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We have reported previously that peroxynitrite stim-
ulates L-arginine release from astrocytes, but the mech-
anism responsible for such an effect remains elusive. To
explore this issue, we studied the regulation of
L-[3H]arginine transport by either exogenous or endog-
enous peroxynitrite in glial cells. A 2-fold peroxynitrite-
mediated stimulation of L-arginine release in C6 cells
was found to be Na�-independent, was prevented by 5
mM L-arginine and, although only in the presence of Na�,
was blocked by 5 mM L-alanine or L-leucine. Peroxyni-
trite-mediated stimulation of L-arginine uptake was
trans-stimulated by 10 mM L-arginine and was inhibited
in a dose-dependent fashion (ki of �40 �M) by the system
y� inhibitor N-ethylmaleimide in C6 cells. Endogenous
production of peroxynitrite in lipopolysaccharide-
treated astrocytes triggered an increased L-arginine
transport activity without affecting Cat1 L-arginine
transporter mRNA levels. However, Western blot analy-
ses of peroxynitrite-treated astrocytes and C6 glial cells
revealed a 3-nitrotyrosinated anti-Cat1-immunopositive
band, strongly suggesting peroxynitrite-mediated Cat1
nitration. Furthermore, peroxynitrite stimulation of L-
arginine release was abolished in fibroblast cells ho-
mozygous for a targeted inactivation of the Cat1 gene.
Finally, peroxynitrite-triggered L-arginine released
from astrocytes was efficiently taken up by neurons in
an insert-based co-culture system. These results
strongly suggest that peroxynitrite-mediated activation
of the Cat1 transporter in glial cells may serve as a
mechanism focused to replenish L-arginine in the neigh-
boring neurons.

The biosynthesis of the central nervous system physiological
messenger nitric oxide (�NO)1 (1, 2) requires L-arginine for the

�NO synthase (NOS)-catalyzed reaction (3). In neurons and
astrocytes, stimulation of glutamate receptors leads to a Ca2�-
dependent activation of neuronal NOS (nNOS) (2, 4), although
�NO biosynthesis in neurons depends on a correct L-arginine
supply (5–7), possibly provided from the glia (8).

Glial cells can be activated to endogenously produce �NO
through the induction of the inducible NOS isoform (iNOS)
(9–13). Within the brain, free L-arginine is predominantly lo-
cated in astrocytes (14), which produce large amounts of �NO
upon iNOS (15) and L-arginine transporter (7) induction. How-
ever, unlike in astrocytes, L-arginine content in neurons is very
low and is limiting for nNOS activity (16, 17). Consistent with
this, glial-derived L-arginine has been shown to be increased
upon activation of ionotropic glutamate (non-N-methyl-D-
aspartate) receptors (18) and peroxynitrite (19), suggesting a
neuronal-astrocytic signaling transduction pathway focused to
provide NOS substrate for the neurons. However, direct dem-
onstration of such a pathway and the elucidation of the precise
transport system involved remain elusive.

Plasma membrane L-arginine transport is brought about by
two families of cationic amino acid transport proteins: Cat
(cationic amino acid transporter) and Bat (broad scope amino
acid transporter). The Cat family of transporters comprises
three different genes encoding four isoform proteins (Cat1,
Cat2, Cat2a, and Cat3) (20, 21), commonly referred to as the
system y� (22), which is mostly selective for cationic amino
acids, although it does show a weak interaction with neutral
amino acids in the presence of Na� (23). Glial cells mainly, but
not exclusively, express the high affinity (kt for L-arginine �
40–250 �M) (24) 67-kDa Cat1 (constitutive) (25) and the 71.8-
kDa Cat2 (inducible) (26) system y� proteins (7, 27). The Bat
family of constitutive transporter proteins is found in systems
bo,�, Bo,�, and y�L (y�Lat1 and y�Lat2), which are mainly
expressed in kidney and intestine, except for y�Lat2, which is
expressed in astrocytes (28).

We have reported previously that the neurotoxic �NO deriv-
ative, peroxynitrite anion (ONOO�), specifically stimulates L-
arginine release from astrocytes (19). Although the ONOO�-
mediated stimulatory effect was inhibited by L-lysine, hence
suggesting the involvement of system y� (19), an in-depth
study focused on elucidating the precise mechanism responsi-
ble for L-arginine transport activation has not yet been carried
out. In view of the potential critical role of glial cells as neuro-
nal L-arginine suppliers for �NO biosynthesis (8, 18, 29), we
were prompted to investigate the mechanism through which
ONOO� modulates L-arginine transport across the glial cell
plasma membrane as well as the potential relevance of such
modulation for neuronal L-arginine uptake.
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EXPERIMENTAL PROCEDURES

Materials—Peroxynitrite was synthesized and quantified spectro-
photometrically (�302 � 1,670 M�1 � cm�1) as described previously (30).
Alkaline stock solutions, with an approximate ONOO� concentration of
0.3–0.4 M, were stable at �70 °C for at least 3–4 months. Dulbecco’s
modified Eagle’s medium (DMEM), lipopolysaccharide (LPS), amino
acids, and N-ethylmaleimide were obtained from Sigma. Fetal calf
serum (FCS) was purchased from Roche Diagnostics. L-[2,3,4,5-3H]Argi-
nine and [�-32P]dCTP were obtained from Amersham Biosciences. The
iNOS inhibitor 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine (AMT)
and the �NO donor 1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]dia-
zen-1-ium-1,2-diolate (DETA-NO) were purchased from Alexis Corp.
(San Diego, CA). Plastic tissue culture dishes were purchased from
Nunc (Roskilde, Denmark). Cell culture inserts (Millicell-PCF; 4.2 cm2

of effective membrane area; 0.4-mm membrane pore size) were obtained
from Millipore (Bedford, MA). Hybond® nitrocellulose membrane was
purchased from Amersham Biosciences. Anti-Cat1 antiserum was a
generous gift from Dr. M. Kilberg (Department of Biochemistry and
Molecular Biology, University of Florida College of Medicine, Gaines-
ville, FL). Anti-3-Nitrotyrosine antibody was kindly provided by Dr. J.
Beckman (Department of Anesthesiology, University of Alabama at
Birmingham, AL). Anti-rabbit or anti-mouse secondary antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Other sub-
strates, enzymes, and coenzymes were purchased from Sigma, Roche
Diagnostics or Merck.

Cell Culture—Astroglia-rich primary cultures derived from neonatal
1-day-old Wistar rats were prepared as described previously (31). Cell
suspensions were plated in DMEM supplemented with 10% (v/v) fetal
calf serum at a density of 1.25 � 105 cells/cm2 in 150-cm2 flasks. Cells
were maintained in a humidified incubator under an atmosphere of 5%
CO2/95% air at 37 °C with a change of medium twice a week. After
12–14 days, astrocytes reached confluence, and cells were collected by
trypsinization, reseeded in DMEM/10% FCS at a density of 2.5 � 105

cells/cm2 either in 6-well plates or in cell culture inserts as described
previously (32), and used after 24 h.

Neuronal-rich primary cultures were prepared from fetal (embryonic
day 17) rats as described previously (33) and grown at a density of 2.5 �
105 cells/cm2 in poly-D-lysine-coated dishes in DMEM/10% FCS. Forty-
eight h after plating, the medium was replaced with DMEM supple-
mented with 5% horse serum and 20 mM D-glucose. On day 4 of culture,
cytosine arabinoside (10 �M) was added to prevent non-neuronal pro-
liferation, and neurons were used on day 8. For astrocytic-neuronal
co-cultures, astrocyte-containing inserts were placed on the top of
8-day-old neuronal cultures and bathed with Hanks’ buffer.

C6 glioma cells (passage number 48) were kindly provided by Prof. B.
Hamprecht (Tübingen, Germany) and were maintained in DMEM/10%
FCS. Cells were passaged twice per week and were seeded at a density
of 1.5 � 105 cells/cm2 24 h before experiments. Mouse fibroblast cell line
K047, which is homozygous for inactivation of the Cat1 gene (Cat1�/�)
(34), as well as the wild type were maintained in DMEM/10% FCS/1%
non-essential amino acids. Cells were passaged twice per week and
were seeded at a density of 1.5 � 105 cells/cm2 24 h before experiments.

L-Arginine Release Experiments—Release experiments were carried
out essentially as described previously (19). Briefly, 24 h after reseed-
ing, the culture medium was removed, and cells were washed once with
prewarmed (�37 °C) Hanks’ buffer (5.26 mM KCl, 0.43 mM KH2PO4,
132.4 mM NaCl, 4.09 mM NaHCO3, 0.33 mM Na2HPO4, 5.44 mM glucose,
2 mM CaCl2, and 20 mM HEPES, pH 7.4) or Na�-free Hanks’ buffer
(NaCl was replaced by 132.4 mM choline chloride). Cells were then
incubated in fresh Hanks’ buffer (with or without Na�) containing 1
�Ci/ml L-[2,3,4,5-3H]arginine (50 �M) at 37 °C for 30 min. Extensive
washing was performed until a constant basal L-[3H]arginine release
was found. Then, ONOO� (100 �M) was added, and the radioactivity
released from the cells was measured after 5 min. When appropriate, all
incubations were carried out in the presence of 5 mM L-arginine, L-
alanine, or L-leucine. The final buffer pH varied between 7.3 and 7.4.
Control cells were treated in the same way except that the ONOO�

solution was degraded previously in Hanks’ buffer at 37 °C for 15 min
before being added to the cells. In some experiments, astrocytes were
preincubated for 24 h with LPS (1 �g/ml) alone, LPS in combination
with AMT (50 �M), or DETA-NO alone (0.1 mM, which continuously
releases 0.28 �M �NO for �24 h as measured with an �NO electrode;
ISO-NO, World Precision Instruments). In these experiments, L-argi-
nine release experiments were carried out as above except that exoge-
nous peroxynitrite was not included. Results were expressed as per-
centages of L-arginine release obtained in each treatment as compared

with controls (degraded ONOO�-treated cells), which were arbitrarily
given a value of 100%.

L-Arginine Uptake Experiments—Uptake experiments were carried
out as described previously (5, 6). Briefly, 24 h after reseeding, the
culture medium was removed, and cells were washed once with pre-
warmed Na�-free Hanks’ buffer. Cells were preincubated in Na�-free
Hanks’ buffer containing 50 �M L-arginine at 37 °C for 5 min. For
trans-stimulation studies, cells were preincubated in Na�-free Hanks’
buffer containing 10 mM L-arginine at 37 °C for 30 min. Uptake exper-
iments were performed in fresh Na�-free Hanks’ buffer containing 0.25
�Ci/ml L-[2,3,4,5-3H]-arginine (50 �M). In experiments focused on in-
hibiting the y� L-arginine transporter, all incubations were carried out
in the presence of N-ethylmaleimide at the indicated concentrations.
Peroxynitrite additions (100 �M) and the appropriate controls were
done as in the release experiments, and cells were incubated at 37 °C.
After 5 min, the buffer was aspirated, and cells were rapidly washed
three times with ice-cold Hanks’ buffer. Cells were then lysed with 0.5
ml of 10 mM NaOH/0.1% Triton X-100, and the radioactivity present in
the cell lysates was measured. In some experiments, astrocytes were
preincubated for 24 h with LPS (1 �g/ml) alone, LPS in combination
with AMT (50 �M), or DETA-NO alone (0.1 mM). In these experiments,
L-arginine uptake experiments were carried out as above except that
exogenous peroxynitrite was not included. Blanks were obtained from
cells briefly (�2 s) exposed to L-[3H]arginine medium on ice (�0–4 °C)
whose radioactivity was subtracted from sample values. Results were
expressed as percentages of L-arginine uptake obtained in each treat-
ment as compared with the controls (degraded ONOO�-treated cells),
which were arbitrarily given a value of 100%.

Glial Release⁄Neuronal Uptake of L-Arginine in Co-culture—To study
the neuronal uptake of L-arginine released from ONOO�-stimulated
astrocytes, a co-culture system was used (32). Astrocytes seeded in cell
culture inserts were loaded with 5 �Ci/ml L-[2,3,4,5-3H]arginine (50 �M)
in Hanks’ buffer at 37 °C for 30 min. After extensive washing, astrocyte-
containing inserts were placed on the top of 8-day-old neuronal cultures
and bathed with Hanks’ buffer. Peroxynitrite (100 �M) was added, and
the co-culture system was further incubated at 37 °C for 5 min. After
this incubation, inserts were removed, and neurons washed and lysed
with 0.5 ml of 10 mM NaOH/0.1% Triton X-100 to determine the radio-
activity present in the neuronal lysates. Blanks were performed as
described above, and results were expressed as pmol of L-arginine taken
up/min/mg of protein. Controls were carried out using degraded
ONOO�. In some experiments, neurons were depleted of L-arginine by
incubating these cells in DMEM containing arginase (2 units/ml;
Sigma) for 24 h as described previously (35) before the co-incubation
with astrocytes.

Western Blotting—Cells were scraped off the plastic dishes with lysis
buffer (12.5 mM Na2HPO4, 116 mM NaCl, 0.5 M EDTA, 1% (by volume)
Triton X-100, 0.1% (w/v) sodium dodecylsulfate, 100 �M N-�-p-tosyl-L-
lysine chloromethylketone, 100 �M phenylmethylsulfonyl fluoride, 1
mM phenanthroline, 10 �g/ml pepstatin A, 100 �M N-tosyl-L-phenylala-
nine chloromethylketone, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 10
�g/ml soybean trypsin inhibitor, pH 7) and 100 �g of protein from each
sample, extemporarily determined following Bradford (36), using
ovalbumin as standard, and the BenchMarkTM prestained protein lad-
der (Invitrogen) were electrophoresed on 8% acrylamide gel (MiniPro-
tan®, Bio-Rad) and transferred to a Hybond® nitrocellulose membrane
(Amersham Biosciences). Membranes were blocked with 5% (w/v) low
fat milk Tween Tris buffer solution (20 mM Tris, 500 mM NaCl, 0.1%
(w/v) Tween 20 (pH 7.5)) for 1 h and then incubated in the presence of
the appropriate antibody (either anti-nitrotyrosine at 1:100 dilution or
anti-Cat1 at 1:2000 dilution) at 4 °C overnight. After washing, mem-
branes were further incubated in 2% (w/v) low fat milk Tween Tris
buffer solution for 45 min at room temperature in the presence of the
appropriate (anti-rabbit or anti-mouse) IgG-horseradish peroxidase sec-
ondary antibodies (at 1:40,000 or 1:1,000 dilution, respectively) and
immediately incubated with the luminol chemiluminescence reagent
(Santa Cruz Biotechnology) for 1 min before exposure to HyperfilmTM

chemiluminescence film for 5 min.
Northern Blotting—Northern blotting analysis was carried out in

total RNA samples isolated from the cells by the guanidinium isothio-
cyanate method as described previously (37). The samples were elec-
trophoresed (22 �g of RNA/line) on a 1% (w/v) agarose-formaldehyde
gel. After transfer to a GeneScreen Plus membrane (PerkinElmer Life
Sciences) and cross-linking with ultraviolet irradiation (UV Stratal-
inker, Model 2400, Genetic Research Instruments, Essex, UK), mem-
branes were hybridized for 18 h at 65 °C in the presence of the appro-
priate random-primed [�-32P]dCTP-radiolabelled cDNA probes and
exposed to Kodak XAR-5 film. As cDNA probes, we used either a 0.9-kb
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iNOS cDNA fragment (a generous gift of Dr. Elena Galea, University of
Illinois, Chicago, IL) or a 0.9-kb Cat1 cDNA fragment (generously
provided by Dr. Manuel Palacı́n, University of Barcelona, Barcelona,
Spain).

Immunocytochemistry—Immunocytochemistry was carried out on
astrocytes grown on glass coverslips, which were fixed for 30 min in
PBS containing 4% paraformaldehyde, rinsed with PBS, and permeabi-
lized for 10 min with methanol at �20 °C. Cells were then incubated at
room temperature in PBS containing blocking serum (10% normal goat
serum) plus anti-3-nitrotyrosine antibody for 3 h. After washing with
PBS, cells were incubated in PBS containing the secondary antibody
(anti-mouse-IgG-fluorescein isothiocyanate) for 2 h. Finally, coverslips
were washed and developed using the SlowFade® light antifade kit
(Molecular Probes, Eugene, OR) for fluorescence microphotographs.

Statistical Analysis—Data are expressed as mean � S.E. values for
the number of culture preparations indicated in the figure legends.
Statistical significance was evaluated by one-way analysis of variance
followed by the least significant difference multiple range test. p � 0.05
was considered significant.

RESULTS

Peroxynitrite Stimulates L-Arginine Release in an Na�-inde-
pendent Fashion—To elucidate the mechanism involved in
ONOO�-mediated L-arginine release (19), we first studied the
Na� dependence on this effect in C6 glial cells. Cells were
loaded with L-[3H]arginine and incubated either in the absence
(Na�-free, choline chloride-containing Hanks’ buffer) or in the
presence (Hanks’ buffer) of Na� at 37 °C for 25 min and then
exposed to 100 �M ONOO� or to degraded ONOO�. After 5 min,
L-arginine release was determined as reported previously (19).
As shown in Fig. 1, ONOO� increased L-arginine release by
about 2-fold both in the presence (Fig. 1A) and in the absence
(Fig. 1B) of Na�. Supplementation of excess (5 mM) L-arginine,
L-alanine, or L-leucine partially or fully prevented ONOO�-
stimulated L-arginine release in the presence of Na� (Fig. 1A).
However, only L-arginine, but not L-alanine or L-leucine sup-
plementation, was able to prevent ONOO�-mediated L-argi-
nine release in the absence of Na� (Fig. 1B).

Trans-stimulation of ONOO�-mediated Activation of L-argi-
nine Uptake and Inhibition by the System y�-specific Inhibitor
N-Ethylmaleimide—To further investigate the transport sys-
tem involved in the ONOO�-mediated activation of L-arginine
release in glial cells, we tested whether the release was trans-
stimulated by L-arginine. To simplify the experimental design,
L-arginine uptake instead of efflux was measured in the ab-
sence or presence of a large excess (10 mM) of extracellular
L-arginine. Fig. 1C shows that ONOO� significantly stimulated
(by �1.6-fold) L-arginine uptake in the absence of 10 mM L-
arginine. Moreover, in the presence of 10 mM L-arginine,
ONOO�-mediated stimulation of L-arginine uptake was fur-
ther increased by a factor of �1.4. Peroxynitrite-mediated stim-
ulation of L-arginine uptake was dose dependently abolished by
the system y�-specific inhibitor N-ethylmaleimide (38) (Fig.
1D). Polynomial (n � 2) transformation of the data (not shown)
yielded a ki of �40 �M for N-ethylmaleimide.

Peroxynitrite Fails to stimulate L-arginine Release in
Cat1�/� Fibroblasts—In view of the possibility that system y�

might be involved in ONOO�-mediated stimulation of L-argi-
nine transport, we were prompted to investigate the effect of
ONOO� in cells lacking this type of transporter system. For
this purpose, we used Cat1�/� fibroblast cells, which function-
ally lack this type of transporter (34), and the effect was com-
pared with those observed in wild-type fibroblast cells, C6, and
astrocytic cells, which constitutively express the Cat1 trans-
porter (7, 27). We found that the stimulation caused by ONOO�

on L-arginine release from wild-type fibroblast cells was very
similar to that found in C6 cells and astrocytes (Fig. 2). How-
ever, this effect was fully abolished in homozygous (Cat1�/�)
Cat1 knock-out fibroblast cells (Fig. 2).

Peroxynitrite-mediated 3-Nitrotyrosination of Cat1 in Glial

Cells—The functional protein modification by ONOO�-medi-
ated nitration of 3-nitrotyrosine residues (3-nitrotyrosination)
is now widely documented (39, 40). In view of the rapid effect
brought about by ONOO� on L-arginine transport activity, we
wondered whether Cat1 3-nitrotyrosination might be taking
place under our own conditions. A 5-min incubation of intact C6
or astrocytic cells in the presence of 100 �M ONOO� revealed
intense protein 3-nitrotyrosination, as judged by Western blot-
ting using monoclonal anti-3-nitrotyrosine antibody in both cell
types (Fig. 3). Interestingly, among other 3-nitrotyrosinated
bands, in both C6 cells and astrocytes, a protein was also found
to be anti-Cat1-immunopositive, as judged by parallel Western
blotting using an antiserum raised against Cat1 protein (Fig.
3). Either immunoprecipitation with anti-Cat1 and Western
blotting with anti-3-nitrotyrosine or immunoprecipitation with
anti-3-nitrotyrosine and Western blotting with anti-Cat1 were
not successful, probably due to the very low level of nitrated
Cat1 protein.

Endogenous Peroxynitrite, but Not Nitric Oxide Formation,
Stimulates L-Arginine Transport Activity in Astrocytes—In

FIG. 1. Peroxynitrite stimulates a trans-stimulable, Na�-inde-
pendent L-arginine transport activity. C6 glial cells were preloaded
with 1 �Ci/ml L-[2,3,4,5-3H]arginine (50 �M) in either Hanks’ buffer (A)
or Na�-free Hanks’ buffer (B) (NaCl was replaced by 132.4 mM choline
chloride) at 37 °C for 30 min. After extensive washing, ONOO� (100 �M)
was added, and L-[3H]arginine released was measured 5 min later.
Where indicated, all incubations were performed in the presence of 5
mM L-arginine, L-alanine, or L-leucine. For trans-stimulation experi-
ments (C), cells were preincubated in Na�-free Hanks’ buffer containing
either 50 �M or 10 mM L-arginine at 37 °C for 30 min. For N-ethylma-
leimide experiments (D), all incubations were carried out in the pres-
ence of this inhibitor at the indicated concentrations. Uptake experi-
ments were performed in Na�-free Hanks’ buffer containing 0.25
�Ci/ml L-[2,3,4,5-3H]-arginine (50 �M). Peroxynitrite (100 �M) was
added, and cells were incubated at 37 °C for 5 min. L[3H]Arginine
retained by the cells was measured in the cell lysates as described
under “Experimental Procedures.” Uptake blanks were obtained from
cells briefly (�2 s) exposed to L-[3H]arginine medium on ice (�0–4 °C),
whose radioactivity was subtracted from sample values. Results are
expressed as percentages of L-arginine release/uptake as compared with
that released/taken up by control cells (i.e. degraded ONOO�-treated
cells), which were arbitrarily given a value of 100%. Control release
values were 352 � 23 and 324 � 23 cpm/103 cells with and without Na�,
respectively. Control uptake values were 79 � 12 pmol/min/mg of pro-
tein. In all cases, data are mean � S.E. values from three separate
experiments. #, p � 0.05 as compared with the control group. *, p � 0.05
as compared with the None (A and B), 50 �M L-arginine (C), or 0 mM

N-ethylmaleimide (D) groups, respectively.
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view of the evidence showing L-arginine transport activity
stimulation by exogenous ONOO� and to elucidate the possible
physiological relevance of this phenomenon, we were prompted
to investigate the possible role of endogenous ONOO� forma-
tion on L-arginine transport activity. Accordingly, we used as-
trocytes in primary culture incubated with LPS (1 �g/ml), an
endotoxin that is well known to induce iNOS in these cells (9,
10) and to stimulate iNOS-dependent ONOO� formation (41).
We have corroborated iNOS induction (Fig. 4D) as well as
functional iNOS activity by measuring LPS-mediated, AMT-
(50 �M) inhibitable nitrite released to the culture medium
(results not shown) (42). Furthermore, endogenous ONOO�

formation was also confirmed by immunocytochemical evidence
for LPS-mediated 3-nitrotyrosine formation in these cells (Fig.
5B). Since ONOO� synthesis requires �NO reaction with O2

.

(43), to prevent ONOO� formation, �NO synthesis was inhib-
ited in the LPS-treated cells by the iNOS-specific inhibitor
AMT, thus preventing cellular 3-nitrotyrosination (Fig. 5C).
Both negative control (i.e. degraded ONOO�) and positive con-
trol (authentic ONOO�) 3-nitrotyrosinated cells were carried
out in parallel to confirm the specificity of 3-nitrotyrosination
(Fig. 5, D and E). Immunoprecipitation of LPS-treated astro-
cytes with anti-3-nitrotyrosine followed by Western blotting
failed to detect any Cat1-nitrated protein (not shown), a result
that could be due to the low level of Cat1 nitration in this
system.

As shown in Fig. 4C, LPS-treated cells showed enhanced
L-arginine uptake activity in an L-arginine concentration-de-
pendent fashion. At 50 �M extracellular L-arginine concentra-
tion, LPS-treated cells showed a 2.8-fold enhancement in the
rate of L-arginine uptake (Fig. 4A) and a 1.5-fold increase in the
rate of L-arginine release (Fig. 4B). Inhibition of iNOS activity
with AMT (50 �M) significantly, but not fully, prevented LPS-
mediated activation of L-arginine transport activity (Fig. 4, A
and B). To elucidate the possible role for �NO on L-arginine
transport activity, we used DETA-NO (0.1 mM), a compound
widely used as a chemical source of �NO (44). DETA-NO (0.1
mM) was shown to continuously release 0.28 �M �NO for about
24 h in Hanks’ buffer at 37 °C as measured by an �NO-sensitive
electrode. This steady-state �NO concentration is closely simi-
lar to that observed in LPS-treated astrocytes (15). Incubation
of astrocytes with DETA-NO (0.1 mM) during 24 h did not
change the rates of L-arginine uptake or release (Fig. 4, A and
B). A degraded solution of DETA-NO was used as control,
showing no alteration in these parameters when compared
with untreated astrocytes (not shown).

Peroxynitrite-mediated L-Arginine Release from Astrocytes Is
Taken up by Co-cultured Neurons—To further elucidate the
potential physiological relevance of ONOO�-mediated activa-
tion of L-arginine transport in glial cells, we investigated
whether, upon an ONOO� stimuli, astrocytic-released L-argi-
nine could be taken up by neighboring neurons. Accordingly,
L-[3H]arginine-preloaded insert-seeded astrocytes were co-in-
cubated with neurons, and either degraded or active ONOO�

(0.1 mM) was added. After 5 min, astrocyte-containing inserts
were removed, and the radioactivity present in neuronal ly-
sates was measured. As shown in Fig. 6, ONOO� treatment
significantly increased L-[3H]arginine uptake by neurons. How-
ever, L-[3H]arginine uptake was unmodified by ONOO� treat-
ment to neurons cultured alone (results not shown). Further-
more, the effect of ONOO� was enhanced when neurons were
L-arginine-depleted prior to the co-culture with astrocytes
(Fig. 6).

DISCUSSION

The studies carried out by Grima et al. (8, 18) first reported
glutamate-stimulated L-arginine release from glial cells, possi-

bly by acting on non-N-methyl-D-aspartate receptors. These
authors suggested that this would be a neuronal-astrocytic
signaling transduction pathway whose job would be to provide
L-arginine for NOS activity within neighboring neurons (8, 18).
In fact, sustained �NO production in astrocytes (7) as well as in
macrophages (45) has been shown to be dependent of an effi-
cient L-arginine (Cat2) transporter activity. Our later work in
cultured astroglial cells showed that exogenously added per-
oxynitrite anion stimulated L-arginine release in a dose-de-
pendent (from 50–1000 �M) and selective way (19), a protein
carrier-mediated effect that was not mimicked by �NO nor by
other oxygen-derived free radicals such as H2O2 or O2

.. Given
the potential pathophysiological relevance of this possible neu-
ronal-astroglial intercellular communication, the first aim of
the present work was to elucidate the molecular mechanism
leading to ONOO�-mediated activation of L-arginine transport
in glial cells.

Despite the apparent complexity of the cationic amino acid

FIG. 2. Peroxynitrite fails to stimulate L-arginine release in
Cat1 knock-out fibroblast cells. C6 glial cells, astrocytes or fibro-
blast (wild-type (WT)� or Cat1�/�) cells were preloaded with 1 �Ci/ml
L-[2,3,4,5-3H]arginine (50 �M) in Hanks’ buffer at 37 °C for 30 min.
After extensive washing, ONOO� (100 �M) was added, and the
L-[3H]arginine released was measured 5 min later. Results are ex-
pressed as percentages of L-arginine release as compared with that
released by the appropriate control cells (i.e. degraded ONOO�-treated
cells), which were arbitrarily given a value of 100%. Control release
values were 401 � 11, 352 � 23, 293 � 10, and 285 � 15 cpm/103 cells
for astrocytes, C6, wild-type (WT) fibroblasts, and Cat1�/�-fibroblasts,
respectively. Data are mean � S.E. values from three separate exper-
iments. *, p � 0.05 as compared with the wild-type (WT) fibroblasts
group.

FIG. 3. Peroxynitrite-mediated 3-nitrotyrosination (3-NT) of
Cat1 in glial cells. C6 glial cells or astrocytes were exposed to ONOO�

(100 �M) for 5 min, and 100 �g of protein from each sample and the
BenchMarkTM prestained protein ladder (Invitrogen) were subjected to
Western blotting. Anti-3-nitrotyrosine monoclonal antibody and anti-
Cat1 antisera were used to detect protein nitration or Cat1, respec-
tively. Control cells received equivalent amounts of degraded ONOO�.
The figure shows one representative experiment out of three.
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transport systems found in the brain (i.e. the Cat and Bat
proteins), these can be identified on the basis of their interac-
tions with inorganic ions, particularly with Na� (22). Thus, to
elucidate the Na� dependence in the ONOO�-mediated stim-
ulation of L-arginine release, we incubated C6 glial cells either
in the presence or in the absence of Na�, and the effect of
ONOO� (100 �M) was evaluated. Our results showed that there
was a �2-fold stimulation of L-arginine release, which was
found to be independent of extracellular Na�. Since several
Na�-independent cationic amino acid transporter systems can
operate in glial cells (25, 28), we next investigated the specific-
ity of the ONOO�-sensitive transport activity. In particular,
system y� for cationic amino acids appears to be a major
Na�-independent carrier system in glial cells, although (and
only in the presence of Na�) it does show a weak interaction
with neutral amino acids (6, 7). Our results revealed that only
in the presence of Na� was ONOO�-mediated L-arginine stim-
ulation abolished by both excess cationic (L-arginine and L-
lysine) (19) and neutral (L-alanine and L-leucine) amino acids.
By contrast, in the absence of Na�, only L-arginine, but not
L-alanine or L-leucine, was able to abolish ONOO�-mediated
L-arginine release. These results are consistent with the notion
that system y� could be a potential target of ONOO�.

The possibility that system y� might be involved in the
ONOO�-mediated stimulation of L-arginine transport was fur-
ther corroborated by two sets of data, i.e. 1) the specific system
y� inhibitor, N-ethylmaleimide (38), dose dependently (ki of

�40 �M) abolished the ONOO�-mediated stimulation of L-ar-
ginine uptake; and 2) preloading of cells with L-arginine (10
mM) stimulated ONOO�-mediated L-arginine uptake. Since
system y� has been shown previously to be subject to trans-
stimulation (46), these data further confirm that ONOO� may
cause the activation of system y�.

The potency with which ONOO� stimulated L-arginine re-
lease from wild-type fibroblast cells was very similar to that
found for C6 cells and astrocytes, which constitutively express
the Cat1 transporter (7, 27). However, this effect was fully
abolished in homozygous (Cat1�/�) Cat1 knock-out fibroblast
cells, which have been shown to be functionally compensated
by the brain-specific L-arginine transporter Cat3 (47). These
results strongly suggest that the ONOO�-mediated activation
of Cat1 protein would be involved in the mechanism leading to
system y� activation in glial cells.

It is well known that ONOO� causes protein sulfhydryl
nitrosylation and tyrosine nitration as well as lipid peroxida-
tion (39, 40). It could be speculated that ONOO�-stimulated
L-arginine release would be due to a possible modification in
the system y� L-arginine transporter Cat1. Interestingly,
ONOO� induced protein nitration in both C6 cells and astro-
cytes, as judged by the observed enhancement in 3-nitroty-
rosine immunoreactivity. Noticeably, and in particular,
ONOO� nitrated an anti-Cat1-immunopositive band, strongly
suggesting ONOO�-mediated Cat1 3-nitrotyrosination. Unfor-
tunately, and possibly due to a low level of nitrated Cat1

FIG. 4. Endogenously produced peroxynitrite stimulates L-arginine transport activity. To induce nitric oxide synthase (iNOS) activity,
astrocytes were incubated in the absence or in the presence of LPS (1 �g/ml) for 24 h prior to the release/uptake experiments. In some experiments,
the specific iNOS inhibitor AMT (50 �M) was also included. Where indicated, cells were incubated only in the presence of the nitric oxide donor
DETA-NO (0.1 mM). Following this 24-h incubation, cells were washed, and uptake experiments (A and C) were performed in Na�-free Hanks’
buffer containing 0.25 �Ci/ml L-[2,3,4,5-3H]-arginine (ranging between 0.05 mM, as in panel A, up to 1 mM, as in panel C) at 37 °C for 5 min.
L-[3H]Arginine retained by the cells was measured in the cell lysates as described under “Experimental Procedures.” Uptake blanks were obtained
from cells briefly (�2 s) exposed to L-[3H]arginine medium on ice (�0–4 °C), whose radioactivity was subtracted from sample values. For release
experiments (B), cells were preloaded with 1 �Ci/ml L-[2,3,4,5-3H]arginine (50 �M) in Hanks’ buffer at 37 °C for 30 min. After extensive washing
every 5 min, basal L-[3H]arginine released during a 5-min period was measured at 30 min. Northern blotting analyses (D) were carried out in 22
�g of total RNA/lane extracted from astrocytes incubated either in the absence (Control) or in the presence of LPS (1 �g/ml) for 4 or 24 h using the
appropriate iNOS and Cat1 32P-labeled cDNA probes. Results are expressed as percentages of L-arginine release/uptake as compared with that
released/taken up by control cells (i.e. untreated cells), which were arbitrarily given a value of 100%. Control uptake values were 942 � 285
pmol/min/mg of protein. Control release values were 401 � 11 cpm/103 cells. In all cases, data are mean � S.E. values from three separate
experiments. *, p � 0.05 as compared with the control group. #, p � 0.05 as compared with the LPS group.
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protein, Cat1 3-nitrotyrosination could not be shown by immu-
noprecipitation experiments. Nevertheless, a tempting possi-
bility is that this putative Cat1 nitration might be a contribut-
ing cause of the functional modification of transporter activity,
although this remains to be further elucidated.

To investigate the possible physiological role for ONOO�-
mediated stimulation of L-arginine transport activity, we car-
ried out two sets of experiments, i.e. to modulate L-arginine
transport activity by endogenously produced ONOO� in astro-
cytes and to investigate L-arginine trafficking from astrocytes
to neurons upon an ONOO� stimuli. Thus, our results showed
that incubation of astrocytes with LPS caused iNOS activity-
dependent 3-nitrotyrosination, suggesting ONOO� formation
in these cells (41). Furthermore, ONOO�-producing astrocytes
showed increased L-arginine transport, consistent with former
results obtained by Schmidlin and Wiesinger (35). In this
study, inhibition of iNOS activity by AMT partially prevented
LPS-mediated increase in transport activity (see also Ref. 35).
As indicated by Cat1 mRNA levels, there was no modification
in Cat1 expression in LPS-treated cells (see also Ref. 7). In
addition, �NO cannot be responsible for the AMT-inhibitable
LPS-mediated increase in transport activity because exposure
of cells to �NO under conditions closely similar to those ob-
tained with LPS treatment (i.e. using 0.1 mM DETA-NO for
24 h) failed to alter L-arginine transport activity. Therefore,
since both �NO and O2

. are necessary for endogenous ONOO�

synthesis (41), our data are consistent with the iNOS-depend-
ent Cat1 nitration and activation by ONOO�. Whether induc-
tion of the other system y�, Cat2, by LPS treatment would be
responsible for the iNOS activity-independent increase in L-
arginine transport is unknown. However, this would be a plau-
sible hypothesis since Stevens et al. (7) have shown that �NO
biosynthesis in astrocytes upon LPS treatment is dependent on
induced alternatively spliced Cat2 encoding L-arginine trans-
port in astrocytes.

Finally, we have studied the possible trafficking of L-arginine
between astrocytes and neurons. Thus, whereas ONOO� failed
to increase L-arginine uptake in neurons when cultured alone,
using a co-culture system L-arginine released from ONOO�-
treated astrocytes was efficiently taken up by neurons. Fur-
thermore, ONOO�-mediated neuronal uptake of astrocytic-re-
leased L-arginine increased when neuronal L-arginine was
depleted previously, thus highlighting a potential physiological
relevance of this phenomenon under L-arginine-starving
conditions.

In conclusion, our results show that both exogenous and
endogenous ONOO� stimulates L-arginine transport in glial
cells, possibly as a direct effect on the y� L-arginine transporter
system. Thus, when the NOS substrate L-arginine becomes a
limiting factor for �NO synthesis, ONOO� formation in neurons
(17) would diffuse to astrocytes, thereby representing a possi-
ble intercellular signal designed to activate L-arginine release.
In fact, here we show, for the first time, that L-arginine re-
leased from astrocytes is efficiently taken up by neurons in
co-culture. Whether the reported glutamate-mediated increase
in L-arginine release (8, 18) is brought about by endogenous
ONOO� production remains obscure, but our previous (19) and
present results are indeed compatible with such a hypothesis.
This mechanism would replenish cytosolic L-arginine to facili-
tate physiological �NO instead of neurotoxic ONOO� in neu-
rons. If so, such a neuronal-glial interaction could help to
prevent the propagation of neuronal death upon excess gluta-
mate-receptor activation.
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