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ABSTRACT  Nitric oxide (NO) mediates several biological
actions, including relaxation of blood vessels, cytotoxicity of
activated macrophages, and formation of cGMP by activation
of glutamate receptors in cerebellar slices. Nitric oxide synthase
(EC 1.14.23.-) immunoreactivity is colocalized with nicotina-
mide adenine di-nucleotide phosphate diaphorase in neurons
that are uniquely resistant to toxic insults. We show that the
nitric oxide synthase inhibitors, N “-nitro-L-arginine (ECs, = 20
pM) and N“-monomethyl-L-arginine (ECso = 170 uM), prevent
neurotoxicity elicited by N-methyl-D-aspartate and related ex-
citatory amino acids. This effect is competitively reversed by
L-arginine. Depletion of the culture medium of arginine by
arginase or arginine-free growth medium completely attenuates
N-methyl-D-aspartate toxicity. Sodium nitroprusside, which
spontaneously releases NO, produces dose-dependent cell death
that parallels cGMP formation. Hemoglobin, which complexes
NO, prevents neurotoxic effects of both N-methyl-D-aspartate
and sodium nitroprusside. These data establish that NO medi-
ates the neurotoxicity of glutamate.

Nitric oxide (NO), first identified as endothelium-derived
relaxing factor (1-3), is also an important neuronal messenger
molecule (4, 5). A physiological role for NO in the nervous
system has been established by demonstrations that arginine
derivatives, which are potent and selective inhibitors of nitric
oxide synthase (NOS; EC 1.14.23.-), block neuronally me-
diated relaxation of the intestine (6-8) and stimulation of
cGMP formation by glutamate in the cerebellum (9, 10). NO
is formed from arginine in brain and endothelial cells by NOS,
which has been purified to homogeneity (11) and molecularly
cloned (12) from rat brain. Macrophages and other blood cells
also produce NO, which mediates their bactericidal and
tumoricidal effects (13). However, the NOS of macrophages
is a distinct protein from NOS in brain and endothelial
tissues, differing in cofactor requirements. Immunocyto-
chemical studies have localized NOS to select neuronal
populations in the brain, as well as to neurons in the retina,
adrenal medulla, and intestine, and to nerve fibers in the
posterior pituitary (14, 15).

Glutamate may mediate the neurotoxicity observed in
hypoxic-ischemic brain injury, as selective antagonists of the
N-methyl-p-aspartate (NMDA) subtype of glutamate recep-
tor prevent neuronal cell death in animal models of hypoxic-
ischemic brain injury (16). Glutamate neurotoxicity has also
been implicated in neurodegenerative disorders such as Alz-
heimer and Huntington diseases (16, 17). Glutamate neuro-
toxicity mediated by NMDA receptors involves calcium
entry into cells via ligand-gated ion channels (17). Interest-
ingly, the enhancement of NOS activity by NMDA stimula-
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tion of cerebellar slices also derives from channel-associated
entry of calcium, which binds to calmodulin associated with
NOS (9-11). To ascertain the relationship of NO to glutamate
neurotoxicity, we have employed rat primary cortical cul-
tures and demonstrate that glutamate neurotoxicity is pre-
vented selectively by inhibitors of NOS.

MATERIALS AND METHODS

Cell Culture. Primary dissociated cell cultures were pre-
pared from fetal rats (13- to 14-day gestation for cortex and
caudate—putamen cultures and 19- to 20-day gestation for
hippocampal cultures). The tissue of interest was dissected,
incubated for 15 min in 0.027% trypsin in Brooks-Logan
solution (5% phosphate-buffered saline/0.04 M sucrose/10
mM Hepes/0.03 M glucose, pH 7.4), and then transferred to
modified Eagle’s medium (MEM)/10% horse serum/10%
fetal bovine serum/2 mM glutamine for trituration. Dissoci-
ated cells were plated at a density of 3—4 X 10° cells per well
in polyornithine-coated 15-mm multiwell plates. After 4 days
the cells were treated with 10 ug of 5-fluoro-2’-deoxyuridine
to prevent proliferation of nonneuronal cells. Cells were
maintained in MEM/5% horse serum/2 mM glutamine in 8%
CO,/humidified atmosphere at 37°C. The medium was
changed twice weekly. In the present study, mature neurons
(3-4 weeks) were used.

Cytoxicity. Cells were exposed to excitatory amino acids
according to the method of Koh and Choi (18). Before
exposure, the cells were washed three times with Tris-
buffered control salt solution (CSS) (18), containing 120 mM
NaCl/5.4 mM KCl/1.8 mM CaCl,/25 mM Tris hydrochlo-
ride, pH 7.4 at room temperature/15 mM glucose). Brief
exposures to glutamate, NMDA (plus 10 uM glycine), quis-
qualate, and sodium nitroprusside (SNP) were performed for
5 min in CSS. The exposure solution was then washed away
and replaced by MEM with 21 mM glucose; then the cells
were placed in an incubator for 20-24 hr. Long exposures to
kainate were performed in MEM/21 mM glucose for 20-24 hr
in the incubator. After exposure to the excitatory amino
acids, the medium was replaced by CSS/0.4% trypan blue,
which stains nonviable cells. Two to four photographs (10—
20x) were made of each well, and viable versus nonviable
cells were counted. The cytotoxicity data represent 6-24
separate wells assayed per data point, with =500-1500 cells
counted per well. In some experiments, overall neuronal cell
injury was also assessed by the measurement of lactate

Abbreviations: CSS, control salt solution; Hb, hemoglobin; L-Arg,
L-arginine; D-Arg, D-arginine; MEM, modified Eagle’s medium;
NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric
oxide; NOS, nitric oxide synthase; N-Arg, N“-nitro-L-arginine;
NMDA, N-methyl-pD-aspartate; Me-Arg, N“-monomethyl-L-
arginine; SNP, sodium nitroprusside.
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dehydrogenase released by damaged or destroyed cells into
the extracellular fluid after drug exposure (18).

Biochemical Assays. For determination of cGMP the cells
- were washed three times with CSS. After a 1-min exposure
to drug solutions the cells were inactivated with 15% tri-
chloroacetic acid. After ether extraction, cGMP levels were
determined by RIA. [PH]JMK-801 binding to the NMDA
receptor/channel complex was assayed, as described (19).
NO synthase activity was assayed by the conversion of
[*H]arginine to [*H]citrulline (9, 11). For immunoblots, 200
400 ug of crude tissue protein was separated on a 7.5%
SDS/polyacrylamide gel and transferred to nitrocellulose.
Lanes were incubated with affinity-purified antibody (1:1000)
14).

Electrophysiology. Cortical neurons in sister cultures were
voltage clamped by using the whole-cell version of the
patch-clamp technique (20).

Materials. [*H]Arginine (53 Ci/mmol; 1 Ci = 37 GBq) was
obtained from DuPont/NEN. cGMP RIA kits were obtained
from Amersham. N“-monomethyl-L-arginine (Me-Arg) was
obtained from Calbiochem. All other chemicals were pur-
chased from Sigma.

RESULTS
Before initiating cytotoxicity experiments with NOS inhibi-
tors, we evaluated the potency of NMDA applied for 5 min
in inducing cell death by examining exclusion of 0.4% trypan
blue by viable cells or measuring lactate dehydrogenase
released by damaged or destroyed cells into the extracellular
fluid. As reported earlier (18), NMDA displays a toxic LDsg
of 280 uM (data not shown), and 300 uM NMDA consistently
yields 60% cell death (Fig. 1). Simultaneous application of

Fic. 1. Bright-field photomicrographs of cortical cell cultures 24
hr after treatment and after 0.4% trypan blue dye exclusion to stain
nonviable cells. Dead cells appear as black dots, and live cells appear
as raised cells against the gray background. (A) Control (Cont). (B)
NMDA (300 uM plus 10 uM glycine). (C) NMDA (300 uM plus 10
uM glycine) plus 100 N-Arg demonstrates inhibition of NMDA
cytotoxicity. (D) L-Arg (1 mM) reverses the inhibition by 100 uM
N-Arg of 300 uM NMDA (plus 10 uM glycine) cytotoxicity. (E)
Treatment of cell cultures for 24 hr in L-Arg-free medium abolishes
NMDA toxicity. (F) Reduced Hb plus 300 uM NMDA (with 10 uM
glycine) reverses cell death. Photomicrographs were taken randomly
from culture wells and are representative of 6-24 determinations.
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100 uM N“-nitro-L-arginine (N-Arg), a potent NOS inhibitor
(21, 22), with NMDA reduces cell death by 70% (Fig. 1).
Addition of 1 mM L-arginine (L-Arg) to the exposure solution
completely reverses the effect of N-Arg (Fig. 1). To further
ascertain whether NO is involved in NMDA neurotoxicity we
added 500 uM of reduced hemoglobin (Hb), which binds NO,
simultaneously with 300 uM NMDA (Fig. 1). Hb completely
prevents NMDA-induced cell death at 500 M, similar to the
concentration required for reduced myoglobin to prevent
macrophage-mediated cell death (23).

The cortical cultures possess substantial NOS catalytic
activity and protein, =10% of cerebellar levels (data not
shown). Furthermore, NMDA can stimulate the formation of
NO in cortical cultures. Formation of cGMP can be used as
an indirect measure of NO formation (9, 10), as NO binds to
the heme moiety of guanylate cyclase and subsequently
activates the enzyme. As has been shown in cerebellar slices,
NMDA stimulation of cGMP levels in cultures is antagonized
by inhibiting NOS with N-Arg or complexing NO with Hb
(Fig. 2). N-Arg inhibition of cGMP formation by NMDA is
competitively reversible by L-Arg. Superoxide dismutase,
which removes superoxide that would degrade NO, poten-
tiates the formation of cGMP by NMDA (Fig. 2). Thus, as in
cerebellar slices, in cortical cell cultures NMDA stimulation
of cGMP formation involves NO.

N-Arg (100 uM and 500 uM) has no effect on [PH]MK-801
binding to NMDA receptor channels in rat cerebral cortical
membranes (data not shown). Similarly, 100 uM N-Arg has
no effect on NMDA-induced currents measured in the cor-
tical cultures by whole-cell patch-clamp analysis (data not
shown). Therefore, N-Arg does not directly act on NMDA
receptors.

To ascertain the potency of N-Arg in preventing cell death,
we varied the concentration of N-Arg (Fig. 3). Approximately
50% prevention of NMDA-induced cell death is evident at 20
uM N-Arg. The potency of N-Arg is similar whether applied
simultaneously with NMDA or 5 min earlier. Me-Arg, an-
other NOS inhibitor less potent than N-Arg (21, 22), also
prevents NMDA-induced cell death with 50% prevention of
death at a concentration of 170 uM (Fig. 3).

Ininhibiting NOS activity of purified enzyme preparations,
N-Arg and Me-Arg have K; values of 200 nM and 2 uM,
respectively (22). The higher concentrations of these inhib-
itors required to prevent NMDA neurotoxicity probably
reflects competition by the high 1 mM L-Arg concentration in
the culture medium. Therefore, we added arginase in amounts
that should completely degrade L-Arg. Additionally, sister
cultures were grown for 24 hr in medium without L-Arg, but
containing glutamine, a procedure that fully depletes cells of
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FiG. 2. c¢GMP formation after 1-min application of 300 uM
NMDA (plus 10 uM glycine) to cortical cultures with or without 100
uM N-Arg, 100 uM N-Arg plus 1 mM L-Arg, 100 units of superoxide

dismutase (SOD), or 500 uM reduced Hb. Basal level of cGMPis 1.5
pmol/mg of protein. Data are means = SEM (n = 6-8).
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Fic. 3. Concentration-response relationship of NOS inhibitors
in inhibiting NMDA neurotoxicity. Data are means + SEM (n = 6).

L-Arg (24). In both arginase-treated preparations and in ex-
periments with L-Arg-free medium, 300 uM NMDA no longer
causes cell death (Fig. 1), and the 50% lethal concentration of
NMDA is increased >20-fold to 7.5 mM (data not shown).
Adding graded concentrations of L-Arg to L-Arg-free medium
reveals a requirement for 100 uM L-Arg to obtain maximal
NMDA effects (data not shown).

Glutamate neurotoxicity in primary cortical cultures can be
elicited by NMDA, quisqualate, and kainate, although the
NMDA receptor presumably accounts for most neurotoxicity
associated with synaptically released glutamate in various
pathologic conditions (16, 17). Quisqualate and kainate act
more slowly and less potently than NMDA and via somewhat
different mechanisms (25). To examine the role of NO in
other forms of glutamate neurotoxicity, we compared the
effects of N-Arg on cytotoxicity induced by quisqualate,
kainate, and NMDA (Table 1). A portion of cell death elicited
by quisqualate is prevented by N-Arg with reversal by L-Arg,
but higher concentrations of N-Arg are required than with
NMDA toxicity. N-Arg provides no protection against kain-
ate-induced cell death. The slight protection afforded by
N-Arg with quisqualate neurotoxicity may relate to the
portion of quisqualate cell death occurring via NMDA re-
ceptor activation (25). The relative effects of the glutamate
analogs and N-Arg are similar in cultures from caudate—
putamen, hippocampus, and cerebral cortex (data not
shown).

To ascertain the specificity of L-Arg in reversing N-Arg
effects by arginine, we compared L-Arg with homoarginine

Table 1. Inhibition of glutamate neurotoxicity by N-Arg and
reversal by L-Arg in cortical culture

Cell death, % + SEM

500 uM glutamate 484 + 4.4
+ 100 uM N-Arg 28.9 + 6.0*
+ 100 uM N-Arg + 1 mM L-Arg 48.2 = 3.2
300 uM NMDA + 10 uM glycine 57.8 £ 2.6
+ 100 uM N-Arg 17.7 + 3.0**
+ 100 uM N-Arg + 1 mM L-Arg 63.4 5.5
500 uM quisqualate 64.2 = 3.7
+ 500 uM N-Arg 51.1 £ 2.4%**
+ 500 uM N-Arg + 5 mM L-Arg 66.6 = 5.3
100 uM kainate 814 +7.1 -
+ 500 uM N-Arg 87.0 £ 3.2

Data are means + SEM (n = 6-24). Cell death was determined by
0.4% trypan blue exclusion by viable cells (see text). Significant
ovérall F values were obtained by using a one-way, between-groups
analysis of variance. Specific comparisons on all possible pairwise
combinations were made with the Student’s ¢ test for independent
means, P < 0.05. *F, 2, 16, 29.3, P < 0.001; **F, 2, 33, 59.7, P <
0.001; ***F, 2, 46, 6.1, P < 0.005.
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Fi1G. 4. Selectivity for reversal of N-Arg protection from NMDA
cytotoxicity by L-Arg, homoarginine (Homoarg), and D-Arg. Solid
horizontal lines represent the percent of cell death after exposure to
300 uM NMDA (plus 10 uM glycine) or 300 uM NMDA (with 10 uM
glycine) plus 100 uM N-Arg. Shading represents the mean and SEM
for NMDA or NMDA plus N-Arg. Data are means + SEM (n = 6).

and D-arginine (D-Arg) (Fig. 4). Homoarginine can serve as a
precursor of NO but has less affinity for NOS than L-Arg (26).
Homoarginine reverses effects of N-Arg but is less potent
than L-Arg. The stereoisomer D-Arg is much weaker than
L-Arg, possibly reflecting a 1-2% contamination with L-Arg,
as the extent of N-Arg reversal by 1 mM D-Arg is comparable
to that obtained with 10 uM L-Arg (data not shown).

To determine the direct effect of NO upon the cortical
cells, we exposed the cells for 5 min to SNP, which sponta-
neously releases NO, and assessed cell death 24 hr later (Fig.
5). SNP elicits cell death in a concentration-dependent fash-
ion with a 50% maximal response at 50 uM. SNP enhances
c¢GMP levels in the cortical cells with similar potency. The
influence of SNP on ¢cGMP levels in these cells appears to
involve NO, as it is blocked by Hb, which complexes with
NO. Furthermore, reduced Hb (500 «M) completely prevents
SNP-induced cell death.

DISCUSSION

Several lines of evidence indicate that NO mediates gluta-
mate neurotoxicity in neuronal cultures. N-Arg and Me-Arg,
selective inhibitors of NOS, prevent glutamate receptor-
mediated cell death in proportion to their potencies as
inhibitors of NOS. These agents are competitive inhibitors of
NOS, and their prevention of cell death is reversed in a
concentration-dependent fashion by L-Arg. Moreover, the
effect of L-Arg is exerted by various arginine derivatives in
proportion to their activity as substrates for NOS. Removal
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Fic.5. Comparison of cytotoxicity after 5-min exposure to SNP
and cGMP formation after a 1-min exposure. Hb (500 uM) com-
pletely reverses SNP-mediated cytotoxicity and cGMP formation
(arrow). Basal level of cGMP is 1.5 pmol/mg of protein. Data are
means + SEM (n = 8-12).
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of arginine from the culture medium by the enzyme arginase
or the use of arginine-free medium also prevents NMDA-
induced cell death. In addition, generation of NO by expo-
sure to SNP elicits cell death with a concentration-response
relationship corresponding to the ability of SNP to stimulate
cGMP formation, an effect that is mediated by NO. Finally,
reduced Hb, which binds NO, prevents both SNP- and
NMDA-induced neurotoxicity.

Our demonstration that NO mediates the killing of neu-
ronal cells is reminiscent of the actions of NO in killing tumor
cells and bacteria when NOS activity is induced in macro-
phages and neutrophils (13, 23). NOS of macrophages differs
from the brain-endothelial enzyme in its requirement for
tetrahydrobiopterin and its independence from calmodulin
(27). In adult rat cerebellum, virtually all NOS activity
requires calcium, suggesting that there is a negligible contri-
bution from a macrophage-like enzyme (11). NOS in primary
brain cultures has not been sufficiently characterized to rule
out the presence of a macrophage-like enzyme. However, in
macrophages only negligible NOS activity can be demon-
strated in cells that have not been stimulated with endotoxin,
y-interferon, and lipopolysaccharides (27, 28). Conceivably,
macrophage-like NOS, perhaps in microglia of neuronal
cultures, could be induced by glutamate stimulation.

If neuronal NOS mediates glutamate neurotoxicity, it is
important to determine which central neurons possess NOS.
In the cerebral cortex NOS immunoreactivity is confined to
a discrete population of medium-to-large aspiny neurons
comprising =1-2% of the total population (14, 15). Recently,
we have shown that NOS neurons in the brain correspond to
those that stain selectively for nicotinamide adenine dinucle-
otide phosphate (NADPH) diaphorase (5, 15). NADPH dia-
phorase-containing neurons are selectively resistant to de-
generation in Huntington disease (29), in Alzheimer disease
(30), in hypoxic-ischemic brain injury (31), and in response to
neurotoxins (18, 32). Thus, some feature of NOS-containing
nenrons renders them resistant to various forms of glutamate
neurotoxicity. If neuronal NOS provides the NO that medi-
ates glutamate neurotoxicity, then these NOS/NADPH dia-
phorase neurons are its source. Choi and coworkers (18, 32)
have shown that NADPH diaphorase neurons in primary
cortical cultures resist NMDA toxicity but are more suscep-
tible than other neurons to kainate or quisqualate toxicity.
Low-dose quisqualate treatment of the cultures, which se-
lectively kills NOS/NADPH diaphorase neurons, reduces
the toxicity of subsequently administered NMDA (unpub-
lished work), suggesting that these neurons mediate NMDA
killing of other neurons.

The mechanism by which NO Kkills cells is unknown. Free
radical formation has been implicated in various forms of
neurotoxicity (16, 17), and NO is a reactive free radical. NO
can also react with superoxide to yield perioxynitrate, which
is extremely reactive (33). In models of macrophage-mediated
cytotoxicity NO can complex with the iron-sulfur center of
enzymes to inactivate them (23, 34). Because several of these
enzymes are in the mitochondrial electron-transport complex,
NO can inhibit mitochondrial respiration, diminishing the
ability of the cells to deal with oxidative stress. Interestingly,
glutamate transiently decreases activity of NAD(P)H:(qui-
none-acceptor)oxidoreductase (EC 1.6.99.2), an iron—sulfur-
containing enzyme, whereas its induction prevents glutamate
toxicity in a neuronal cell line (35).

NO mediation of glutamate neurotoxicity may have clinical
implications. Centrally selective NOS inhibitors should have
therapeutic utility in conditions involving neurotoxicity me-
diated through glutamate receptors.
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