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Summary Inherited disorders of amino and organic
acid metabolism have a high cumulative frequency,
and despite heterogeneous aetiology and varying
clinical presentation, the manifestation of neurological
disease is common. It has been demonstrated for some
of these diseases that accumulating pathological
metabolites are directly involved in the manifestation
of neurological disease. Various pathomechanisms
have been suggested in different in vitro and in vivo
models including an impairment of brain energy
metabolism, an imbalance of excitatory and inhibitory
neurotransmission, altered transport across the blood—
brain barrier and between glial cells and neurons,
impairment of myelination and disturbed neuronal
efflux of metabolic water. This review summarizes
recent knowledge on pathomechanisms involved in
phenylketonuria, glutaric aciduria type I, succinic
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semialdehyde dehydrogenase deficiency and aspartoa-
cylase deficiency with examples, highlighting general
as well as disease-specific concepts and their putative
impact on treatment.

Abbreviations

CD Canavan-van Bogaert-Bertrand disease
CNS central nervous system

GA1 glutaric aciduria type I

IEM inborn error of metabolism

LNAA large neutral amino acid

NAA N-acetyl-L-aspartate

OAD organic aciduria

PKU phenylketonuria

SSADH succinic semialdehyde dehydrogenase
TCA cycle tricarboxylic acid cycle

Introduction

Despite heterogeneous aetiology and varying clinical
presentation, the onset of neurological disease is com-
mon in inherited disorders of amino acid and organic
acid metabolism. Among them, cerebral organic acidu-
rias, such glutaric aciduria type I (GA I; OMIM #231670),
D-2-hydroxyglutaric aciduria (OMIM #600721) and
L-2-hydroxyglutaric aciduria (OMIM #236792; succinic
semialdehyde dehydrogenase (SSADH) deficiency
(OMIM #271980) and aspartoacylase deficiency (syno-
nym, Canavan-Bogaert-Bertrand disease; OMIM
#271900), and amino acid disorders such as phenylke-
tonuria (PKU; OMIM #261600) and maple syrup urine
disorder (OMIM #248600) present predominantly or
even exclusively with neurological symptoms, whereas
in classical organic acidurias, such as methylmalonic
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(mut’, OMIM #251000) and propionic acidurias (OMIM
#606054), neurological diseases usually manifest in
combination with the involvement of other organs
including skeletal and heart muscle, kidneys, liver and
pancreas. However, children with classical organic
acidurias may present exclusively with neurological
symptoms.

Neurological symptoms may occur acutely, such as
cytotoxic or vasogenic oedema, ‘metabolic stroke’ and
acute encephalopathic crises characteristically involv-
ing the basal ganglia (Funk et al 2005; Heidenreich
et al 1988; Kolker et al 2007; Strauss et al 2003; 2007).
However, neurological deterioration may progress over
many years, resulting in cerebral or cerebellar atrophy,
basal ganglia injury, white-matter disease, and optic
nerve atrophy (Huttenlocher 2000; Kiilkens et al 2005;
Matalon et al 1988; Pearl et al 2003; Thompson et al
1993). Owing to the involvement of grey and white
matter in various brain regions, the neurological
presentation of affected individuals with disorders of
amino and organic acid metabolism is wide, including
developmental delay, motor dysfunction (e.g. muscular
hypotonia, spasticity, dystonia, chorea, ataxia), cogni-
tive dysfunction (e.g. mental retardation, delayed
speech development, behavioural problems), psychiat-
ric disease, epilepsy, and macrocephaly or microceph-
aly (Matalon et al 1988; Nikolaides et al 1998; Paine
1957, Strauss et al 2003; Surtees et al 1992). Despite
the heterogeneous nature of these inborn errors of
metabolism, recent pathophysiological concepts for
some of these diseases have highlighted that frequent
CNS involvement may be the consequence of impair-
ment of brain energy metabolism and transport
mechanisms including the blood-brain barrier (BBB)
and the metabolic coupling between astrocytes and
neurons.

An approach to neurometabolism: From evolution
of man to modern neuroenergetics

The brain volume of the genus Homo has been tripled
within 2.5 million years of evolution, resulting in an
increase of the brain-to-body ratio compared to apes.
This had significant consequences for the neurometab-
olism of Homo sapiens sapiens. It has been estimated
that in adults glucose and oxygen consumption of the
CNS accounts for approximately 20% of the total daily
demand of the human body, although the brain weight
makes up approximately 2% of the body weight
(Sokoloff 1960). During intrauterine development as
well as in young infants, the energetic costs of the CNS
may increase up to 60-70% of the daily demand. The

major consumers of brain energy are excitatory
glutamatergic neurons, and in particular the Na*/K*-
ATPases that are indispensable to restore the resting
membrane potential and Na*-dependent glutamate
transport (Erecinska and Dagani 1990).

Not unexpectedly, the increasing energy demand of
the human brain has had tremendous phylogenetic and
ontogenetic consequences: (1) requirement of food
with a high biological quality which is confirmed by the
observation that in primates brain volumes correlate
with the quality of the diet (Leonard and Robertson
1992); (2) the involution of organs with a high energy
demand, in particular the digestive system, which has
been formulated along with the ‘expensive tissue
hypothesis’ (Aiello and Wheeler 1995); (3) slow intra-
uterine growth of the body, long duration of pregnancy
and single offspring (Hofman 1983); and (4) decrease
in interbirth intervals compared to gorilla and chim-
panzees, reducing the high energetic costs of breast-
feeding (Galdikas and Wood 1990).

After Roy and Sherrington published their ground-
breaking paper on the regulation of blood supply of the
brain in 1890; it was confirmed in many ways that
neuronal activity, brain energy metabolism and cerebral
blood flow are directly coupled (Roy and Sherrington
1890). Sokoloff has demonstrated using the 2-deoxy-
glucose method that glucose is the primary energy
substrate of the brain and that glucose is almost
completely oxidized to carbon dioxide and water
(Sokoloff 1991). This has been the dogma of classical
neuroenergetics for many decades. However, modern
neuroenergetics has highlighted that astrocytes, which
make up half of the brain volume and are 10-fold higher
in number than neurons, are indispensable for the
understanding of brain energy metabolism. Neuroana-
tomically, astrocytes are suggested to function as
sensors of neuronal activity since they have close
connections with synapses and microvessels. The astro-
cyte-to-neuron ratio has increased during evolution,
which may reflect increasing energy demand of the
growing neocortex (Sherwood et al 2006). Three distinct
biochemical pathways have been delineated that are the
basis of the bioenergetic coupling between astrocytes
and neurons forming a neuroenergetic unit:

1. The glutamate/glutamine cycle manages glutamate
uptake from the synaptic cleft and glutamate
recycling following synthesis of glutamine in astro-
cytes (Schousboe et al 1993).

2. The astrocyte-to-neuron lactate shuttle allows trans-
port and oxidation of lactate in neurons (Magistretti
et al 1999). In fact, evidence supports the notion
that under certain conditions lactate is the primary
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energy substrate of neurons instead of glucose,
challenging the dogma of classical neuroenergetics
(Bouzier-Sore et al 2003).

3. The dicarboxylic acid shuttle from astrocytes to
neurons compensates for the constant drain of
dicarboxylic acids from the tricarboxylic acid
(TCA) cycle for glutamate neosynthesis (Schousboe
et al 1997). This shuttle prevents decreased flux
through the TCA cycle since neurons are suggested
to lack an important anaplerotic mechanism, in
particular pyruvate carboxylase.

Last but not least, neurometabolism cannot be
understood without consideration of the BBB. The
BBB is a specialized system of brain microvascular
endothelial cells rich in tight junctions that shield the
brain from toxic substances in the blood; it supplies
brain tissues with nutrients and filters harmful com-
pounds from the brain back to the bloodstream. The
close interaction between endothelial cells and other
components of the neurovascular unit (astrocytes,
pericytes and basement membrane) ensures proper
function of the central nervous system (Persidsky et al
2006). This physiological barrier strongly limits the
transport of hydrophilic compounds (e.g. glucose,
amino acids, monocarboxylic acids) from blood to
brain (influx) and from brain to blood (efflux). Many
transporters for specific hydrophilic substrates with
various substrate specificities, capacities and affinities
have been identified that allow the BBB to function as
a gatekeeper (Pardridge 1998).

The improved understanding of neurometabolism
has significantly influenced the unravelling of patho-
mechanisms underlying neurological disease in inborn
errors of metabolism (IEMs). In the following, basic
pathomechanistic principles of CNS involvement in
disorders of amino and organic acid metabolism (PKU,
GA I, SSADH deficiency, and aspartoacylase defi-
ciency) are discussed with examples.

Amino acid disorders
Classical phenylketonuria

PKU (OMIM #261600), which has a prevalence of ap-
proximately 1:8000 newborns in Europe, was the first
neurogenetic disorder identified (Fglling 1934) and the
first successfully treated IEM (Bickel et al 1953).
Furthermore, PKU was instrumental for the intro-
duction of newborn mass screening by Guthrie and
Susi (1963) and is now diagnosed most commonly in
routine screening of newborns. PKU is caused by
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autosomal recessively inherited disease-causing muta-
tions in the PAH gene on chromosome 12q24.1
resulting in deficient activity of phenylalanine hydrox-
ylase (EC 1.14.16.1) which leads to intolerance of
dietary phenylalanine and reduced tyrosine production.
Before it was known that PKU was treatable and before
newborn mass screening was established in many
countries worldwide, affected individuals suffered
severe mental retardation, microcephaly, epilepsy,
spasticity and behavioural problems, and neuropatho-
logical studies have demonstrated low brain weight,
white-matter lesions, decreased myelin formation and
dopamine, norepinephrine and serotonin production,
and less-developed dendritic trees in untreated patients
(Huttenlocher 2000; Paine 1957). Despite significant
progress in the management of patients with PKU, the
pathogenesis is less clear.

While phenylalanine hydroxylase is expressed in
liver and kidneys, the manifestation of PKU is predom-
inantly neurological. This has led to consideration of
how the disease is ‘transported’ to the CNS. The most
conclusive explanation as outlined by the ‘large neutral
amino acid (LNAA) hypothesis’ is that elevations of
phenylalanine in plasma impair the transport of LNAA
via system L (Pietz et al 1999). System L has a high
affinity for LNAA, resulting in selective vulnerabil-
ity to derangements of single LNAAs in plasma.
As a consequence of competition at the BBB, LNAA
are depleted in the CNS compartment, resulting in
decreased protein synthesis and decreased production
of serotonin, catecholamines, histamine, carnosine and
S-adenosylmethionine (Matalon et al 2003; McKean
1972; Pardridge 1998; Pietz et al 1999; Smith et al
1988). Supplementation with LNAA can reduce brain
levels of phenylalanine despite high serum levels by
competition at this transporter and therefore is under
investigation as a dietary therapy (Pietz et al 1999).

In addition to LNAA depletion, increased phenylal-
anine concentrations in the CNS mediate direct effects.
These include competition of phenylalanine with gly-
cine at the glycine-binding site of NMDA receptors and
with glutamate at the glutamate binding site of AMPA
receptors. This has implications for long-term changes
in glutamatergic synaptic transmission, demonstrated
by phenylalanine-induced increased expression of glu-
tamate receptor subunits NR2A, GluR1 and GluR2/3
and decreased expression of NR2B (Glushakov et al
2003, 2005). The glutamatergic neurotransmission
plays a key role in synaptic function and density,
memory and learning, epilepsy, dendritic arborization,
and the regulation of apoptosis in the immature brain
(Collingridge et al 1983; Erwald et al 2008; Fox et al
1991; Ikonomidou et al 1999; Meador 2007; Pawlak
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et al 2005; Rowland et al 2005; Tsukada et al 2005).
Given the important role of the glutamatergic system
in brain development and function, these changes may,
at least in part, explain the brain disorder associated
with untreated PKU (Huttenlocher 2000). Further-
more, it has been suggested that phenylalanine may
affect myelination in the forebrain. This is supported
by the reduction of 3-hydroxy-3-methylglutaryl-CoA
reductase activity and cholesterol synthesis in the
forebrains of pah®™? mice, a transgenic mouse mod-
el for PKU (Shefer et al 2000), the identification of
phenylalanine-sensitive oligodendroglial subpopula-
tions in the forebrain, and the observation that size
and nature of white-matter lesions correlate with
blood phenylalanine levels (Bick et al 1991; Dyer et al
1996; Huttenlocher 2000; Shefer et al 2000; Thompson
et al 1993).

Some studies have demonstrated that brain energy
metabolism is altered in PKU, which is demonstrated
by impairment of glucose metabolism in PKU patients
and pah®™ mice and following phenylalanine load-
ing in rats, as well as by the phenylalanine-induced
inhibition of pyruvate kinase (Hasselbalch et al 1996;
Horster et al 2006; Quin and Smith 2007; Weber 1969).
However, it remains to be elucidated whether impaired
brain energy metabolism is a primary change in PKU
or whether it reflects reduced functional activity along
with silencing of cost-extensive glutamatergic signalling.

Magnetic resonance (MR) spectroscopy studies have
demonstrated that patients’ brain phenylalanine con-
centrations were different in spite of similar plasma
levels following oral phenylalanine load. Interindividual
apparent Michaelis constants, brain influx ratios and
consumption rates varied significantly in clinically typical
patients and untreated, normally intelligent, adult
patients. Thus such variations seem to be a major caus-
ative factor for the individual vulnerability to PKU
(Moller et al 1998; Weglage et al 2002). Although it is
not yet identified, a second catalytic variant affecting
amino acid transport at the BBB is a likely candidate
for protection against high phenylalanine concentra-
tions in the brain (Trefz et al 2000).

In conclusion, despite interindividual variations,
solid evidence confirms the notion that increased
plasma concentrations of phenylalanine correlate di-
rectly with the onset or deterioration of neurological
disease in PKU. This has led to the successful
development of phenylalanine-restricted dietary treat-
ment, which prevents the onset of neurological disease
in pre-symptomatically diagnosed individuals. Since
responsiveness to tetrahydrobiopterin is more preva-
lent than was previously assumed, particularly in
patients with mild PKU, long-term treatment with

tetrahydrobiopterin could be a potential treatment
option for a subgroup of patients (Burnett 2007; Fiege
and Blau 2007; Muntau et al 2002; Trefz et al 2005).

Organic acidurias
General concepts

At present, there is no unifying and generally accepted
concept for the neuropathogenesis of organic acidurias
(OADs). A few general pathogenetic concepts have
been introduced.

1. “Metabolic stroke’ and toxic metabolite hypothesis:
Owing to the stroke-like onset of neurodegenerative
changes in OADs that may evolve during acute
encephalopathic or acute metabolic crises and that
particularly affect the basal ganglia, the term
‘metabolic stroke’ has been introduced (Heidenreich
et al 1988). It has been suggested that these lesions
are induced by an accumulation of putatively toxic
metabolites and that they cannot be explained by
hypoxaemia or vascular insufficiency, nor do the
lesions fit a vascular distribution when detected on
neuroimaging studies. A limitation of this concept is
that it is purely descriptive and lacks a conclusive
pathophysiological and neuroradiological definition.
However, this concept has for the first time high-
lighted that accumulating pathological metabolites
may contribute to the manifestation of neurological
disease in OAD:s.

The contribution of putatively toxic metabolites to
neurological disease is the backbone of recent patho-
physiological hypotheses for OADs (Koélker et al 2004;
Okun et al 2002; Sauer et al 2005, 2006; Schwab et al
2006; Ullrich et al 1999; Zinnanti et al 2006) involving
excitotoxic cell damage and mitochondrial dysfunction.
A limitation of this concept is that tissue-specific
concentrations of accumulating metabolites are only
known for a few OADs because of a lack of postmor-
tem studies and rare animal studies. Furthermore,
OADs often lack a clear-cut correlation between the
biochemical and clinical phenotypes.

2. Trapping hypothesis: Recently, it has been demon-
strated that glutaric and 3-hydroxyglutaric acids
strongly accumulate in the brain following intrace-
rebral de novo synthesis and owing to a very
limited efflux from brain to blood (Funk et al
2005; Sauer et al 2006). The physiological basis of
this observation is the lack of a known high-
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capacity transporter system for dicarboxylic acids
at the BBB, facilitating the cerebral accumulation
of non-permeating compounds if these are pro-
duced within the brain compartment (Hassel et al
2002). It has been hypothesized that, as a result of
the very limited efflux, in certain OADs there is
pathological accumulation of dicarboxylic acids in
the brain secondary to the metabolic block (Kolker
et al 2006a). At high concentrations some of these
compounds may become neurotoxic. This is the
second identified principle in which the BBB sig-
nificantly contributes to the manifestation of neuro-
logical disease in IEM. In contrast to the BBB,
glutaric and 3-hydroxyglutaric acids are transported
along the dicarboxylate shuttle between astrocytes
and neurons, mediated by dicarboxylate transporters
NaC2 and NaC3 which are expressed on neurons and
astrocytes (Stellmer et al 2007; Yodoya et al 2006).

Glutaric aciduria type I

The molecular basis of GA I (OMIM #231670) relies on
autosomal recessively inherited deficiency of glutaryl-
CoA dehydrogenase (EC 1.3.99.7), which is encoded by
the GCDH gene localized on chromosome 19p13.2.
The onset of acute striatal injury, which manifests
during acute encephalopathic crises mostly before the
age of 3 years, is the prognostically relevant event in
GA I (Kolker et al 2006b; Strauss et al 2003). Such
crises are usually precipitated by conditions that are
likely to induce catabolic state, e.g. infectious diseases
(Hoffmann et al 1996). Striatal injury is irreversible
and most characteristically results in dystonia or other
extrapyramidal manifestations such as chorea (Kolker
et al 2006b; Strauss et al 2007). Recent studies have
highlighted that acute striatal injury may be induced
by a synergistic effect of accumulating metabolites
(glutaric acid, 3-hydroxyglutaric acid, glutaryl-CoA) in
combination with age-dependent and area-specific
changes during brain maturation. Specifically, it was
shown that accumulating metabolites induce activation
of NMDA receptors (Kolker et al 2004); inhibition of
glutamate uptake from the synaptic cleft (Porciuncula
et al 2000); depletion of the intracellular phosphate
pool (Ullrich et al 1999); inhibition of the glutamate
decarboxylase, the key enzyme of GABA synthesis
(Stokke et al 1976); inhibition of the a-ketoglutarate
dehydrogenase complex, the rate-limiting enzyme of
the TCA cycle (Sauer et al 2005); disturbance of the
dicarboxylate shuttle between astrocytes and neurons
(Stellmer et al 2007; Yodoya et al 2006); and dysfunc-
tion and cell death of microvessel endothelial cells
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(Miihlhausen et al 2006) and oligodendroglial precur-
sors (Gerstner et al 2005).

Recently, oral lysine loading in Gedh™'~ mice, a
transgenic mouse model for GA I (Koeller et al 2002),
produced a clinical phenotype similar to acute enceph-
alopathic crises in affected individuals (Zinnanti et al
2006). The onset of neurological disease was accom-
panied by an increase of putatively toxic metabolites in
the brain compartment. The manifestation of cerebral
injury was prevented by treatment with homoarginine,
limiting the lysine influx into the brain and, as a
consequence, intracerebral production of toxic metab-
olites (Zinnanti et al 2007). This is in line with previous
animal and postmortem studies which have highlighted
that concentrations of glutaric and 3-hydroxyglutaric
acids are 10- to 1000-fold higher in brain than in
plasma (Funk et al 2005; Goodman et al 1977; Kiilkens
et al 2005; Leibel et al 1980; Sauer et al 20006), reflect-
ing the limited efflux capacity of the BBB for dicar-
boxylic acids. In addition, in two patients receiving
lysine-restricted dietary treatment and lysine-free amino
acid supplementation, the cerebral concentrations of
glutaric and 3-hydroxyglutaric acids were almost nor-
malized (Bennett et al 1986; Kolker et al 2003).
Recently, a cross-sectional study on 279 patients with
GA 1 demonstrated that oral lysine restriction (plus
administration of lysine-free amino acid supplements),
in combination with carnitine supplementation, and
emergency treatment had a beneficial effect on the
prevention of acute striatal injury in pre-symptomati-
cally diagnosed children (Kolker et al 2006b). This has
been confirmed by a prospective study including 38
children identified by newborn screening in Germany
demonstrating that 89% of these children remained
asymptomatic on this treatment (Kolker et al 2007).

Since pathophysiological and clinical studies have
suggested that lysine influx into the brain via system y*
at the BBB and accumulation of toxic dicarboxylic
acids in the brain, which are trapped owing to limited
permeability of the BBB, contribute to the pathome-
chanism underlying neurological disease in GA I,
optimization of treatment has to consider a balanced
reduction of cerebral lysine influx across the BBB by
dietary lysine restriction (Kolker et al 2006b, 2007) or
supplementation with arginine (competing with lysine
for transporter y*) or by trans-stimulation of organic
acid transporters (e.g. OAT3; Sauer et al 2006) to
stimulate the efflux of dicarboxylic acids.

Succinic semialdehyde dehydrogenase deficiency

Succinic semialdehyde dehydrogenase (SSADH; EC
1.2.1.16) deficiency (OMIM #271980), first described
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by Jakobs and co-workers (1981), is an autosomal
recessively inherited neurometabolic disorder of
GABA metabolism resulting in accumulation of suc-
cinic semialdehyde and, secondarily, y-hydroxybutyric
acid (GHB), 4,5-dihydroxyhexanoic acid and GABA.
The CSF concentrations of GHB are massively elevated
(up to 230-fold of controls), and GABA concentrations
show a 3-fold increase (Gibson et al 2003). The
molecular basis of this disease relies on the SSADH
(ALDHS5AI) gene localized on chromosome 6p22.
Language and motor delay, muscular hypotonia and
hyporeflexia, mental retardation, ataxia, behaviour
problems and epilepsy (absence, myoclonic epilepsy or
generalized tonic-clonic seizures) are frequently found
in these patients. Symptoms outside of the central
nervous system have not been reported. Neuroimaging
reveals cerebral and cerebellar atrophy, and signal
changes in the globus pallidus, subcortical white matter,
the dentate nucleus and the brainstem (Pearl et al 2003).

Major pathomechanisms involved in this disease
were elucidated by studying Aldh5al™'~ mice, a
transgenic mouse model for SSADH deficiency gener-
ated by Hogema and co-workers (Hogema et al 2001),
and by clinical experience with increasing illicit use of
GHB as a recreational club drug (‘liquid XTC”) or for
drug-facilitated sexual assault (‘date rape’) because of
its rapid sedative effect (Drasbek et al 2006; Snead and
Gibson 2005). Recent pathophysiological concepts
have highlighted that neurological disease is induced
by cerebral increase of GHB and GABA (reviewed by
Knerr et al 2007). At physiologically low concentra-
tions, GHB primarily acts via GHB receptors, which
are presynaptically located G-protein-coupled recep-
tors. GABAg receptors are the major target at high
pharmacological GHB concentrations (Lingenhoehl
et al 1999). GHB-induced stimulation of GABApg
receptors activates various pre- and postsynaptic mech-
anisms, inducing alterations in the release of dopamine,
GABA and glutamate (Berton et al 1999). Changes in
the expression of age-dependent AMPA receptor sub-
units during brain development in Aldh5al '~ mice
have been described (Wu et al 2004). In addition,
GHB inhibits the mitogen-activated protein kinase
(MAPK) pathway, which may have numerous con-
sequences including long-term neuroadaptive changes
(Ren and Mody 2003) and impaired myelination
(Donarum et al 2006).

Chronic increases in GABA, the major inhibitory
neurotransmitter in the CNS, primarily involves sig-
nalling via GABA 4 receptors. Prolonged occupancy of
GABA, receptors results in use-dependent down-
regulation of this receptor. Recently, it was shown in
Aldh5al™'~ mice that progressive downregulation of

GABA 4 receptor subunit B, from postnatal day 7 to
day 19 was paralleled by progressive GABA 5 receptor
dysfunction, hyperexcitability of neurons and, as a
consequence, the manifestation of seizures (Wu et al
2006). These observations may explain why the
irreversible GABA transaminase inhibitor vigabatrin,
which is most widely used for treatment of SSADH
deficiency and rescues Aldh5al ™'~ mice from lethal
seizures (Gibson et al 1989; Hogema et al 2001), is
inconsistent in treatment of seizures associated with
SSADH deficiency. This drug decreases the cerebral
concentrations of GHB but exacerbates hyperGA-
BAergic status (Gropman 2003). In addition, GABA
elevations may also affect myelination via GABA,
and GABA5 receptors involving the MAPK pathway
and the production of neurosteroids such as proges-
terone and allopregnanolone (Gupta et al 2003;
Donarum et al 2006).

These studies may have consequences for optimiza-
tion of treatment involving drugs or dietary strategies
that specifically inhibit or modulate GHB and
GABAg receptors without exacerbating the hyper-
GABAergic state (reviewed by Knerr et al 2007).

Aspartoacylase deficiency (Canavan—van
Bogaert-Bertrand disease)

Canavan-van Bogaert-Bertrand disease (CD; OMIM
#271900; Canavan 1931; Van Bogaert and Bertrand
1949) is a rare autosomal recessive cerebral OAD
caused by disease-causing mutations in the ASPA gene
localized on chromosome 17pter-pl3. Aspartoacylase
(EC 3.5.1.15) is localized in oligodendrocytes (Baslow
et al 1999) and catalyses the hydrolysis of N-acetyl-L-
aspartate (NAA) to form aspartate and acetate
(Matalon et al 1988). NAA is synthesized primarily
in neurons and its production is directly coupled to
glucose metabolism, i.e. 1 mol NAA is produced for
every 40 mol glucose or glucose equivalent oxidized
(Moreno et al 2001). The neuronal NAA concentra-
tion is up to 20 mmol/L, representing about 7% of
neuron osmolarity and 3-4% of total brain osmolarity
(Baslow 2000a). Biochemically, aspartoacylase defi-
ciency results in significant increase of cerebral NAA
concentrations.

Clinically, CD mostly manifests at age 2-4 months
with delayed development. Muscular hypotonia with
prominent head lag, epilepsy, loss of previously
acquired skills and progressive megalencephaly are
regularly found. Seizures and optic nerve atrophy
develop during the second year of life. As the dis-
ease progresses, affected children develop pyramidal
signs, and finally decerebration (Matalon et al 1988).
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CD demonstrates bilateral symmetric T2-weighted
white-matter hyperintensity, including involvement of
the subcortical arcuate fibres. This disease appears
diffusely throughout the cerebral white matter, and
demonstrates variable involvement of the basal ganglia
and cerebellar white matter (McAdams et al 1990).
Histology demonstrates spongiform degeneration, in
particular of the cortex and subcortical white matter,
with less involvement in the cerebellum and brainstem
which is caused by excessive fluid accumulation within
oligodendrocyte myelin lamellae, in swollen astrocytes
and in extracellular fluid vacuoles (Matalon et al
1988). Electron microscopy reveals swollen astrocytes
and distorted mitochondria (Adornato et al 1972).

The pathophysiology of CD is still unclear, but a
recent hypothesis has suggested that spongiform de-
generation might be induced by impaired efflux
transport of neuronal metabolic water. The average
utilization of glucose in cortical grey matter is approx-
imately 37 umol/100 g per min (De Volder et al 1997)
which, following complete oxidation, results in the
production of 133 pumol/g per h of metabolic water
(Baslow 2002c). The metabolic water production in the
brain is 12 times higher than in other tissues (Raichle
et al 2001). A large proportion of the neuronal surface
is separated from the extracellular space following
myelination, impeding efflux of metabolic water. It has
been hypothesized by Baslow (the ‘molecular water
pump hypothesis’) that NAA may act as a molecular
water pump between neurons and oligodendrocytes,
promoting the efflux of neuronal metabolic water
(Baslow 2002c). In fact, it has been estimated that
NAA has a high turnover rate in brain and that 1 mol
NAA transports 110-130 mol of metabolic water (Baslow
2002c). As the NAA level in the brain is constant in
healthy individuals, the rate of NAA synthesis from
glucose in neurons must equal the rate of NAA
hydrolysis by aspartoacylase in oligodendrocytes. As a
consequence of aspartoacylase deficiency resulting in
disruption of the catabolic part of the NAA cycle, i.e.
hydrolysis of NAA to acetate and aspartate, CD can be
understood as an osmotic disease resulting in osmotic
imbalance and, subsequently, spongy demyelination. In
contrast, complete disruption of the NAA cycle due to
impairment of NAA synthesis, as described in hypoace-
tylaspartic children, does not exhibit megaloencephal-
opathy and demyelination (Martin et al 2001). Despite
these considerations, there is not yet any direct
evidence that supports the notion that excess NAA in
the brain causes dysmyelination through osmotic dam-
age. Furthermore, it remains unclear why disruption of
the catabolic pathway of the NAA cycle causes spongy
demyelination prior to brain oedema.
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A major disadvantage of this hypothesis is that to
date no protein has been characterized that acts to co-
transport NAA and water out of neurons. However,
it has been shown that the sodium-dependent trans-
porter NaC3 moves extracellular NAA into glial cells
(George et al 2004). Furthermore, there is strong evi-
dence against the suggestion that NAA is involved in
axon-glial signalling in analogy to the glutamate/
glutamine cycle (Baslow 2000b). In fact, Miller and
co-workers (1996) found no evidence that following
hydrolysis of NAA the breakdown products acetate
and aspartate are passed from glia back to neurons,
and then are re-utilized for re-synthesis of NAA.
Interestingly, recent studies have proposed that re-
duced supply of NAA-derived acetate is the primary
aetiological mechanism in the pathogenesis of CD,
resulting in reduced lipid synthesis in myelinating cells
of the brain, in particular when axonal myelination
is maximal during early infancy (reviewed by Moffett
et al 2007). Therefore, dietary acetate supplementa-
tion therapy using glyceryl triacetate has been consid-
ered a possible treatment for Canavan disease and
was recently studied in ASPA™'~ mice (Madhavarao
et al 2005).

In addition to the link between NAA catabolism
and myelination, there is growing evidence that NAA
and brain energy metabolism are directly coupled
(reviewed by Clark 1998). In glial cells, unlike in
neurons, acetate is preferentially utilized for energy
production through the TCA cycle, suggesting that
oligodendrocytes could use NAA-derived acetate for
energy production, in particular after myelination is
complete (Bluml et al 2002).

Furthermore, acetylation of aspartate may facilitate
its removal from neuronal mitochondria, thus favour-
ing conversion of glutamate to a-ketoglutarate which
then enters the TCA cycle for energy production
(Madhavarao et al 2005).

The prognosis of infantile Canavan disease is
rapidly fatal, whereas milder disease courses have
been described in some patients. Unfortunately,
therapeutic strategies do not yet significantly influ-
ence the cause of disease. However, improved under-
standing of the physiological functions NAA in the
brain may elucidate novel therapeutic options: Lithi-
um chloride, decreasing abnormally elevated NAA
levels in one affected individual, has recently been
considered as supportive therapy but warrants further
investigation (Janson et al 2005). Gene therapy using
neurosurgical application of recombinant adeno-asso-
ciated virus containing the recombinant aspartoacylase
gene has been studied recently (Janson et al 2002;
McPhee et al 2006).
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Conclusions

Pathomechanisms underlying CNS involvement in
inherited disorders of amino acid and organic acid
metabolism are coming to be elucidated and are
seemingly complex. As far as is understood, synergistic
effects of accumulating putatively toxic metabolites
are more likely to contribute to the manifestation of
neurological disease than are single major effects. This
reflects the complexity of regulatory mechanisms
underlying the balance of excitatory and inhibitory
transmission and the short-term coupling of brain
energy metabolism to local changes in neuronal
activity and energy demand. Not unexpectedly, puta-
tive pathomechanisms identified for amino acid dis-
orders and organic acidurias interfere with some of the
key mechanisms of neurometabolism, including the
regulation of glutamatergic and GABAergic neuro-
transmission, neuroenergetics and the handling of
metabolic water, regulation of influx and efflux of
hydrophilic compounds from and to the brain com-
partment via the BBB, and the process of myelination.
Although only some of these IEMs are considered as
treatable and the burden of neurological complications
is still high in affected individuals, it is hoped that
novel or optimized therapeutic strategies derive from
systematic pathophysiological studies. Such studies
may stimulate a refinement of current dietary treat-
ment strategies by systematic exploitation of the
physiological function of the BBB, restoration of brain
energy metabolism by implementation of anaplerotic
therapies, or development of novel detoxification
strategies. Enzyme replacement or gene therapy,
however, are not yet available or reliably established
for these disorders. Liver transplantation is an alter-
native approach allowing long-lasting correction of the
hepatic phenotype. However, although liver transplan-
tation is a therapeutic option for some of these IEMs,
such as maple syrup urine disorder (Strauss et al 2006),
it may not reliably protect against long-term compli-
cations in other IEMs, such as in methylmalonic
aciduria (Leonard et al 2001).
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