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Abstract

Canavan disease (CD), a rare recessive autosomal genetic disorder, is characterized by early
onset and a progressive spongy degeneration of the brain involving loss of the axon’s myelin
sheath. After a relatively normal birth, homozygous individuals generally develop clinical
symptoms within months, and usually die within several years of the onset of the disease. A
biochemical defect associated with this disease results in reduced activity of the enzyme N-acetyl-
L-aspartate amidohydrolase (aspartoacylase) and affected individuals have less ability to hydro-
lyze N-acetyl-l-aspartate (NAA) in brain and other tissues. As a result of aspartoacylase
deficiency, NAA builds up in extracellular fluids (ECF) and is excreted in urine. From an analy-
sis of the NAA biochemical cycle in various tissues of many vertebrate species, evidence is
presented that there may be two distinct NAA circulation patterns related to aspartoacylase
activity. These include near-field circulations in the brain and the eye, and a far-field systemic
circulation involving the liver and kidney, the purpose of which in each case is apparently to
regenerate aspartate (Asp) in order for it to be recycled into NAA as part of the still unknown
function of the NAA cycle. Based on the authors’ analysis, they have also identified several
metabolic outcomes of the genetic biochemical aspartoacylase lesion. First, there is a daily
induced Asp deficit in the central nervous system (CNS) that is at least six times the static level
of available free Asp. Second, there is up to a 50-fold drop in the intercompartmental NAA
gradient, and third, the ability of the brain to perform its normal intercompartmental cycling of
NAA to Asp is terminated, and as a result, the only remaining long-term source of Asp for NAA
synthesis is via nutritional supplementation of Asp or its metabolic precursors. Finally, the
authors identify a potential maternal-fetal interaction that may be responsible for observed
normal fetal development in utero, and that provides a rationale for, and suggests how, CD
might respond to far-field nutritional, transplantation, or genetic engineering techniques to alter
the course of the disease.

Index Entries: N-acetylaspartate; N-acetylaspartic aciduria; N-acetylaspartic acidemia;
N-acetylhistidine; Canavan disease; hypoaspartia.
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Introduction

Canavan disease (CD), a rare autosomal reces-
sive genetic disorder, is recognized by early onset
and a characteristic and progressive degeneration
of the brain. It has been classified as an infantile
encephalitis periaxialis diffusa in which there is
degeneration of the axons’ medullary sheaths, but
the axons themselves remain intact (Canavan,
1931). The degeneration of the central nervous sys-
tem (CNS) is further characterized by elevated
cerebrospinal fluid (CSF) pressure, intramyelinic
edema, and a spongiform degeneration and swell-
ing of astrocytes, with a peculiar elongation of
mitochondria within involved astrocytes (Ford,
1960; Adachi and Volk, 1968; Boehme and Marks,
1981). CD has been reported to exist in a number
of variants (Matalon et al., 1993). These include a
congenital form, in which the disease is apparent
at birth or shortly thereafter; a much more com-
mon infantile form, in which symptoms appear
after the first 6 mo; and a juvenile form, in which
the disease appears after approx 5 yr. CD can also
exist in severe or mild forms, affecting both rate of
progression and longevity (Shaag et al., 1995).
N-acetylaspartic aciduria was first linked to a case
of progressive CNS atrophy, probably CD, in a 6-yr-
old child by Kvittengen et al. (1986), who proposed
that the excretion of N-acetylaspartate (NAA) was
caused by a defective ability of the CNS to degrade
this compound. Subsequently, CD was found to
be uniquely associated with N-acetylaspartic
aciduria, and with a biochemical lesion of NAA
metabolism involving an N-acetyl-L-aspartate
amidohydrolase (aspartoacylase) deficiency, which
results in the accumulation of NAA in extracellu-
lar fluid (ECF), including plasma and its excretion
in urine (Matalon et al., 1988, 1995; Kaul et al., 1991).
The gene controlling the synthesis of aspartoacylase
has been identified on chromosome 17, and there
are several different mutations, with distinct popu-
lation distributions, that can produce aberrant
aspartoacylase with reduced enzymatic activity
(Kaul et al., 1993, 1994a,b; 1996, Shaag et al., 1995),
but these investigators have as yet been unable to
provide an explanation of just how the CNS and
systemic aspartoacylase deficiency results in the
observed CD syndrome. Although the enzymatic
deficit associated with this disease is genetic and bio-
chemically profound, the onset of the severe disease
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does not appear in utero, but instead appears post-
partum, in infancy, usually within months after
normal birth, with the majority of patients rapidly
deteriorating and dying within the first 3 yr of
life (Canavan, 1931; Adachi and Volk, 1968). NAA
and its associated metabolic enzymes appear early
in the gestation period, when the CNS is being
formed (Birken and Oldendorf, 1989), and ele-
vated NAA in amniotic fluid of the CD fetus con-
tirms the early onset of the biochemical lesion
(Bennett et al., 1993; Elpeleg et al., 1994). There-
fore, it would appear that the delay of onset of the
disease itself may be caused by some biochemical
protection afforded to the homozygous fetus by
the heterozygous maternal carrier during the period
of gestation. Although the function of NAA in the
brain of vertebrates is presently unknown, as a result
of the observed genetic defect in CD, Matalon et
al. (1993) suggest that NAA and aspartoacylase
play a significant role in brain biology. It is also
obvious that the other two components that com-
prise the NAA biochemical system, its precursor
amino acid and its synthetic enzyme, must share in
this significant role. It is to be hoped that elucidation
of this role could also illuminate a new and impor-
tant area of CNS function in normal individuals.

Of the scores of inborn errors of metabolism
found in the human brain (Scriver and Rosenberg,
1973), many are aminoacidopathies that are asso-
ciated with a primary enzyme deficiency. These
enzyme deficits generally manifest themselves in a
secondary amino aciduria or hypo- or hyperamino
acidemia, which becomes the clinical marker for
the specific disease. Finally, there is a tertiary
effect that results in a hypo- or hyperamino acidia
at the tissue level that is responsible for the meta-
bolic consequence and observed syndrome that is
a result of the initial biochemical lesion. In some
of these cases, the overall effect on metabolism
may be benign in nature, whereas in other cases,
the primary deficiency may lead to profound
metabolic consequences. In this paper, the authors
explore the possible metabolic interactions that
might occur in CD, which could help to explain
how the primary enzyme defect might result in the
observed severe clinical symptoms associated
with this disease. It is hoped that an understand-
ing of the basic metabolic events associated with
NAA may provide clues with regard to where and
how CNS metabolism is affected, and point to pos-
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sible interventions that might stem the course of
the disease process. In this communication, the
authors review evidence that there may be two
overlapping NAA circulation patterns that are used
to provide aspartoacylase to complete the NAA
biochemical cycle and produce L-aspartate (Asp):
a near-field circulation in the brain and the eye,
and a far-field circulation involving the liver and
kidney. In addition, the authors develop the con-
cept that it is not the biochemical defect in CD of
itself, but rather an induced metabolic deficit
resulting from that defect, that is responsible for
initiation of the clinical syndrome. The authors
also explore the possibility of a maternal-fetal
interaction between the heterozygous parent and
the homozygous fetus, in the form of a far-field
biochemical interaction that delays the onset of the
severe symptoms of the CD aspartoacylase defect.
Finally, the authors have attempted to evaluate
several observed pharmacological and physiologi-
cal interactions with components of the NAA sys-
tem in order to gain some insight into how the
NAA system might be involved in daily CNS
activity in normal individuals.

NAA Metabolism

The Biochemical Cycle

Some recent insights gained with regard to the
metabolism of N-acetylated amino acids in the ver-
tebrate CNS have provided additional background
information with which to evaluate the nature of
the biochemical lesion in CD (Baslow, 1997). It has
been observed that NAA is a major constituent of
the vertebrate brain and eye, characterized by high
tissue concentrations, high tissue to ECF gradi-
ents, and by a continuous efflux into ECF. NAA is
part of a specific biochemical system that consists
of NAA; L-aspartate; a synthetic enzyme, L-aspartate
N-acetyl transferase (EC 2.3.1.17); and a hydrolytic
enzyme, N-acetyl-L-aspartate amidohydrolase
(EC 3.5.1.15). Although the function of the NAA
system is as yet unknown, the compartmentaliza-
tion of the synthetic and hydrolytic enzymes asso-
ciated with NAA metabolism and the severity of
the consequences of the absence of aspartoacylase
in CD suggest that it plays a vital role in some
membrane function. NAA synthesis is from Asp
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and AcCoA, and is associated with a cellular
mitochondrial fraction. Hydrolysis of NAA to Asp
and acetate resides in another compartment, which
may be a membrane or ECF, and there is evidence
that NAA is cycled between cells and ECF with a
major role of aspartoacylase being to hydrolyze
NAA so that Asp and acetate are produced, and
can then be actively transported back into the cells
to complete the biochemical NAA cycle. Synthesis
of NAA is not restricted to any single cell type. In
addition to the apparent synthesis of large amounts
of NAA by cells of the aneural lens in the rat and
in fish (Baslow and Yamada, 1997a), studies of
specific cell types from the 7-d-old rat CNS, grown
in tissue culture, have revealed that NAA can be
synthesized by a variety of cell lines. Urenjak et al.
(1992) observed that cerebellar granule neurons, a
bipotential glial precursor cell found throughout
the CNS, oligodendrocyte-type-2-astrocyte progen-
itors, and immature oligodendrocytes could syn-
thesize NAA. However, in that study, NAA could
not be found in cultures of purified meningeal
cells, purified cortical astrocytes, or mature oligo-
dendrocytes. Glial cells have been reported to
strongly accumulate 1*C acetate and “C Asp against
a gradient, whereas there was very little uptake of
these substances in neurons. In addition, turnover
of Asp in glial cells in the presence of 1C glucose
and MC pyruvate, sources of AcCoA used in the
synthesis of NAA, was three to four times that of
neurons (Pevzner, 1979). Based on these Asp uptake
and NAA synthesis studies, the peculiar cellular
morphology presented in CD, and the presence of
the NAA system in the aneural lens, it would
appear that this system may have very little direct
interaction with neurons. Instead, the intercom-
partmental NAA cycle seems to be more closely
associated with cells involved in metabolic and
structural support roles, including oligodendroglial
myelin-forming cells, neuroglia, and endothelial or
epithelial lining cells. Although aspartoacylase in
the fish eye appears to be a soluble enzyme in ocu-
lar fluids (Baslow, 1997), Kaul et al. (1991), using
immunostaining techniques on bovine cerebellum
tissue, found aspartoacylase activity to be associ-
ated with myelin, and suggest that the enzyme
may be membrane bound. The NAA system is
dynamic and energy driven, and based on enzyme
activity levels and NAA efflux, there may be com-
plete turnover of NAA in the CNS on a daily basis.
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The potential for such turnover in the brain can be
broadly estimated from the level of tissue NAA
and its synthetic and hydrolytic enzyme activities.
In the rat, the brain contains 5.25 umol/g of NAA
(Tallan, 1957) and exhibits aspartoacylase activity
of 2.05 pmol/g/h (Goldstein, 1976), and NAA syn-
thetase activity of 0.48 pumol/g/h (Truckenmiller
etal., 1985). Considering aspartoacylase activity in
this species, all of the brain NAA could be hydro-
lyzed in 2.6 h and based on synthetase activity it
could be replaced in 10.9 h.

Relationship Between NAA
and N-Acetylhistidine

NAA and N-acetyl-L-histidine (NAH), another
acylamino acid present in the CNS of vertebrates,
in many cases simultaneously, appear to be meta-
bolic analogs (Baslow, 1997). NAH, a major com-
ponent in tissues of cold-blooded forms, has also
been reported to be present in mammalian tissues,
including rat brain, rabbit and human lenses,
guinea pig and rabbit cardiac muscles, and rat
skeletal muscle (Baslow and Yamada, 1997a).
Although NAA and NAH have different phyloge-
netic distributions, they share characteristics of tis-
sue distribution and concentrations, timing of
appearance during embryological development,
an apparent tissue-to-fluid cycling, and their
degradative and synthetic biochemistry. How-
ever, the enzymes associated with NAA and NAH
comprise two distinct and independent systems
that exhibit high specificity for their respective
substrates. In addition to their presence in the
CNS, both NAA and NAH have also been found
to be major components of the aneural and avas-
cular lens (Baslow and Yamada, 1997a). The uni-
versal presence of NAA and NAH in the lens,
retina, and many other structures of the vertebrate
eye suggests that these substances play a key role
in visual processes, as well as in CNS function.
One important difference between His and Asp,
which may be reflected in aspects of their cyclical
metabolism, is that His, unlike Asp, is an essential
amino acid in vertebrates. A third similar cycling
system utilizing two substrates and two compart-
ments is found at the synapse of cholinergic neurons
(Baslow and Nigrelli, 1961, 1964). Here, acetylcho-
line (ACh) is produced and maintained with a
high intracellular-extracellular gradient in vesicles

Journal of Molecular Neuroscience

Baslow and Resnik

at the presynaptic membrane. At the appropriate
time, small quantities of ACh are released into the
synaptic cleft compartment to perform its signal-
ling function. Recycling is rapidly accomplished
by the enzyme acetylcholinesterase, which hydro-
lyzes the acetyl ester of choline, so that both prod-
ucts can be recycled into neurons to complete the
biochemical cycle. In lower forms, where the NAA,
NAH, and ACh systems coexist, perhaps in the
same cells, these three compartmentalized cycling
systems very likely interact to some extent, since
they all must compete for the recycled acetyl
group, which is formed into AcCoA that is the
common acetyl source for their intracellular syn-
thetic enzymes. Formation of ACh from NAA as an
acetyl donor by rat brain acetone powders has
been demonstrated (Buniatian et al., 1965). In this
analysis of the nature of the biochemical defect in
CD, data available for various tissues and organs
in many different species and for both NAA and
NAH have been considered.

The Biochemical Lesion

Potential for Hypoaspartia

As a result of the biochemical defect in CD, the
NAA cycle is disrupted and NAA accumulates in
ECF, including CSF and plasma, from where it is
eventually eliminated via the kidneys. The pri-
mary aspartoacylase deficiency results in a sec-
ondary N-acetylaspartic aciduria and, perhaps of
more importance to the function of the NAA cycle,
to a continuous depletion of cellular Asp in the
CNS. This tertiary effect results in an Asp deficit,
which must then be made up by sacrificing and
mobilizing other nutritional and metabolic resources
in the CNS for production of Asp, if the NAA bio-
chemical cycle is to continue to operate. This is
obviously the case, since the N-acetylaspartic aci-
duria is a persistent element in CD. Thus, the pri-
mary biochemical lesion in CD, aspartoacylase
deficiency, may also induce hypoaspartia in the CNS,
which could be an important element in the degen-
erative process that is associated with the CD syn-
drome. Hypoaspartia has previously been reported
to be a consistent element in familial inherited
CNS disease (Pedigree S). In affected individuals
who have a chromosome 6p-linked dominant trait,
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an olivopontocerebellar atrophy of the cerebellar
cortex develops. In these cases, the observed hypo-
aspartia was universal in nature, evident in the
affected cerebellar tissue, in extracerebellar
brain areas, and as hypoaspartic acidemia in cir-
culating blood plasma (Kish et al., 1991). Although
the metabolic role of the Asp-NAA cycling bio-
chemical system in the CNS remains to be eluci-
dated, it is clearly vital to CNS function. The
importance of the maintenance of N-acetylamino
acids and their metabolism is the brain and the
eye, even under extreme conditions, is indicated
in a study of organisms that have been starved for
prolonged periods. In fish, starved for 8 wk, NAH
and its precursor L-histidine (His), which are major
constituents of muscle, brain, and eye in this spe-
cies, disappear from muscle, but at great metabolic
expense, are spared in the brain and eye through-
out this period (Yamada et al., 1994).

Magnitude of the Aspartate Deficit

A sense of the magnitude of the potential Asp
deficit can be obtained from observed plasma
NAA concentrations and excretion rates in CD
patients. Although not detected in normal indi-
viduals, plasma NAA levels in CD patients have
been reported to be between 0.92 and 1.00 mM
(Matalon et al., 1988). These values represent
about 20% of the NAA level found in brain, and
this NAA is always in a state of flux since the rate
of excretion of NAA in urine of CD patients is very
high. Using the data of Matalon et al. (1988), it has
been calculated that in three CD patients, there
was an average excretion of 2.4 mmol of NAA per
d per 5 kg of body weight. To put this loss in per-
spective, we can consider that a 5.0 kg infant with
a 1.0 kg brain containing 5.5 mM NAA would have
its total content (5.5 mmol) of brain-synthesized
NAA passed into ECF and excreted every 55 h. A
similar conclusion had previously been reached by
Kvittingen et al. (1986), who reported that in a 6-yr-
old who excreted 3—-4 mmol of NAA/d, he was
excreting about half the total NAA content of an
average adult brain each day. Similar results have
also been reported by Burns et al. (1992). They
have determined the excretion rate of NAA from a
6 yr-old CD patient at 4.2 mmol/d and calculated
that, based on a brain weight of 1200 g, this quan-
tity of NAA represents 65% of the production of a
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healthy brain NAA pool each day. These authors
have also calculated that the brain tissue of this
individual synthesized 3.5 mmol of NAA/kg
brain each day, giving a daily turnover of 100% of
synthesized NAA. In this patient, brain NAA syn-
thetase activity was still high at 6 yr of age, whereas
aspartoacylase activity was only 7% of normal,
resulting in a substantial CNS loss of Asp in the
form of excreted NAA each day. At 100% daily
turnover of NAA, this would represent a daily loss
of 0.56 g of Asp and, for 1 mo, this loss would be
16.8 g of Asp. In addition, based on the normal static
brain levels of Asp at 0.89 mmol/kg (Bremmer et
al., 1981) and NAA at 5.5 mmol/kg, the Asp defi-
cit, if all the NAA were excreted daily, would be
6.2 times the free Asp content of the brain. As a
result of N-acetylaspartic aciduria, there would
also be a corresponding deficit of acetate, equiva-
lent to that of Asp, each day. However, the meta-
bolic options available for de novo synthesis of
acetyl groups appear to be greater than those to
replace the lost Asp, and, therefore, the impact of
acetate loss would be expected to be less. Glucose
serves as a direct source of acetyl groups for
AcCoA, and at plasma concentrations of about 5 mM,
glucose is a very abundant acetate precursor for
brain tissue. By the inclusion of an additional tran-
samination step, glucose has also been reported to
be the source of both Asp and NAA in the brain
via oxaloacetate, possibly with alanine or glutamate
as amino acid donors (Winick, 1976).

Bioenergetics and the Aspartate Deficit

Although the daily Asp deficit in the brain,
which results from aspartoacylase deficiency and
consequent N-acetylaspartic aciduria in cases of
CD is large, this loss in terms of the bioenergetics
of the brain may not be significant. Assuming a
cost of three molecules of ATP, two for active
transport of Asp and acetate, and another for the
resynthesis of AcCoA, for every molecule of NAA
cycled at a ratio of 3:1, 16.5 mmol of ATP (8 calo-
ries/mmol) would be expended per kilogram of
brain for each 5.5 mmol of NAA cycled. Thus, the
net energy cost for this system would amount to
only 132 calories (0.132 kcal) per cycle. As a result
of the biochemical defect in CD, and the observed
rate of excretion of NAA, the net energy lost from
the system each day would be of the order of 100
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calories (0.100 kcal) per kilogram of brain. How-
ever, what appears to be more important is that,
as a result of the continuous drawdown of NAA
that occurs in CD, the brain’s ability to perform
repetitive near-field Asp-NAA cycles is elimi-
nated, and the equivalent of less than a single nor-
mal cycle per day can be accomplished in these
individuals. In the rat brain, based on the rate of
NAA synthesis in the presence of ample Asp, there
could be 2-3 NAA cycles per day. In the fish lens
epicortex, the NAH content of 13.4 pmol/g and
NAH synthesis activity of 6.1 pmol/g/h (Baslow,
1997), indicates a potential for 10.9 cycles/d. Of
course, these estimates based on organ and tissue
homogenates are by their nature quite crude, and
values might be considerably higher under natu-
ral conditions in the microenvironment of the cell.
Unfortunately, information for humans with regard
to the number of daily cycles that NAA may go
through in the CNS of normal individuals is not
available at this time. However, even if there were
10 NAA cycles per day in the CNS, with a daily
budget of 300 kcal/kg for the brain, the energy
cost for the NAA system at <1% of this budget
would appear to be nominal.

Although the function of the intercompart-
mental transfer step in the NAA cycle is not yet
known, based on the steep cellular/extracellular
gradients that are normally maintained, there is a
potential for performing work at a membrane that
separates compartments. NAA may or may not be
involved with transport at the cell membrane, but
if it is, some idea of constraints and boundaries of
such a transport system can be evaluated. As an
exercise, if the potential work involves a symport
or antiport transfer of metabolites, an estimate of
the amounts of substance and its energy cost can
be calculated. At a transport ratio of 1:1 and 10
Asp-NAA conversions per day, there could be
55 mmol of substance transported per kg of brain
at an energy cost of about 1 kcal per day. This
amount, although small with regard to the daily
transport of major cellular metabolites, still could
be substantial. In the initial 3 mo that mark the
period of onset of symptoms of infantile CD,
approx 5 mol of substance might have been trans-
ported per kilogram of brain by the NAA system,
if not for the cycling restriction imposed by the dis-
ease process. A significant power function would
be generated at higher substance to NAA ratios.
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Nature of the Residual Aspartoacylase Activity

The observation that some residual asparto-
acylase activity remains in CD suggests that the
level of remaining activity as well as its location
may be important. Perhaps small differences in
residual enzyme activity between individuals,
associated with different cDNA mutations, play a
role in determination of time of onset, the severity
of neurodegeneration, and the time course of the
disease process. It has also been observed that the
NAA and NAH synthetases, as well as the NAA
and NAH acylases that are present in ocular fluids
and brain, are fairly specific for these substrates.
However, these acylases can also hydrolyze a
variety of other acetylated amino acids and dipep-
tides at high rates. Using NAH as an example,
whereas His or its 1 and 3-methyl derivatives only
can serve as substrates for the synthetic enzyme
(Yamada et al., 1995), the acylase has been found
to hydrolyze at least 16 different N-acetylated
amino acids and dipeptides, many at even higher
rates than for NAH itself (Yamada et al., 1993). In
this study, NAA was also hydrolyzed by the NAH
acylase, but only at 3% of the activity on NAH.
Based on the relative lack of acylase specificity, the
biochemical lesion in CD might also produce a
variety of metabolic impacts in the CNS, in addi-
tion to producing an Asp deficit, which in turn
could amplify and aggravate the effect of the
aspartoacylase defect. The nature of the residual
aspartoacylase activity in vivo in CD is unknown.
It may be caused by residual activity of the mutated
specific enzyme, or it may be a result of the pres-
ence of a number of nonspecific acylases present
in kidney and other tissues that can use NAA as a
substrate. Very likely, it is a combination of these
factors, and their total impact on NAA hydrolysis
may also contribute to the varied degrees of sever-
ity that have been observed in CD.

Role of Aspartoacylase

Matalon et al. (1993) have suggested that the
role of NAA in the CNS might be to serve as a
source of Asp, and that the role of the asparto-
acylase is to release it for its metabolic function,
which may be related to the formation of arginine.
The authors agree that the role of aspartoacylase
is to produce Asp, but suggest that the Asp pro-
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duced is normally recycled to form NAA once
again. As a result of the biochemical deficit in CD,
this normal cycle is upset, and NAA accumulates
in ECF and plasma. NAA and NAH are relatively
inert physiologically, and do not appear to be
actively transported against a gradient (Baslow,
1997). Since plasma levels of NAA in CD are only
20% of that found in brain, autointoxication is
probably not a factor in evaluating the effect of
high plasma NAA concentrations in CD. What is
apparent, however, is that the normal high tissue/
ECF NAA gradient is greatly reduced, which may
have some significance with regard to the disease
process. The compartmentalized cyclical metabo-
lism of NAA and NAH appears to be remarkable
in only one way; in the extremely high tissue/ECF
gradients that are normally maintained as a result
of aspartoacylase activity. It is an understanding
of this extraordinary feature that may hold the
answer to the function of the NAA and NAH bio-
chemical cycles in the CNS and eye of vertebrates.
The overall effect of the CD defect is to interrupt
the NAA cycle and to eliminate this metabolic
characteristic by hindering the rapid hydrolysis of
NAA, which in effect reduces the tissue/ECF
NAA ratio, and at the same time produces a Asp
deficit. Perhaps a good analogy to the NAA sys-
tem is the situation at a hydroelectric dam. Here, a
gradient is formed at the dam boundary, and a
great deal of potential energy is stored in the form
of water in the upstream compartment. For pur-
poses of energy production, small amounts of
water can be released in a controlled fashion and
converted into kinetic energy at the dam interface,
after which the expended water enters the down-
stream compartment for eventual recycling. With-
out a large compartmental gradient, this system
can provide very little work, and without a mecha-
nism for recycling, in this case an energy-driven
phase change, the system would run downhill and
eventually fail. The authors suggest that the key
to understanding the function of the NAA cycle
lies in the identification of the trigger mechanism,
which results in the intercompartmental transfer
of NAA down its gradient. In CD, as a result of
NAA efflux into ECF and resulting hyper N-
acetylaspartic acidemia, there may be a >50-fold
drop in the intercompartmental NAA gradient,
from 275:1 (Swahn, 1990) to about 5:1 (Matalon et
al., 1988). At the intercompartmental boundary
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itself, this gradient may be even lower, and
approach 1:1.

In addition to the observed CD aspartoacylase
defect on the NAA biochemical cycle, it is of inter-
est that a number of drugs that affect the CNS also
can interrupt this cycle, and appear to do so by
inhibiting the activity of the acylamino acid acylases.
Indirect evidence is available for NAA where injec-
tion of iproniazid (100 pug/g), isoniazid (100 pg/g),
and imipramine (25 ug/g) all produce an increase
of about 25% in brain NAA in the mouse in vivo
(Birken and Oldendorf, 1989). For NAH, the effects
of CNS drugs on inhibition of acylase activity have
been measured in vitro using tuna brain enzyme
preparations at pH 7.0 and 30°C. Drugs tested
included isoniazid, holothurin, mescaline, pheno-
barbital, chlorpromazine, promazine, methotri-
meprazine, imipramine, trifluoperazine, phenergan,
quinacrine, methylene blue, eserine, reserpine,
LSD-25, 2-brom-LSD, propoxate, bulbocapnine,
benzedrine, serotonin, tubocurarine, librium, and
GABA. Of these, only the phenothiazine tranquiliz-
ers, compounds related to phenothiazines, and a
chemically unrelated tranquilizer, librium, showed
inhibitory effects on acylase activity (Baslow and
Lenney, 1967). In these studies, 50% acylase inhibition
was observed for the phenothiazine tranquilizers,
chlorpromazine, promazine, methotrimeprazine,
and imipramine at concentrations of 250, 500,
1000, and 500 pg/mL, respectively. However, in
this study, isoniazid did not affect acylase activ-
ity. Based on these observations, it is possible that
some of the drugs that are known to affect CNS
function may have some part of this activity because
of interactions with acylases of the NAA or NAH
systems. In addition, caffeine has been reported to
significantly reduce brain NAA, and sodium amytal
and GABA to significantly increase brain NAA in
vivo, in mice within 20-40 min (Buniatian et al.,
1965). Clearly, understanding the function of the
ubiquitous NAA and NAH systems might very
well lead to a better understanding of drug-CNS
interactions in general, and also to the targeted
development of specific new drugs that can alter
this system for therapeutic purposes. Finally, in
many instances involving trauma, Asp in ECF has
been observed to increase dramatically. For example,
Asp has been found to increase 15-fold in brain
ECF during insulin-induced hypoglycemia in the
ratin vivo (Sandberg et al., 1986), and about 10-fold
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in the CSF of neonate humans exposed to rela-
tively short periods of asphyxia (Riikonen et al.,
1992). A twofold increase in plasma Asp has also
been noted during migraine attacks (Ferrari et al.,
1990). However, these authors, in considering the
possible origin of the Asp, did not take into account
that the largest store of Asp in the brain is in the
form of NAA, and did not give any consideration
to aspartoacylase activity as a potential source of
the measured increases in Asp. Perhaps this was
caused by the failure to recognize the dynamic
nature of the NAA biochemical cycle and the rapid-
ity with which NAA in the aspartoacylase com-
partment can be hydrolyzed. A transient ischemia
has been found to cause a significant release of
NAA into ECF (Sager et al., 1997). In this study,
rats exposed to 20 min of ischemia showed an initial
fivefold increase in interstitial NAA, which was
followed by a 13-fold increase in the next 20-min
recovery period. These authors also indicated that
the liberated NAA was cleared from the brain, and
that the process may include an extracellular deg-
radation step. Thus, the observed increases in free
Asp in ischemia and other conditions may very
well be caused by an interaction with the NAA
system. The change might be related to a change
in the rate of release of NAA to ECF, and its subse-
quent hydrolysis to Asp and acetate by asparto-
acylase. Obviously, a complete understanding of
the role of aspartoacylase and the nature of the
NAA cycle will also add a new dimension to our
ability to interpret findings related to the observa-
tion of Asp flux under a variety of physiological
conditions.

Possible Maternal-Fetal Interaction

Near and Far-Field Enzyme Activity

An intriguing aspect of CD is that most CD neo-
nates are relatively asymptomatic at birth, and
shortly thereafter. Since the biochemical lesion
involved in CD is profound and appears early in
the gestation period, when NAA metabolism is ini-
tiated in the CNS, it would seem that some degree of
protection is afforded the developing fetus in
utero. For NAA and NAH there is evidence of both
anear-field and systemic cycling of these acylamino
acids. Although there is more complete informa-
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tion available for NAH in a single fish species (Nile
tilapia) than for NAA in a mammal (rat), it is clear
that for the CNS and the eye, perhaps related to
difficulty in obtaining Asp through the blood-
brain and blood—ocular fluid barriers, these tissues
are served by near-field acylases to hydrolyze
their acylamino acids. On the other hand, the
heart, skeletal muscle, and several other tissues
that synthesize acylamino acids cannot hydrolyze
them whereas kidney and liver, which may not
synthesize the acylamino acids, contain very high
acylase levels (D’Adamo et al., 1973; Yamada et al.,
1992). In the Nile tilapia and the rat, acylase activ-
ity is high in the CNS, but still the kidney contains
3.7 and 13.9 times the specific acylase activity,
respectively, than does the brain tissue in these
species. This suggests that the site of acylase activ-
ity is of somewhat less importance than its pres-
ence in the organism, and that systemic circulation
of acylamino acids far-field, via the circulatory
system may be a normal part of the metabolism of
these acylamino acids in some tissues. Berlinguet
and Laliberte (1966) demonstrated that labeled
NAA, injected intraperitoneally, did not enter the
brain, but that a high level of radioactivity appeared
in the kidney. After intracerebral injection the
result was similar, leading these authors to con-
clude that there was a systemic pathway for NAA
from the brain to the kidney, probably via plasma,
from which it was extracted and hydrolyzed. In
these same studies, it was found that labeled Asp
did not appear in the kidney, a finding that sug-
gests that there is a differential distribution of
NAA and Asp in the blood components. Finally, it
was reported, in these studies using mice, that the
labeled NAA injected intraperitoneally was found
in the kidneys, and in addition, labeled Asp was
found in both the kidneys and the brain after only
30 min, thus providing support for a role for the
kidneys in the systemic metabolism of NAA. Far-
field circulation of NAH appears to be the major
pathway for its hydrolysis in the skeletal muscle
of the Nile tilapia. This species is unique in having
a large concentration of NAH in skeletal muscle
where a content of 2.82 pmol/g has been observed,
but with no apparent acylase activity found in this
tissue (Yamada et al., 1992). However, blood plasma
in this species contained 0.01 pmol/mL of NAH
(Yamada et al., 1994), and liver and kidney could
hydrolyze 2.0 and 13.5 umol/g/h, respectively.
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Although the level of circulating NAH is very low,
a rapid circulation cycle and high acylase effi-
ciency in passage through liver and kidney could
produce significant recycling of His over relatively
short periods of time. Incorporation of far-field
His into NAH in body tissues including brain and
eye is also very rapid. In goldfish, injected intra-
peritoneally with 1*C-His, NAH in the brain, heart,
and eye was found to be labeled in <15 min, with
peak labeling in this pulse-labeled experiment in
1-3 h (Baslow, 1997). Based on the review of
Bremer et al., 1981), Asp that might be produced
by kidney aspartoacylase (aminoacylase II) from
NAA in humans would be conserved in that organ
with very little Asp excreted (0.03-0.06 mmol/24 h).
In the kidney tubules, Asp is reabsorbed at 97-98%
efficiency, where it is then passed into the circu-
lating blood. Although plasma contains very little
Asp, normal erythrocytes concentrate Asp and at
0.264 mol/mL contain 29.3 times the level of
plasma Asp. Thus, in humans, circulating eryth-
rocytes may have an additional function in the
NAA cycle and could serve as the systemic vehicle,
and be a near-field CNS source of this amino acid
from both nutritional and from far-field kidney
aspartoacylase sources. However, the potential of
this resource to provide large amounts of Asp to
the CNS in a short period is limited by its relatively
poor uptake (Oldendorf, 1971). In addition to the
CNS and eye, NAA has also been reported to be
found in the spleen, lung, ovary, intestines, thymus,
skin, heart, and adrenal medulla (Baslow, 1997).
Taking these factors into consideration, it would
appear that a plausible systemic pathway for Asp
that is used in the synthesis of NAA can be described.
Any NAA that passes into ECF from cells where it
is synthesized might be transferred to the circula-
tory system where it can rapidly reach the kidney.
In the kidney NAA can be hydrolyzed to Asp,
which is then efficiently reabsorbed into plasma,
and then accumulated by erythrocytes and other
cellular components so that it can be safely recir-
culated. In the target organs Asp is removed from
plasma, as it is released from erythrocytes, and
rapidly taken up by target cells where mitochon-
drial-associated synthesis of NAA occurs. NAA
then passes into the cytosol where a high intracel-
lular compartmental concentration accumulates.
Finally, although the function of this step is as yet
not understood, NAA passes into another com-
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partment, perhaps a membrane or interstitial
fluid, from which it is transferred to plasma for a
return to the systemic circulation. In this proposed
circulation pattern, the partition of Asp to eryth-
rocytes, and NAA to plasma appears to serve as
an effective means to allow circulating NAA to
enter the glomerular filtrate of the kidney for pro-
cessing, whereas at the same time allowing Asp to
continuously circulate for use by other tissues and
organs. In the CNS and the eye, which are insu-
lated from the general circulation by barriers con-
sisting of epithelial and endothelial cells with tight
junctions that line the circulatory system conduits
(Christensen, 1990), the systemic circulation pat-
tern is normally bypassed. Only in these organs is
near-field acylase provided to hydrolyze NAA so
that Asp is produced for incorporation into its
dynamic metabolic cycle. The sequence outlined
for Asp can also be applied to the systemic circu-
lation of His in the formation and hydrolysis of
NAH. One effect of the biochemical lesion in CD
is to eliminate the near-field aspartoacylase so that
NAA accumulates in ECF and then plasma, and
thus enters the systemic circulation where it is
observed in the form of a hyper N-acetylaspartic
acidemia. Unfortunately, in the case of CD, the
aspartoacylase deficiency is system-wide, and as a
result of the failure of the systemic pathway to
recover Asp, NAA is excreted in large amounts.
At this point, the N-acetylaspartic aciduria that is
a characteristic of the disease also becomes apparent.

Role of the Near-Field Acylases

If a far-field circulation of NAA is a normal
aspect of NAA metabolism, then the question
arises regarding what role the near-field acylases
might play. Mammalian plasma is not a rich source
of free Asp, and in four mammalian species it was
found to be about 0.012 mM (Reddy, 1967), and in
humans, 0.013 mM (Reilmann et al., 1994). These low
plasma values might be a reflection of the potential
neuroexcitotoxicity of Asp, and be the reason that
the circulating erythrocyte Asp pool is so much
larger than the plasma pool. Bremer et al. (1981)
have collected data from a variety of sources for
plasma Asp. The range for 20 men and women is
trace-0.005 mM Asp in one study. In children,
plasma aspartate is reported to be 0.019, 0.002, and
0.010 mM for those up to age 4 mo, up to 2 yr, and
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up to 10 yr, respectively. Of interest, the placenta
of the developing fetus has the ability to concen-
trate almost all free amino acids present in the
maternal plasma. For Asp, there is a twofold
increase in plasma Asp of the umbilical vein over
that of the circulating maternal plasma. Depend-
ing on the content and availability of the larger
erythrocyte Asp pool to the ECF surrounding the
CNS, this supply may or may not be adequate to
replace Asp at the rate it is being utilized. It is dif-
ficult to obtain a measure of the amount of free
Asp in the brain ECFs vs tissue as a result of the
convoluted architecture of the brain and its fluid
spaces. However, in the eye, such a comparison
can more easily be made, since the lens tissue and
aqueous humor are separated from one another by
the lens capsule. In the rat, it has been observed
that free Asp in plasma, aqueous humor, and lens
was <0.001, 0.052, and 0.432 mM, respectively. The
amount of Asp in the lens was approximately
equal to the level of NAA in that organ (Baslow
and Yamada, 1997a), and represented 432 and 8.3
times the content of Asp in plasma and aqueous
humor. It is obvious that if total lens NAA were to
be turned over each day, that plasma, erythrocytes
(at 29 times the plasma level), or aqueous humor
might not be an adequate source of Asp for such a
requirement. Normal human brain, including
cerebral cortex and cerebellum, obtained by biopsy,
has been found to contain Asp at 0.89 mM, or
about 16% of the level of brain NAA. As a matter
of interest, it was the observation that free Asp in
cat brain represented only 26% of the total of free,
and an easily hydrolyzable bound form of Asp
(Tallan et al., 1954), that led to the discovery of
NAA. If the situation in the brain is similar to that
of the eye, then it would appear to be quite rea-
sonable, and metabolically efficient, to establish a
near-field acylase source with which to rapidly
recycle Asp from near-field NAA in both of these
important organs. In the eye, it is likely that most
of the lens Asp, measured at any given time, has
already been repeatedly recycled from ocular fluid
NAA. In the eye of the fish, the Nile tilapia, the lens
contains about 2.8 pmol/g of NAA (Baslow and
Yamada, 1997a), and aspartoacylase activity is
present in ocular fluid (Yamada et al., 1993) where
NAA can be rapidly hydrolyzed, and Asp taken up to
resynthesize NAA. As a result, NAA occurs in very
low concentration in ocular fluid (0.13 pmol/mL), and
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the lens/ocular fluid NAA ratio is very high (32:1).
The corresponding value for NAH is 59:1 (Baslow
and Yamada, 1997b). These values are based on
acetylamino acid content of whole lens. Since
NAH is known to be concentrated near the lens
surface, in <10% of its volume, actual gradients at
the lens surface of ten times these values would
probably be more realistic. In the human brain,
based on a brain NAA level of 5.5 mM, and on a
value of 0.02 mM NAA in normal ventricular fluid
(Swahn, 1990), the brain/CSF NAA ratio is 275:1.
For rat brain, the brain/interstitial fluid gradient
for NAA is 100:1 (Sager et al.,, 1997). The use of a
common reservoir of acylase by a number of
organs and tissues has also been observed in
microcosm in the fish eye, where it has been found
that almost all tissues of the eye, including sclera,
choroid, ciliary body and iris, lens, and retina, can
synthesize both NAA and NAH, but appear to rely
on the presence of acylases in ocular fluids to com-
plete the biochemical cycle (Baslow and Yamada,
1997b). Thus, in the case of NAA, the role of the
near-field aspartoacylase appears to be twofold,
first, to maintain a high tissue/fluid NAA gradi-
ent, and second, to assure the brain and the eye of
an adequate supply of Asp, within physiological
limits, for use in the intracellular synthesis of NAA
as part of the ongoing NAA biochemical cycle.

Sources of CNS Aspartate
in the Developing Fetus

If the sources of Asp for the CNS in the devel-
oping fetus are examined, there are clear distinc-
tions between normal and CD biochemistry. In the
case of the development of a normal fetus, Asp is
available from a number of sources, which include
both near and far-field recycling from NAA, sup-
plementation from the maternal placental circula-
tion, and de novo synthesis from other metabolites
(Fig. 1A). In contrast, in the case of the developing
CD fetus, aspartoacylase generated near or far-
field sources of Asp are mostly absent, and the
fetus must rely completely on the maternal placen-
tal circulation to provide it with Asp and other
metabolites (Fig. 1B). The question of what hap-
pens to the fetal NAA in ECF in cases of CD, must
also be considered. NAA appears early in the ges-
tation period of the developing mammalian fetus,
and its ubiquitous presence in ECFs in cases of CD,
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Fig. 1. Schematic representation of the NAA biochem-
ical cycle in utero, indicating CNS sources of aspartate
in normal (A) and in aspartoacylase deficient fetuses (B).

suggests that substantial amounts of NAA should
be present in all fetal fluids. Although NAA is ele-
vated in amniotic fluid in CD, at about 6 umol/L it
is present in very low concentration relative to the
content of 2-5 mM that is present in the CNS
(Kelley, 1993), and therefore, cannot account for a
large daily production and efflux of this amino
acid from that developing tissue. The low level of
observed amniotic fluid NAA, along with the rela-
tively normal development in utero, suggest that
most of the fetal NAA produced in cases of CD is
eliminated somehow, and that the mechanism
associated with its removal may in some way be
connected to viability of the fetus in utero. The
observation of incipient N-acetylaspartic aciduria
in neonates with CD is another indication that
hyper N-acetylaspartic acidemia probably occurs
in utero, and further supports the hypothesis that
some mechanism exists for its removal. Since
acetylated amino acids do not appear to be actively
transported into cells, it is likely that in CD, fetal
plasma NAA reaches the fetal placental circulation
and is then excreted, down its gradient by a diffusion
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Fig. 2. Schematic representation of the NAA bio-
chemical cycle postpartum, indicating CNS sources of
aspartate in normal (A) and in aspartoacylase deficient
infants (B). As a result of the aspartoacylase deficit in
the NAA biochemical cycle, there are a number of
metabolic consequences: (A) the intercompartmen-tal
NAA gradient is reduced at least 20- to 50-fold, (B)
recycling of Asp from NAA is eliminated and a near-
field Asp deficit is induced, and (C) synthesis of NAA
becomes dependent upon far-field nutritional and de
novo synthetic sources of Asp.

process, into the maternal placental circulation.
Since the heterozygous mother can synthesize
aspartoacylase (Matalon et al., 1989), it is possible
that the cells of the maternal portion of the pla-
centa act as a fetal kidney and are the site of NAA
hydrolysis. Alternatively, the fetal NAA may enter
the maternal circulation along with other excreted
products, and be hydrolyzed at other sites prior to
Asp becoming available for reuptake by the fetus.
If the transfer of NAA via the placental circulation
does occur, and if the rate of hydrolysis is ade-
quate, it is possible that the fetal plasma NAA and
Asp levels are maintained within the normal
range in utero, and this may explain the observa-
tion that amniotic fluid NAA may not always be
found to be elevated in CD (Fig. 2; Matalon et al.,
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1993). This possible maternal-fetal interaction is
illustrated in Fig. 1B. In any event, even if this
were not the case, the mother would be a continu-
ous source of Asp and other metabolites to the
fetus for use in NAA synthesis, which could result
in reasonably normal development. In this way,
the mother would serve as a biochemical surro-
gate, bypassing the CD impairment, and thus
delaying the severe consequences of the CD effect
until after birth.

Sources of CNS Aspartate in Neonates

In the normal fetus postpartum (Fig. 2A),
most of the sources of Asp are still available,
except that the placental source of readily usable
metabolites is terminated, and a more compli-
cated source involving an additional digestive
step is instituted. On the other hand, at birth,
conditions for the CD infant change suddenly
and drastically when compared to a normal
infant with regard to Asp metabolism. The use
of the mother as a biochemical surrogate to
counter the aspartoacylase deficit is no longer
possible, and the placental supply of readily
available Asp and metabolites is terminated
abruptly. At birth, the mechanism for excretion
of plasma NAA shifts from possible diffusion
across the placental membranes, with recycling
potential, to the more complex and one-way
renal excretion apparatus. In addition, the
source of Asp and other metabolites shifts from
the maternal circulation, with a transplacental
concentrating potential, to a much more variable
and complicated intestinal digestion and absorp-
tion process as shown in Fig. 2B. Increased post-
partum difficulty in obtaining Asp, competition
from all cells of the body for this amino acid, and
the continuous high demand of the CNS for Asp
in CD, as a result of near-field aspartoacylase defi-
ciency and N-acetylaspartic aciduria, appear to
exacerbate the disease process. It is in this latter
condition that severe clinical symptoms of neuro-
degeneration begin to appear.

A Suggested Therapeutic Intervention

There is no question that in CD, as a result of
N-acetylaspartic aciduria, that a substantial Asp

Journal of Molecular Neuroscience

Baslow and Resnik

deficit occurs each day. However, at this time one
can only speculate on the potential impact of this
deficit on the brain in the near-field. The role that
this deficit might have will depend on factors as
yet unknown, such as the requirement for Asp by
cells that actually synthesize NAA, and the degree
to which this requirement can be made up from
other sources. However, if a near-field hypoaspartia
in the CNS induced by the biochemical lesion
associated with CD does occur, then it is likely that
this Asp deficiency will interfere with the vital, but
still unknown function of the NAA system, and
may be responsible for many of the manifestations
of CD. In this analysis, the authors have tried to
provide a framework to better understand the
function of the NAA system in normal individu-
als, and with which to evaluate the profound effect
of the biochemical lesion in CD on that function.
Although their conclusions are consistent with the
available, sometimes fragmentary, data and they
are reasonably comfortable with the inferences
made, the authors cannot say with assurance that
theirs is the only and correct analysis. Future stud-
ies will ascertain whether this is the case. In the
meantime, the apparent maternal-fetal protection
against the initiation of the CD syndrome and
rationale for such protection, based on what appears
to be a far-field or systemic aspartoacylase inter-
action that could eliminate the CNS Asp deficit,
may be important and it suggests that a nutritional
remedy for CD may be possible. If hypoaspartia is
the major cause of the CD syndrome, and if the
postulated maternal-fetal mechanism of protec-
tion does occur, then a course of treatment becomes
evident. To the extent that synthesis of NAA is sub-
strate-limited as a result of hypoaspartia, supple-
mentation of Asp or other suitable precursors
should allow an increase in the rate of NAA pro-
duction to more normal levels. In addition, an
increase in NAA production should compensate
for the lack of NAA cycling because of the asparto-
acylase deficiency, and to some degree increase
the NAA gradient at the intercompartmental
boundary. Immediate postpartum detection of CD
is vital, prior to the formation of irreversible dam-
age that eventually leads to clinical manifestations
of the disease. At an early time, CD may respond
well to replacement therapy. Such therapy might
include appropriate therapeutic doses of Asp, or
metabolites that can produce Asp, and acetate,
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possibly as a nutritional supplements and per-
haps, with Asp in the form of a variety of metal
salts (Afanas’ev et al., 1995), to aid in its absorp-
tion and to expedite passage through the blood-
brain barrier. In addition to the formation of metal
salts, Asp can also form ternary metal-2 com-
plexes, under physiological conditions, with itself
and perhaps with another amino acid (Baslow,
1997), and thus may provide an alternative form
for Asp supplementation. Based on a preliminary
analysis, relative to the amount of NAA excreted
in urine, a therapeutic dose of Asp or precursor
metabolites would be required that delivers the
equivalent of at least 0.6 g of Asp to the near-field
brain each day. If the normal number of NAA
cycles were between 3 and 10/d, the daily brain
Asp shortfall could be between 1.8 and 6.0 g/kg.
The specific dose needed to achieve this near-field
supplement would be a function of other nutri-
tional factors, the form of Asp and other metabo-
lites, and the selected route of administration.
Since the brain is probably the major source of uri-
nary NAA in CD, it follows that this metabolic
leakage would also be an indicator of brain NAA
synthetic activity. Therefore, any nutritional pro-
tocol selected should consider use of urinary
output of NAA as a noninvasive measure of effec-
tiveness, with the aim being to increase this out-
put, as a reflection of brain NAA synthetic activity,
to a level that could be correlated with the rate of
NAA synthesis in normal individuals. In light of
what is known about the rate of brain NAA syn-
thesis even under the additional metabolic pres-
sures imposed by the aspartoacylase defect in CD,
any nutritional protocol that attempts to reduce
the output of urinary NAA is likely to be counter-
productive. The authors” evaluation of the pos-
sible metabolic defect (hypoaspartia) in the CNS
in CD could explain the apparent maternal protec-
tion afforded to the fetus, and suggests a rationale
for both a far-field nutritional Asp supplementa-
tion as well as for a far-field recycling of Asp from
native NAA. Should nutritional enhancement
therapy prove to be of value, then some measure
of respite would be possible before more sophisti-
cated treatments, such as transplantation (e.g.,
normal kidney or liver lobe) or provision of geneti-
cally engineered cells that produce aspartoacylase
(During, 1996; Levine, 1996), can be instituted in
order to alter the clinical course of CD.
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Summary and Conclusions

NAA Metabolism

NAA is a metabolic component of the CNS and
other tissues of vertebrates, which is part of a spe-
cific cycling biochemical system consisting of two
amino acid substrates (Asp and NAA), and two
enzymes, an NAA synthetase and acylase. In this
system, the synthetic and hydrolytic enzymes are
compartmentalized. The NAA system also appears
to be analogous to another N-acetylating, cyclical,
and compartmentalized system that uses His
instead of Asp. Both of these systems may be
present and operate simultaneously in the verte-
brate CNS and other tissues.

NAA System Characteristics

The NAA system is characterized by a high
CNS tissue concentration, a high tissue to ECF gra-
dient, and by a continuous regulated efflux into
ECF. There appear to be two possible intercom-
partmental circulation patterns for the hydrolysis
of NAA and production of Asp, one in the near-
fields of the brain and the eye, and the other in the
far-field involving a systemic circulation, via
plasma, of NAA to the liver and kidney. Turnover
of NAA may be several times per day in the CNS
and eye.

Role of Aspartoacylase

In the NAA system, aspartoacylase plays a key
role in the intercompartmental biochemical cycle
in the CNS and other tissues, as it is required for
the hydrolysis of NAA and regeneration of Asp.
In the CNS, the role of aspartoacylase appears to
be twofold, first to maintain a high intercom-
partmental NAA gradient, and second, to assure
the brain and the eye of an adequate Asp supply
for use in the NAA cycle.

Possible Site of NAA Function

Tissue distribution and other characteristics of
the NAA biochemical system suggest that NAA
function is most closely associated with cell popu-
lations whose roles are primarily involved with
providing metabolic and structural support in a
variety of organs.
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Potential NAA Interactions

The NAA biochemical system, which appears
to be important to normal daily function of the
CNS, may also play an important and previously
unrecognized role in the CNS with respect to the
effects of drugs, interaction with traumatic events,
and in the progress of a variety of physiological,
as well as genetic disease processes.

Metabolic Consequences
of the Aspartoacylase Deficiency in CD

A Continuous Asp Drawdown

There is a daily deficit of Asp in the CNS as a
result of N-acetylaspartic aciduria, the magnitude
of which is about 0.6 g/kg/d, a value that repre-
sents 6.2 times the static level of free Asp in the
brain. The actual deficit could be much higher
depending on the number of daily Asp-NAA
cycles that there are in normal individuals.

Reduction in the Intercompartmental NAA Gradient

As a result of NAA efflux into ECF and
induced hyper N-acetylaspartic acidemia, there
may be a 50-fold drop in the intercompartmental
NAA gradient, from about 275:1 to 5:1. The gra-
dient at the intercompartmental boundary itself
is probably lower approaching 1:1, and thus
eliminating a source of potential work at this
boundary.

Termination of Intercompartmental NAA Cycling

The ability of the brain to carry out intercom-
partmental cycling of NAA to Asp is terminated,
and instead of multiple cycles per day, there may
be the equivalent of less than a single cycle.

Induced Requirement
for Nutritional ASP Supplementation

As a result of the termination of recycling of
native Asp from NAA, there is a continuous need
for additional Asp by cells involved in the synthe-
sis of NAA. This requirement can only be made
up in these cells by ECF supplementation of Asp
itself, or by a supply of suitable metabolites that
can be utilized for the de novo synthesis of Asp. The
ultimate source of all new Asp used in NAA
synthesis in CD is a function of far-field nutri-
tional intake.
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Termination of Near- and Far-Field
Aspartoacylase Interactions

Both near-fields brain and eye, and far-field
systemic circulation patterns involving liver and
kidney for the normal metabolism of NAA are
terminated.

Potential Onset of the Disease Process

An apparent protection afforded to the devel-
oping fetus in utero, that may involve a maternal-
fetal biochemical interaction in which the mother
serves as a bjochemical surrogate, bypassing the
CD impairment and delaying the severe conse-
quences of CD, is terminated at birth.

Elimination of Alternate Substrate-
Aspartoacylase Interactions

Alternate metabolic sequences in which aspar-
toacylase activity might play a role are eliminated.

Events Leading to the Observed Clinical Symptoms

The genetic aspartoacylase defect in CD results
in at least three metabolic lesions in cells that play
a role in production and maintenance of the
myelin sheath. The progressive deterioration of
these cells, as evidenced by astrocyte swelling and
glial malfunction and cell loss, is associated with
the observed edema, demyelination, and spongiform
appearance in the CNS, which is characteristic of
the disease. Ultimately, this process leads to fail-
ure of neuron function and to presentation of the
clinical neurological symptoms that are associated
with CD.

Possible Therapeutic Interventions

Postnatal Nutritional Supplements

Based on the apparent maternal-fetal protec-
tion, early nutritional intervention to supplement
Asp is proposed. This conservative intervention,
subject to suitable protocols, should provide either
Asp or other suitable precursor metabolites to
make up for the ongoing CNS Asp deficit.

Transplantation of Normal Organs

Based on what appears to be a far-field systemic
circulation pattern for hydrolysis of native NAA,
it is proposed that transplantation of a normal kid-
ney or liver lobe might effectively reduce plasma
NAA, and produce sufficient Asp for normal CNS
function.
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Genetic Engineering

Again, based on the observation of a far-field
systemic circulation pattern for NAA, the possi-
bility that genetically engineered, altered somatic
cells could make up for the aspartoacylase deficit
should be explored.
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