychomotor delay. The prevalence of CD is higher among Ashkenazi Jewish people, and several types
of mutations have been reported in the gene coding ASPA. Highly elevated NAA is more specific to CD than other
leukodystrophies, and an examination of urinary NAA concentration is useful for diagnosing CD. Many researchers are
now examining the mechanisms responsible for white matter degeneration or dysmyelination in CD using mouse
models, and several persuasive hypotheses have been suggested for the pathophysiology of CD. One is that NAA serves
as a water pump; consequently, a disorder in NAA catabolism leads to astrocytic edema. Another hypothesis is that the
hydrolyzation of NAA in oligodendrocytes is essential for myelin synthesis through the supply of acetate. Although there
is currently no curative therapy for CD, dietary supplements are candidates that may retard the progression of the
symptoms associated with CD. Furthermore, gene therapies using viral vectors have been investigated using rat models.
These therapies have been found to be tolerable with no severe long-term adverse effects, reduce the elevated NAA in
the brain, and may be applied to humans in the future.

Key words aspartoacylase, Canavan disease, leukodystrophy, N-acetylaspartic acid, spongy degeneration.

Canavan disease (CD) is an autosomal-recessive progressive
neurodegenerative disease that belongs to a group of genetic
disorders recognized as leukodystrophy. CD 1is neuro-
pathologically characterized by the swelling and spongy degen-
eration of white matter in the brain. CD was first reported by
Canavan in 1931' and was identified as a distinct disease by
Bertrand and Van Bogaert in 1949.% Although CD has been
reported in communities throughout the world, it was shown to be
more prevalent in Ashkenazi (Eastern European) Jewish people.?
The disease has been attributed to a deficiency in aspartoacylase
(ASPA) activity. ASPA is a zinc carboxypeptidase enzyme
that is responsible for the breakdown of aspartic acid or
N-acetylaspartic acid (NAA), the absence of which results in the
accumulation of NAA in the brain. ASPA is normally found in
oligodendrocyte progenitor cells and oligodendrocytes in the
brain, with smaller amounts being reported in microglia and
brainstem neurons. NAA, one of the most prevalent small mol-
ecules in the brain, is hydrolyzed to acetate and aspartate in
oligodendrocytes.*

Many researchers initially believed that the high NAA asso-
ciated with CD led to the impeded production of myelin and
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subsequent spongy degeneration in the brain,™® but this is now
being disputed. Cloning of the human ASPA gene has enabled
molecular genetic studies of CD.?

Clinical course of CD

Three clinically distinct groups of CD have been identified: (i)
the congenital form with severe symptoms in the first few weeks
of life; (ii) the infantile form, the most common form in which the
disease is apparent by 6 months of age; and (iii) the juvenile
form, in which the disease is apparent by the age of 4 or 5.°
Infants with CD typically appear to be normal in the first few
months of life. Early signs of CD include irritability and hypo-
tonia with poor head control. The common symptoms of CD
include head lag, macrocephaly, hypotonia, ataxia, inadequate
visual tracking, poor sucking ability, and intellectual disabil-
ities.”® In many cases, developmental delays and macrocephaly
become noticeable after 6 months of age. In spite of profound
delays, CD patients can sometimes interact with others, smile,
and reach for objects. CD patients later develop optic atrophy,
and hypotonia of the arms and legs converts to limb stiffness and
spasticity, and axonal hypotonia persists. These patients become
increasingly debilitated with age, often having seizures and being
unable to move or swallow voluntarily. The long-term prognosis
of a typical CD case is still poor; death typically occurs before
adolescence, while some patients with milder forms survive
beyond their second decade of life.
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Fig. 1 Chronological features of magnetic resonance imaging (MRI) in a female Japanese Canavan disease patient at (a—d) 15 years and (e,f)
25 years of age. (b,e) T1 and (a,c,d,f) T2-weighted MRI show the involvement of the diffuse white matter, including the corpus callosum and
internal capsule, as well as the (>) globus pallidus. The (==B=) putamen and ()) caudate nucleus were spared. There are signs of diffuse
cerebral and cerebellum atrophy.

Clinical examination for diagnosis

The specific method currently used to diagnose CD is urine
testing.” CD is caused by a deficiency in ASPA, which hydrolyzes
NAA to aspartate and acetate in the brain. Therefore, urinary
NAA is markedly higher in CD patients, often more than
100-fold, than in normal individuals. Slightly elevated NAA
(approximately 4-6-fold) have been reported in other cases of
leukodystrophy.'®"" Therefore, this diagnostic procedure is accu-
rate for the screening and chemical diagnosis of CD, with a good
cost—benefit ratio. Genetic testing for the ASPA gene mutation
can also lead to a definite diagnosis of CD. Cultured skin fibro-
blasts were previously shown to manifest this enzyme deficiency,
even in the absence of an ASPA gene mutation.>'> Microscopy
shows spongy degeneration throughout the white matter, demon-
strating vacuole formation in the myelin sheaths, astrocyte swell-
ing, and deformed mitochondria.

© 2014 Japan Pediatric Society

In neurophysiological examinations, electroencephalograms
can be diffusely slow with paroxysmal features. Evoked poten-
tials are often delayed or absent, whereas the nerve conduction
velocity is typically normal.

Neuroimaging of CD

Computed tomography of the head has shown diffuse
hypodensity in the white matter of the brain, while magnetic
resonance imaging (MRI) showed diffuse cerebral white matter
degeneration. The most severe abnormalities are present in the
subcortical white matter with a mildly swollen aspect, and central
white matter structures, such as the periventricular rim of the
white matter and the internal capsule, are generally preserved.
The central white matter also becomes involved as the disease
progresses, and white matter atrophy has been reported. The
globus pallidus and thalamus are often involved, whereas the
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putamen and caudate nucleus are spared, which is characteristic
of CD (Fig.1).” Nuclear magnetic resonance spectroscopy
(MRS) has shown that NAA is higher in the brains of CD patients
than in those of normal individuals (Fig. 2)."

Differential diagnosis

Macrocephaly has been reported in Alexander disease, Tay-
Sachs disease, and other neurodegenerative diseases.
Hydroxymethylglutaric aciduria also leads to macrocephaly and
involvement of the white matter. Spongy degeneration of the
brain can occur with viral encephalitis, mitochondrial disease,
and other metabolic diseases.

Molecular basis of CD

The human ASPA gene, which is localized on the short arm of
chromosome 17 (17p13-ter), was cloned by Kaul ez al. in 1991."*
The human ASPA gene spans 30 kb and contains five introns and
six exons. Over 96% of CD patients among Ashkenazi Jewish
populations have either of two mutations. One is a missense
mutation in codon 285, which causes glutamic acid to be substi-
tuted with alanine (Glu285Ala). The other is a nonsense mutation
on codon 231, which converts tyrosine to a stop codon
(Tyr231X). The carrier frequency of these two mutations among
Ashkenazi Jewish populations has ranged from 1:37 to 1:40, with
a prevalence rate of 1 per 6400-13500 live births.*'¢

Mutations are different and more diverse in non-Jewish
patients. The most common mutation in non-Jewish patients, a
missense mutation that substitutes alanine for glutamic acid
(Ala305Glu), has been detected in codon 305."7

More than 50 mutations have been identified in the human
ASPA gene, most of which are single base pair changes in the

ppm

Fig. 2 Features of "H magnetic resonance spectroscopy in a female
Japanese Canavan disease patient (same as in Fig. 1). The highly
elevated N-acetylaspartic acid (NAA)/choline ratio (6.1; normal
range, 1.0-2.4) was characteristic.
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coding region that typically result in the loss of ASPA enzymatic
activity. While all patients in whom mutations have been detected
have exhibited psychomotor limitations, their onset and severity
varied depending on the specific mutation.'®!”

Japanese case of CD

Our questionnaire survey identified only one CD patient in Japan,
and this is also the only case that has been reported with the
missense mutation 1143T.**2 The patient, a woman, is now
26 years old. She had macrocephaly, gross motor development
retardation, and hypotonia since early infancy. She was diag-
nosed with CD at the age of 4. She could not sit alone due to
slowly progressive spastic tetraplegia, but was relatively fre-
quently able to attend school. She had difficulty swallowing at the
age of 17 because of progressive bulbar paralysis, and was sub-
sequently fed via a nasogastric tube. She underwent laparoscopic
anti-reflux surgery for gastroesophageal reflux disease at the age
of 20. Given that the bulbar paralysis is not currently considered
to be severe, she does not require any respiratory devices.
Although the frequency of tonic seizures increased after the age
of 25, levetiracetam has effectively reduced the number of sei-
zures experienced. Figure 1 shows MRI done at the ages of 15
and 25. Subcortical-dominant diffuse white matter was found to
be involved. The anterior part of the corpus callosum was highly
degenerated. The bilateral globus pallidus and thalamus were
also involved, whereas the putamen and caudate nucleus
appeared to be spared. Although there are signs of diffuse brain
atrophy including the cerebellum, the size of the brainstem has
been preserved.

Figure 2 shows MRS of a white matter region at the age of 15.
Consistent with previous studies, high NAA concentration and
elevated NAA/choline ratio were found to be characteristic in the
Japanese patient. Figure 3 shows the *"Tc-ethyl cysteinate dimer
single-photon emission computed tomography done at the age of
15. A frontal predominant decrease in cerebral blood flow was
observed.

Possible pathological mechanism responsible
for CD

N-Acetylaspartic acid appears to be synthesized exclusively in
neurons and has been isolated from mitochondrial and
microsomal fractions.” NAA and its related dipeptide N-acetyl-
aspartyl-glutamate (NAAG) are transported from cytoplasm to
the extracellular space by transporters, and NAA is taken up by
oligodendrocytes through a dicarboxylic acid transporter prior to
being hydrolyzed by ASPA (Fig. 4).

N-Acetylaspartic acid serves as a clinical marker of the
neuronal metabolic integrity of the brain. In contrast with the
decrease reported in NAA in many other neurodegenerative dis-
eases, CD is unique because it is associated with elevated NAA in
the brain. A marked rise of NAAG concentration has also been
reported in patients with a Pelizaeus—-Merzbacher-like syndrome,
in which there is an absence of myelin.* Establishing why
increases in NAA or NAAG lead to white matter degeneration or
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Fig.3 *"Tc-ethyl cysteinate dimer single-photon emission com-
puted tomography of a female Japanese Canavan disease patient. The
frontal decrease in cerebral blood flow is characteristic. This was
obtained from the same case as in Figures 1,2.

dysmyelination is very important, but the precise function of
NAA in the development of the central nervous system (CNS)
remains unknown.

Several hypotheses have been proposed to explain the patho-
physiology of CD in the CNS.

First, demyelination may reflect the direct action of NAA on
oligodendrocyte NMDA receptors. No current, however, was
evoked by NAA in oligodendrocytes in a rat study. Therefore, the
action of NAA or NAAG on oligodendrocyte NMDA receptors is
unlikely to be a major contributor to white matter damage.”

Second, NAA may serve as a molecular water pump to
remove metabolic water from mitochondria and neurons through
its hydrolysis into acetate and aspartate by ASPA. This hypoth-
esis corresponds to astrocytic edema and the formation of vacu-
oles in CD as a result of the accumulation of NAA.** A previous
study, however, showed that NAA was non-toxic even at high
concentration,”’ and no functional improvement was reported in
CD mice even after NAA decreased due to the expression of an
introduced normal ASPA gene.”® An immunohistochemical study

© 2014 Japan Pediatric Society
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Fig. 4 Schematic representation of N-acetylaspartic acid (NAA)
synthesis in neurons and degradation in oligodendrocytes. ACS,
acetyl CoA synthetase; ASPA, aspartoacylase; AspNAT, aspartate
N-acetyltransferase; NAAG, N-acetyl-aspartyl-glutamate; PDH,
pyruvate dehydrogenase; TCA, tricarboxylic acid.

of the Nur7 mouse model of CD showed that aquaporin 4 (AQP4)
was located throughout the cytoplasm in CD mice, but it was
located exclusively in the astrocytic end-feet in control mice.
This indicates that the astroglial regulation of water homeostasis
may be involved in the partial prevention of spongy degeneration,
and AQP4 may be a potential therapeutic target for CD.”

Third, NAA may be essential for lipid synthesis and
myelination in the CNS during the period of postnatal
myelination.”? CD is characterized not only by an increase in
NAA but also by a decrease in acetate and aspartate,'**' and a
reduction in free acetate for lipid synthesis subsequent to the loss
of ASPA function may contribute to the disease etiology.
Spongiform degeneration in CD brains has been attributed to the
failure of NAA to act as an acetate carrier from mitochondria to
the cytosol, leading to impaired lipogenesis.*>* Therefore, one of
the main causes of CD may be a decline in acetyl groups in the
absence of ASPA activity. Non-polar and polar lipid levels, criti-
cal for myelin synthesis, were found to 21-38% lower in ASPA
knockout mice than in wild type, whereas other lipids were not
altered significantly.” Moreover, a reduction of cerebroside and
sulfatide, component glycolipids of myelin in the white matter,
was also reported both in the rat CD model and in human CD
patients. The reduction observed in lipid level, however, may not
have directly correlated with the clinical severity of the disease.
These results suggest that the pathogenesis of CD is not restricted
to a deficiency of acetate.

Fourth, NAA may play an important role in maintaining the
metabolic integrity of oligodendrocytes. Elevation in oxidative
stress markers was shown to precede the loss of oligodendrocytes
and demyelination in the early days following birth.

Last, besides the role of acetate in myelin formation and
maintenance, acetylation also modulates the function of
nucleosomal histones, which are components of chromatin.
Therefore, a decrease in acetate may alter the expression of
genes considered to be important for the maturation of
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oligodendrocytes.” Although NAA is produced and localized
primarily in neurons,® high NAA concentration has also been
reported also in immature oligodendrocytes. NAA, however, was
not detected in mature oligodendrocytes or astrocytes, which
suggested the important function of ASPA in immature
oligodendrocytes.” In rat cortical cultures, the presence of ASPA
activity as well as the expression of ASPA mRNA and protein
have been reported in non-myelinated oligodendrocytes.> %
Although the direct uptake of NAA by oligodendrocytes has not
yet been reported, axonal transport of NAA has been demon-
strated.®® These findings suggest that the maintenance of myelin
is impaired in the absence of NAA-derived acetate. ASPA plays a
critical role in the maturation of oligodendrocytes and has also
been shown to contribute to the pathophysiology of CD.*
Furthermore, in an adult ASPA knockout mouse study, disrup-
tions have been observed in cell cycle regulation, the acetylated
state of nuclear histones, and continuous neurogenesis in neural
cell progenitors, as well as severe reduction in certain myelin
proteins.*”? ASPA may be involved in the epigenetic regulation of
myelin maturation and maintenance through the supply of
acetate.

Therapeutic approaches to CD

A therapy that affects the progression of CD has not yet been
established. Seizures need to be controlled by anticonvulsants.
Patients with CD may need nasogastric feeding or feeding by
gastronomy. Acetazolamide was found to be beneficial in reduc-
ing intracranial pressure, but did not reduce white matter swelling
or NAA level.

Dietary supplementation is one of the non-invasive therapies
that have been positively correlated with improvement in NAA
level in CD patients. Lithium citrate decreased whole-brain
NAA in both rat models and human subjects.* More recent
studies noted improved scores in gross motor functioning and
visual tracking in CD patients treated with lithium citrate from
an early age compared to untreated control groups of CD
patients.* Acetate supplementation represents another potential
therapy for CD that is easy and inexpensive.” Oral treatment
with glyceryl triacetate (GTA) in CD mice led to a 17-fold
increase in acetate in the brain and improved motor function,
while NAA level in the brain was not significantly increased.*
This therapy is now being used in CD patients. Although high-
dose GTA (up to 4.5g/kg per dose) treatment in CD infants
resulted in no improvement in their clinical status, no signifi-
cant side-effects or toxicity were observed. The importance of
earlier intervention has been suggested.”’” Another possible sup-
plement is triheptanoin, an odd-carbon triglyceride, which is a
dietary anaplerotic substrate that provides ketone bodies
capable of traversing the blood—brain barrier and increasing the
mass of tricarboxylic acid (TCA) cycle intermediates.
Triheptanoin was shown to be effective in the treatment of
mitochondrial oxidation and pyruvate metabolism.*** A previ-
ous study reported that interventions with triheptanoin therapy
reduced oxidative stress, promoted long-term survival of
oligodendrocytes, and increased myelin in the brain in the nur7
mouse model.*® The novelty of that study lies in the potentially

Canavan disease: Recent advances

anaplerotic substrate, with the aim of supporting TCA cycle
oxidative integrity in addition to fatty acid synthesis during
developmental myelination. The early provision of triheptanoin
as an alternative energetic substrate to the nur7 mouse model
promoted myelination by reducing the metabolic demands
placed on the oxidation of glucose by fatty acid synthesis.”
NAA was found to be higher in the brains of neonatal
triheptanoin mice than in control mice, and triheptanoin had no
effect on NAA. NAA is known to have a negative impact on
anti-oxidant defenses; therefore, antioxidants may have thera-
peutic application in CD patients.”'

Several studies recently attempted to use gene therapies for
the treatment of CD. A therapy using adeno-associated virus
(AAV) was used in the tremor rat, a genetic model of CD, and
ASPA activity was subsequently detected in the CNS neurons of
this rat. Although NAA was also reduced in the brain, motor
functions remained unimproved.?®

The application of gene therapy for CD currently faces several
challenges. The varied rates of disease progression and small
number of patients have confounded any interpretation of the
effects of this therapy. Moreover, it is difficult to attempt a cohort
study of age-matched or similar-phenotype patients due to vari-
ations in the mutations that cause CD.

Leone et al. reported the findings of a long-term follow up of
gene therapy with an AAV vector carrying the ASPA gene
(AAV2-ASPA) in 13 CD patients.’® Each patient received 9 x 10"
vector genomes via intraparenchymal delivery at six brain infu-
sion sites. The gene therapy was tolerable, no severe long-term
adverse effects were noted, elevated NAA in the brain was
reduced, the progression of brain atrophy was slowed, and
improvements were observed in the frequency of seizures.*
Moreover, neurological examination showed significant
improvement in motor functions in younger cohorts of treated
CD patients, indicating the possible advantage of early therapeu-
tic intervention.™

Conclusion

In addition to the accumulated medical research on CD, parent
and family community support has been increasing. Internet
forum or family websites are also meaningful for CD patients.'®
The prognosis of childhood CD has gradually improved due to
advances in comprehensive care. Future research will hopefully
facilitate development of a safe and therapeutic approach for CD
patients and improve their quality of life.
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GM1 gangliosidosis, Krabbe %, ¥R EY
AT 7 4B ERHAEFTRLIRP NAA
SEICL D ENIETRETDH 5.

- 173 =



THEERR (B2 IV

{mmol/mol creatinine)

b
O
aG Oc d
1,000 o
z
“
[
Z 100} )
g 4
§ £
= )
10F )
1+ 1
1 i 1 i i s

e L 2 - s ] f ,7

>0D >11D >IM >1Y >4Y 30Y (age)
K2 Reh NAA DEISHIERE L EFOE

wOAR. b1 c3M9A . dr 221k

X3 FEFIO 25 FFOEBEEICSIT 370 M MRS

{magnetic resonance spectroscopy)
NAA/Cr3.23(IEH 4l & 1.36::0.10), Cho/Cr 0.53 (ILH 1l :
0.56:0.06) & NAA W, ChofEfiik B0 3, ERHIEH
£h.

5 BEETR a

ZAREREWET L W) F— I PO T T —
+ BT glyceryl triacetate (GTA) 471 A

BifE CD OWHMECTHEL SNz D DBV,
BODPORARZEENTVS, TEF— FORXK

v hE LTS B Tbh, w9 ATIETE
F— D LEEFBEOLN, BHONAAKR LS
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BUIR BARESHE  WrHEREES Y~ X No. 29

SR T AN, I KB HoRAtRh

BBy~ EEDHL. 415

Ladoi F7/22 AOAECD B#H 84 A
£ 13 % SIS H S NI P ERPR Y 2 BT 1
LdrofzE ENBHY, PEDHORSTH I E
MR EETYTH B CDOEFNVIY
T& A tremor rat ~OE5 T ETHEE oL %
ESIREOMROEERBBE S Y. 72 %A
tremor rat . BV THALY 7 2A0TMAINAAZ 1B
MO EEDHEOD B I LA SINY, As 6 5 - o
..i::

W, NS ORI, RN, B
WIREOZEALA A BN, Sk & R
BOTWRWE)ITHD. LY RVEETOR
; ﬁ%f@ﬁ%sm&% CEEALA LTS
{ ). AHoO LY IEEEY
BRI R B

sadi 5L 6 AOBE IS LIEHICBU 5
NAA QAL T 8l b o 4 k3%, FKiko# ASEBE 1993 4E1C Hamaguchi 5™ 2%
X B AR ORBERHMEOWE L RO HATHE—OERATH 5.
AR IC b E o 2. TF /MR 4 26 WPk

VAR F—(AAV)IZ & B ASPA DFR#E NS FIREE « LHOWE, HFOMXPEZ,
By 2T Mwy AR tremor rat THRIE RS G2 MSECE.

FT e b ToE LB T S iTw B, JEIREIE © FElE 4038 6 B, AR IKATE 3,200
F7-Leone 5P I0EULEOBEZEL L PT g BHASUISTHRIER < A L.
DFEEHEO T F— PHFEIC L 5 L HANAAD EFS AR, FLHEYOAH, HWMIKOAA,
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MRERMEE2R) v

E5 EFIDa: 455, b: 26 EEOFHR
GRUIRO [ & T SHR A S RS A

ST L LT IEEORN ERD 4N D
R A L T o7z, RB~ad & ) ICHHATO
VAT TH o7 H1E98em(—28D),
%a&mwmwmkﬁﬁﬁk£b.§%
FEEd D, MHZMBIEINETH o B8 L
JREERR & I O REYE, ANRAEIR E D 72, 458
B, G CT TUE AMEORIR A H o BEILITR
ZiR, R NAASRIESS N (B 2), B i siafkas
LT ASPATTHEO KIS CD LB s
7o. MEFHE T 143T(428T>C) D &€
BREZHDLN, 58, LIF 70— A5
ZROTN, arro—LRAESTho 6
R I WIZ W TR, TAOZREES C
LETEL D BRRETHoREE LY,

I THA, T HIEVL AL R WM

BURSASE I C, AfSBEN I TEE T LV

ML EFRETETH - 72 17RO
HINOETF LRERD & e, BERErEA
L, FAGEPAZRIC X Z 0Pk, WTRIEE R
DIYMTHER/RIT 9o/ 2A L BHEE
WFAAED R THEAREMEE 20, 205 TH
- PIIE AT 2 4T » 72, T O Y i pe
AR AHM, FEERIE LK L S
DRI & o THHETRER L~V LR
PR R M OPITICERT 5% B2 & &
B, FILREBIEZEE L, R TETN %o
TWw5 (B 5-h).
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