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Abstract

Hereditary argininemia manifests as neurological distur-
bance and mental retardation, features not observed in
other amino acidemias. The cytotoxic effect of a high
concentration of L-arginine (L-Arg) was investigated us-
ing NB9 human neuroblastoma cells (NB9), which ex-
press neuronal nitric oxide synthase (nNOS). When the
concentration of L-Arg in the medium increased from 50
,uM to 2 mM after incubation for 48 hr, the intracellular
concentration of L-Arg increased from 68.0 ± 1 pmol/
106 cells to 1310.0 ± 5 pmol/106 cells and that of L-
citrulline (L-Cit) from undetectable levels to 47.1 ± 0.2
pmol/ 106 cells (mean ± SD of three independent anal-
yses). This increase in intracellular L-Arg levels caused a
decrease in NOS activity by approximately 71%. Flow
cytometric analysis showed that reactive oxygen species

(ROS) are produced in NB9 exposed to 2 mM L-Arg. The
production of ROS was abolished by a NOS inhibitor,
NG_nitro-L arginine-methylester. Production of ROS was
also observed when NB9 were treated with L-Cit for 48
hr. To investigate the effect of L-Cit on the activity of
NOS, a kinetic study on nNOS was conducted using
cellular extracts from NB9. The apparent Km value of
nNOS for L-Arg was 8.4 puM, with a Vmax value of 8.2
pmol/min/mg protein. L-Cit competitively inhibited NOS
activity, as indicated by an apparent Ki value of 65 nM.
These results suggest that L-Cit formed by nNOS in L-
Arg-loaded neuronal cells inhibits NOS activity and
nNOS in these L-Arg-loaded cells functions as a NADPH
oxidase to produce ROS, which may cause neurotoxicity
in argininemia.

Introduction
Argininemia (McKusick 20780) is an autosomal
recessive disorder caused by a deficiency in the
liver-type arginase enzyme (EC 3.5.3.1). The
clinical manifestations of argininemia are mental
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retardation, progressive loss of psychomotor
functions, spastic tetraplegia (more severe in
lower limbs), hyperactivity of deep-tendon re-
flexes, seizures, and failure to grow (1).

Clinical features of urea-cycle diseases other
than argininemia are generally related to multi-
ple episodes of hyperammonemia. However, the
concentration of ammonium in plasma is only
slightly elevated in most patients with arginine-
mia (2). Neurological symptoms such as a
marked degree of spastic diplegia have not been
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described as a regular feature in hyperammone-
mias associated with other defects in the urea
cycle. These neurological manifestations can be
progressive even when concentrations of plasma
ammonium are within normal levels. This means
that hyperammonemia is not the sole factor re-
lated to neurological damage in these patients.
Elevated concentrations of plasma L-arginine (L-
Arg) or its five catabolites seem to be directly
linked to the neurological symptoms seen in
these patients (3).

Human liver-type arginase catalyzes the hy-
drolysis of L-Arg at the last step in urea synthesis,
producing urea and ornithine. In 1987, we iso-
lated the complete cDNA of human liver-type
arginase (4). This enzyme consists of 322 amino
acid residues with a molecular mass of 34,732
daltons (4). The arginase gene is 11.5 kb long,
includes eight exons (5), and has been assigned
to chromosome band 6q23 (6).

We have indicated a possible correlation be-
tween genotypes and differences in clinical re-
sponses to dietary treatment in 11 patients with
argininemia. Differences in the degree of clinical
improvement during dietary treatment seemed
to relate to the nature of the mutations (2).

Furthermore, we have detected three muta-
tions-a nonsense mutation in exon 4, a mis-
sense mutation in exon 7, and a frameshift mu-
tation in exon 8. These mutations are different
from those previously reported in the arginase
gene (7). Arginase deficiency is apparently ge-
netically heterogeneous (8). We tentatively con-
clude that argininemia is heterogeneous, at the
molecular level (2). The features of this disease
are generally progressive. Argininemia is
thought to be more closely linked to neurological
damage than is hyperammonemia (1). However,
the mechanisms by which progressive neural dis-
orders occur are not understood.

L-Arg is converted inside the cells to L-citrul-
line (L-Cit) by the catalytic reaction of nitric ox-
ide synthase (NOS) (9). There are three isoforms
of NOS, designated as endothelial NOS (eNOS),
neuronal NOS (nNOS), and inducible NOS
(iNOS). The first two isoforms are constitutive
and activated through calmodulin-mediated sig-
nals. eNOS is present in endothelial cells and the
NO synthesized in these cells functions as a vas-
cular relaxation factor. nNOS is present in neu-
rological cells and the NO synthesized in these
cells is believed to play a role in neurotransmis-
sion or neurological cytotoxicity. iNOS is present
in macrophages, mesangium cells, and glial cells.
This enzyme is expressed only when the cells are
exposed to cytokines or other stimulants.

It is believed that there is a Cit-NO cycle
composed of NOS, argininosuccinate synthetase,
and argininosuccinate lyase (10). This means
NOS is located among the urea cycle composed
of carbamoylphosphate synthetase, ornithine
transcarbamylase, argininosuccinate synthetase,
argininosuccinate lyase, and arginase. NOS may
be regulated by the Cit-NO cycle and the urea
cycle. However, the effect of high concentrations
of arginine due to arginase deficiency on the
Cit-NO cycle has yet to be elucidated.

In the present study, we examined the NO
metabolism in neuroblastoma cells at high con-
centrations of L-Arg. We found that the L-Cit
formed by NOS on exposure of the cells to a high
concentration of L-Arg competitively inhibits
NOS activity and produces reactive oxygen spe-
cies (ROS). This mechanism may contribute to
neural cytotoxicity in argininemia.

Materials and Methods
Chemicals

RPMI1640 was purchased from GIBCO BRL
(Gaithersburg, MD). Human neuroblastoma cells
(NB9 and IMR32) were donated by the Japanese
Cancer Research Resources Bank (Tokyo, Japan).
NG-nitro-L-arginine methylester (L-NAME) was
from Wako Pure Chemical Industries (Osaka,
Japan).

Cell Culture
NB9 and IMR32 were maintained in Select-
Amine RPMI 1640 (GIBCO BRL), which con-
tains essential amino acids except L-Arg, and
were supplemented with 50 ,uM L-Arg and 15%
fetal calf serum (FCS) at 370C in 5% CO2 with
100% humidity. The cells were harvested and
collected by centrifugation at 4°C for 3 min at
200 X g. The cytosolic fraction of the cells was
recovered by lysis via the addition of 4 volumes
of 10 mM NaH2PO4/Na2HPO4, pH 7.4, contain-
ing 0.5 mM EDTA, 0.1 mM 2-mercaptoethanol,
and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), followed by sonication for 2 min. The
cellular debris was removed by centrifugation at
4°C for 10 min at 5000 X g. The cytosolic fraction
was employed for the estimation of enzyme ac-
tivities.

Preparation of cDNA
Cloning of human nNOS, iNOS, and eNOS was
performed using the reverse transcriptase-poly-
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merase chain reaction (RT-PCR) method. Tem-
plate RNA was prepared using RNeasy mini-kits
(Qiagen, Hilden, Germany) from NB9 for nNOS
and iNOS, and from human umbilical endothe-
lial cells (ECV304) for eNOS. The authentic sense
primer for nNOS was 5'-CACGTGGTCCTCAT-
TCTGAG-3' and the antisense primer was 5'-
TCTCTGTCCACCTGGATTCC-3'. The authentic
sense primer for iNOS was 5'-GTGAGGAT-
CAAAAACTGGGG-3' and the antisense primer
was 5'-ACCTGCAGGTTGGACCAC-3'. The au-
thentic sense primer for eNOS was 5'-CACT-
GAGATCGGCACGAGGA-3' and the antisense
primer was 5'-GTCACCATCGTGGACCACCA-3'.
RT-PCR for the preparation of cDNA was per-
formed using these primers and RNA PCR kit
(Takara, Tokyo, Japan). The cDNAs obtained
were of 455 base pairs corresponding to bp 274-
728 of human nNOS, 380 base pairs correspond-
ing to bp 459-838 of human iNOS, and 186 base
pairs corresponding to bp 1099-1284 of human
eNOS. Subcloning for these cDNA was per-
formed using the TA cloning kit (In Vitrogen,
San Diego, CA) and the products were used as
complementary oligonucleotide probes. These
probes were radiolabeled with 32p using a Ran-
dom Primer DNA Labeling Kit (Takara).

RT-PCR

RT-PCR for the estimation of the levels of NOS
mRNA was performed using an RNA PCR kit and
a PC-700 program temp control system (Astec,
Fukuoka, Japan) with 23 cycles. The level of
3-actin was used as an internal standard. The
products of RT-PCR were subjected to electro-
phoresis in 1% agarose gels, subsequently trans-
ferred to nylon-membrane filters, and later hy-
bridized with 32P-labeled probes for NOS
isoforms. Autoradiographed filters were ana-
lyzed using a Fujix Bio-Analyzer BAS-2000 (Fuji
Photo Film, Tokyo, Japan).

Preparation of Nuclear Extracts

Nuclei extracts were prepared as described pre-
viously (11). Briefly, the cells were suspended in
hypotonic buffer, 10 mM HEPES, pH 7.9, con-
taining 1.5 mM MgCl2, 10 mM KCI, 0.2 mM
PMSF, and 0.5 mM dithiothreitol (DTT). The
swollen cells were homogenized and the nuclei
were pelleted by centrifugation at 500 X g for 1
min at 40C. Gentle drop-wise addition of a high-
salt buffer, 20 mM HEPES, pH 7.9, containing
25% glycerol, 1.5 mM MgCl2, 1.2 M KCI, 0.2
mM EDTA, 0.2 mM PMSF, and 0.5 mM DTT,

released the soluble proteins from the nuclei.
The soluble nuclear extract was prepared by re-
moving precipitable proteins by centrifugation.

Electrophoretic Mobility Shift Assay

The electrophoretic mobility shift assay for AP- 1
was performed as described by Sen and Balti-
more (12) with a slight modification. Briefly,
nuclear extracts were incubated with an AP- 1-
specific 32P-oligonucleotide. The binding reac-
tion proceeded in a 25-,ul volume containing 10
jig of nuclear extract, 5,l of a binding buffer (10
mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1
mM DTT, 4% glycerol), and labeled oligonucle-
otide (3000-6000 cpm). After a 20-min binding
reaction at room temperature, samples were
loaded on a 6% nondenaturing polyacrylamide
gel and subjected to electrophoresis in 25 mM
Tris, 22.5 mM borate, and 0.25 mM EDTA, pH
8.0. For the specificity control, a 100-fold excess
of unlabeled probe was applied. The binding site
for the AP-1 probe contained '5-TGATTCA-3'.
The DNA binding activity of the extracts was
quantified by estimating the amount of the 32p_
labeled AP-1.

Estimation ofNOS Activity

Accumulated nitrite levels in the cell culture me-
dium were determined as change in the absor-
bance at 540 nm using an automated NO detec-
tor-HPLC system (ENO-10, Eicom, Kyoto,
Japan). The activity of NOS was estimated by
measuring the formation of L-[U-_4C]-Cit from
L-[U-_4C]-Arg using a Dowex-SOW column ac-
cording to the methods described by Galea et al.
(13). In these experiments, 10 ,ul of sample, cor-
responding to the cell extract from 1 X 106 cells,
was incubated at 37°C in the presence of 50 mM
HEPES-NaOH, pH 7.8, 1 mM NADPH, 10 ,tM
FAD, 7 ,ug of calmodulin (Sigma), various con-
centrations of L-Arg, and L-[U-Cl4]-Arg (305
mCi/mmol) to obtain a specific activity of 20
fmol/dpm in a total volume of 100 ,ul.

Estimation of Production of ROS
The production of intracellular ROS induced by
incubating the cells with a high concentration
of L-Arg was estimated flow cytometrically us-
ing 2'7-dichlorofluorescein-diacetate (DCFH-
DA) as a substrate according to the method of
Bass et al. (14). NB9 (1 X 106) incubated with
50 ,uM or 2 mM L-Arg for 48 hr was suspended
in phosphate-buffered saline (PBS; 1 part 0.1
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Table 1. Levels of L-Arg and L-Cit

Intracellular

L-Arg L-Cit NOS Activity
Cells Medium (pmol/106 cells) (%)

NB9 50 ,tM L-Arg 68.0 ± 1.0 N.D. 100

2 mM L-Arg 1310.0 ± 5.0* 47.1 ± 0.2 71.0 ± 4.8**

IMR32 50 ,tM L-Arg 88.4 ± 2.1 N.D. 129.0 ± 14.5

2 mM L-Arg 1467.2 ± 10.0* 51.2 + 0.5 72.6 ± 9.7**

Cells were treated with 50 ,uM or 2 MM L-Arg for 48 hr.
Values are expressed as mean + SD of three independent analyses.
* p < 0.001, **p < 0.005, significantly different from 50 ,uM L-Arg.
N.D., not detectable.

M NaH2PO4/Na2HPO4, pH 7.4, and 9 parts
0.154 M NaCI) containing 2% FCS. Then cells
were incubated with 5 ,uM DCFH-DA for 30
min at 370C. The formation of 2'7-dichlo-
rofluorescein was determined by flow cytom-
etry using a FACScan flow cytometer (Becton-
Dickinson, San Jose, CA). The excitation
wavelength was 488 nm, and green fluorescent
collected through a 530-nm band-pass filter
was measured on a logarithmic scale. The for-
mation of ROS was expressed as the fluores-
cence intensity. In another experiment, the
cells previously incubated with L-Arg for 48 hr
were treated with 2 ,tM dihydrorhodamine
123 (DHR) for 30 min at 370C, and the forma-
tion of rhodamine 123 was estimated flow cy-
tometrically as for DCFH-DA.

Amino Acid Analysis
The intracellular concentration of L-Arg and L-
Cit was estimated using an amino acid analyzer
(JLC-300; JOEL, Tokyo, Japan).

Analysis of Nuclear DNA
DNA damage due to the high concentration of
L-Arg was determined by flow cytometry on the
basis of formation of sub-GI phase DNA as de-
scribed by Gong et al. (15). NB9 was washed
with PBS and fixed with 70% ethanol for 12 hr
at -20°C then centrifuged and further incubated
with citrate-phosphate buffer (1 vol of 0.1 M
citric acid and 24 vol of 0.2 M Na2HPO4) for 15
min at 250C. The DNA content per nucleus was
evaluated flow cytometrically by the addition of
propidium iodide to stain nuclei.

Statistical Analysis
The data are given as the mean + SD. Differences
were calculated with the Student's t-test.

Results
Activity ofNOS
In the preliminary study, the effect of L-Arg con-
centration in the medium on NO production was
estimated. The NO production in NB9 increased
in a linear-dependent manner when the L-Arg
concentration ranged from 50 ,uM to 500 ,uM,
then declined with higher L-Arg concentrations
(data not shown). To elucidate the effect of a
shift in concentration of L-Arg on NOS activity,
the concentration of L-Arg in the medium was
increased from 50 ,uM to 2.0 mM and the cells
were incubated for 48 hr. The NO activity was
suppressed by approximately 71% in 2 mM-L-
Arg-loaded NB9 and 56% in 2 mM-L-Arg-loaded
IMR32. (Table 1).

Levels of L-Arg and L-Cit

Table 1 shows the intracellular levels of L-Arg
and L-Cit. When the concentration of L-Arg in
the medium was changed from 50 ,tM to 2 mM
and the culture incubated for 48 hr, the intra-
cellular concentration of L-Arg in NB9 in-
creased from 68.0 ± 1.0 pmol/ 106 cells to
1310.0 ± 5 pmol/106 cells and that of L-Cit
from undetectable levels to 47.1 ± 0.2 pmol/
106 cells (mean + SD of three independent
analyses). A similar change in the levels of
L-Arg and L-Cit was observed in L-Arg-loaded
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Fig. 1. A kinetic study of
nNOS. The effect of L-Arg
and L-Cit on NOS activity
was estimated. Cellular ex-
tract of NB9 was treated with
various concentrations of ra-
diolabeled L-Arg and the for-
mation of radiolabeled L-Cit
was estimated by scintillation
counter as described in Ma-
terials and Methods. The for-

-0.2 0.0 0.2 0.4 0.6

1/ [ L-Arg ] (tM-1)

IMR32. These levels remained unchanged for
72 hr (data not shown).

Kinetic Study

To investigate whether suppression of NO ac-

tivity is dependent on intracellular levels of
L-Cit, kinetic experiments were conducted us-

ing cellular extracts from NB9. The effect of
L-Cit on NOS activity was determined by esti-
mating the formation of L-(C'4)-Cit from
L- (C 14) -Arg. Figure 1 shows the results of a

kinetic study on NOS. In this experiment, the
L-Arg added ranged from 1.5 ,uM to 50 ,uM; at
these concentrations, NOS activity was depen-
dent on L-Arg. The apparent Km value of NOS
for L-Arg was 8.4 ,uM, with a Vmax value of 8.2
pmol/min/mg protein. The inhibitory effect of
L-Cit on NOS activity was also studied. L-Cit
competitively inhibited NOS activity, resulting
in an apparent Ki value of 65 nM.

The effect of an addition of L-Cit to NB9 on

NOS activity and cell viability was then studied.
As shown in Table 2, addition of L-Cit and incu-
bation for 48 hr increased intracellular levels of
L-Cit, inhibited NOS activity, and decreased cell
viability in a dose-dependent manner. Elevation
of intracellular levels of L-Cit and a decrease in
NOS activity were in good agreement with the
data shown in Table 1.

The Formation of ROS

Figure 2 shows the results of flow cytometric
analysis of the formation of ROS. Formation of

0.8 mation of L-Cit was ex-
pressed as pmol/ 106 cells.
The effect of L-Cit on NOS
activity was also estimated.

ROS increased in NB9 incubated with 2 mM
L-Arg for 48 hr relative to control: there were

35 versus 13 ROS (relative fluorescence inten-
sity) (Fig. 2, lanes 1 and 2) when estimated
with DCFH-DA (Fig. 2A). The formation of
ROS also increased in the L-Arg-loaded cells
when estimated with DHR: there were 300
versus 60 ROS (relative fluorescence intensity)
on the same lanes (Fig. 2B). It remains to be
determined whether the ROS formed in these
cells are related to NOS.

To establish whether the formation of ROS is
related to the Cit-NO cycle, the cells were incu-

Table 2. Effect of L-Cit on NOS activity

Intracellular

L-Cit (pmol/106 NOS
Cells Medium cells) activity (%

NB9 L-Cit 0 JIM N.D. 100
50 ,uM 25.0 ± 1.0 63.3 ± 1.1*
100 ,tM 82.1 ± 1.5 56.7 ± 1.2*
250 ,uM 97.0 ± 0.9 37.2 ± 0.8*
500 ,uM 108.1 ± 1.0 35.2 ± 1.3*

Cells were treated with various concentrations of L-Cit in
the presence of 50 ,uM L-Arg for 48 hr.
Values are mean ± SD of three independent analyses.
* p < 0.005, significantly different from 0 ,uM L-Cit.
N.D., not detectable.
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Fig. 2. Intracellular formation of ROS. Fluores-
cence distribution of DCFH-DA oxidation or DHR
oxidation was estimated by flow cytometry in NB9
exposed to 2 mM L-Arg. Lane 1, control (50 JIM L-
Arg); lane 2, 2 mM L-Arg; lane 3, 2 mM L-Arg and 5
mM L-NAME; lane 4, 50 AM L-Arg and 250 ,uM L-
Cit. (A) NB9 was incubated for 48 hr as described
above, then with 5 ,uM DCFH-DA for 30 min at
37°C, and the formation of DCFH-DA oxidation was

estimated as fluorescence intensity. (B) NB9 was in-
cubated for 48 hr as described above, then with 2
AM DHR for 30 min at 37°C and the formation of
rhodamine 123 was estimated flow cytometrically as
for DCFH-DA. The histograms represent the number
of cells as a function of relative fluorescence inten-
sity. Data are representative of three experiments
with similar results.

bated with 2 mM L-Arg for 48 hr in the presence

of L-NAME. The production of ROS was abol-
ished by L-NAME (Fig. 2, lane 3). Furthermore,
incubation of the cells with 250 ,tM L-Cit for 48
hr caused production of ROS (Fig. 2, lane 4).

RT-PCR ofNOS

RT-PCR showed the presence of nNOS in NB9
(Fig. 3). iNOS was detected faintly in the cells,
but eNOS was not detected. The expression of
nNOS did not change upon treatment with var-

ious concentrations of L-Arg at 23 cycles of PCR.

DNA Damage
Flow cytometric analysis showed a 14% increase
in the relative intensity at the sub-Gl phase in
NB9 incubated with 2 mM L-Arg for 48 hr and an

18% decrease at the G2-M phase. This suggests
that a high concentration of L-Arg induces DNA
damage and arrest at the GI phase in NB9 (Fig. 4,
right panel).

Transcriptional Regulation

Nucleic factor-KB (NF-KB) and AP-1 are acti-
vated in response to oxidative stress. In a prelim-
inary study, no change in the activity of NF-KB
was observed (data not shown). An electro-
phoretic mobility shift assay was carried out on

the DNA-binding activity of AP- 1. Figure 5
shows the results of the activation of AP- 1 on an

electrophoretic mobility shift assay conducted by
incubating NB9 with 2 mM L-Arg for 48 hr. The
activity of AP- 1 was stimulated 1. 5-fold by 2 mM
L-Arg (Fig. 5, lane 5). The activity of AP-1 was

not stimulated by 50 ,tM L-Arg (Fig. 5, lane 4).
This result suggests that the DNA-binding activ-
ity of AP- 1 is stimulated by oxidative stress pro-

duced by a high concentration of L-Arg.

Discussion
In the nervous system, nNOS is localized to dis-
crete populations of neurons in the cerebellum,
olfactory bulb, hippocampus, cortex, striatum,
basal forebrain, and brain stem (16,17). NOS is

(3) (4)
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also concentrated in the posterior pituitary
gland, in the supraoptic and paraventricular hy-
pothalamic nuclei, and in discrete ganglion cells
of the adrenal medulla (16). Greenwood et al.
reported that the expression of nNOS is relatively
high in the cerebellum and approximately half of
that in the cerebral cortex (18). The widespread
cellular localization of nNOS and the short half-
life and diffusion properties of NO have led to
speculation that NO plays a key role in nervous
system morphogenesis and synaptic plasticity
(19). During development, NO may influence
activity-dependent synaptic pruning, apoptosis,
and the establishment of the columnar reorgani-
zation of the cortex (20).

NOS is a complex dioxygenase enzyme con-
taining a C-terminal domain homologous to
cytochrome p-450 reductase (21). Besides syn-
thesizing NO from L-Arg, NOS can generate ox-
ygen-derived ROS such as superoxide or hydro-
genperoxide when the substrate L-Arg is
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Fig. 3. Expression of NOS
mRNA. Presence of NOS
isoform mRNA was esti-
mated by RT-PCR. (A) NB9
was incubated with 50 ,uM
L-Arg (lane 1), 1 mM L-Arg
(lane 2), and 2 mM L-Arg
(lane 3), then the expression
of NOS isoforms was esti-
mated as described in Mate-
rials and Methods. (B) The
data were obtained as rela-
tive intensity (%). Lanes cor-
respond to those in A. The
expression of NOS isoforms
was corrected with that of
f3-actin.

suboptimal (22). Pou et al. (23) were the first to
report a radical, superoxide generated by purified
nNOS from rat in an NADPH-dependent manner
in L-Arg-deficient medium using ESR. Culcasi et
al. (24) speculated that superoxide is induced via
activation of NOS by glutamate receptor-medi-
ated signals in L-Arg-depleted neurons and that
the superoxide produced by NOS is a weak but
significant cell death signal.

In the present study, the production of ROS
was detected in neurological cells exposed to a
20-molar excess of L-Arg. Synthesis of ROS was
evaluated by flow cytometric analysis, a method
not specific for superoxide. However, the pro-
duction of ROS was abolished by the treatment
of NB9 with L-NAME, a NOS blocker (Fig. 2),
suggesting that ROS in NB9 loaded with a high
concentration of L-Arg could be produced by
NOS. The presence of iNOS has been reported in
non-neuronal cells, such as glial cells, in the
brain (25). And in this study, the expression of

Fig. 4. DNA damage by
L-Arg. DNA damage in L-
Arg-loaded NB9 was deter-
mined by estimating the for-
mation of sub-GI phase of
DNA (1), and changes in the
number of GI (2) and G2-M
(3) phases. DNA content per
nucleus was evaluated in a
FACScan flow cytometer af-
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AP-1
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Fig. 5. Electrophoretic mobility shift assay of
AP-1. The DNA-binding activity of AP-1 was esti-
mated using an electrophoretic mobility shift assay.
NB9 was incubated with 50 ,uM or 2 mM L-Arg for
48 hr. DNA extracts from each of these cells were
incubated with an AP-1-specific 32P-oligonucleotide
for 20 min and then loaded on a 6% nondenaturing
polyacrylamide gel and subjected to electrophoresis
in 25 mM Tris, 22.5 mM borate, and 0.25 mM
EDTA, pH 8.0. The DNA binding activity of the ex-

tracts was quantified by estimating the amount of
the 32P-labeled AP-1. Lane 1, free probe; lane 2,
Hela cell extracts as a positive control; lane 3, a 100-
fold excess of unlabeled probe as a specificity con-
trol; lane 4, 50 ,uM L-Arg; lane 5, 2 mM L-Arg.

iNOS mRNA was not apparent in the absence of
cytokines or other stimulants in the medium.
nNOS but not eNOS mRNA was detected in NB9
and IMR32 concomitantly with the levels of NO
(Fig. 3), suggesting that nNOS is involved in the
formation of ROS.

The kinetics of nNOS in NB9 were studied.
The apparent Km value of nNOS for L-Arg with
8.4 ,uM was in agreement with previous reports
on the characteristics of human brain NOS
(26,27). This is the first report to show that L-Cit
inhibits NOS activity and produces ROS in a con-

centration-dependent manner. A possible mech-
anism by which ROS are produced in NB9 at a

high concentration of L-Arg is as follows: an ex-

cess of substrate, L-Arg, produces sufficient
amounts of L-Cit. L-Cit binds to the L-Arg bind-
ing site of NOS and inhibits the NO synthesis,
and nNOS functions as a NADPH oxidase to pro-

duce superoxide as observed in L-Arg-depleted
cells (26-28). At a physiological concentration of
plasma L-Arg (approximately 50 ,uM) (4), L-Cit
seems to be a suitable substrate for nNOS,
whereas at more than 0.5 mM, the concentration
of L-Arg observed in patients with arginase defi-
ciency, the L-Cit produced may inhibit the en-
zyme. The levels of L-Cit were not detected in 50
,uM-L-Arg-loaded NB9 whereas they were found
in 2 mM-L-Arg-loaded NB9 (Table 1). L-Cit is
postulated to be a precursor of L-Arg in the L-
Cit-NO cycle (10). The data in this study suggest
that L-Cit is metabolized at a physiological con-
centration of L-Arg, and L-Cit at high concentra-
tions of L-Arg is not sufficiently utilized in the
L-Cit-NO cycle.

Since the levels of L-Arg and L-Cit in the cells
were expressed in terms of contents, it is hard to
explain from the results of the kinetic study how
the formation of L-Cit alone suppresses NOS ac-
tivity contributing to neurotoxicity in L-Arg-
loaded cells. In general, it is important to distin-
guish NOS activity in broken cells that is caused
by various compounds from that which may oc-
cur in whole cells. L-Cit may decrease the viabil-
ity of the cells in addition to inhibiting NOS
activity. On the other hand, ROS formed by L-Cit
[Fig. 2 (4)], may be involved in cell damage by
L-Cit. Protection of neurotoxicity by antioxidants
has been reported (28), which strongly suggests
that chronic formation of ROS contributes to
neurotoxicity. The production of superoxide in
L-Arg-loaded cells could explain the neurological
cell injury in argininemia.

AP-1 is a sequence-specific transcriptional ac-
tivator composed of members of the Jun and Fos
families (29). These proteins associate to form a
variety of homo- and heterodimers that bind to a
common site. AP- 1 is activated by oxidative stress,
phorbor ester 12-0-tetradecanoylphorbol- 13-ace-
tate, growth factors, cytokines, and UV irradiation
(29). Gel-shift assay has shown that AP-1-DNA
binding activity is stimulated in L-Arg-loaded NB9
(Fig. 5), suggesting that ROS produced by NOS
cause oxidative stress in the cells. In conclusion,
neurotoxicity in argininemia may be induced
through a mechanism in which ROS are produced
by NOS in neurological cells.
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