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ABSTRACT Nitric oxide, which mediates influences of
numerous neurotransmitters and modulators on vascular
smooth muscle and leukocytes, can be formed in the brain from
arginine by an enzymatic activity that stoichiometrically gen-
erates citrulline. We show that glutamate and related amino
acids, such as N-methyl-D-aspartate, markedly stimulate argi-
nine—citrulline transformation in cerebellar slices stoichiomet-
rically with enhancement of cGMP levels. N“-monomethyl-
L-arginine blocks the augmentation both of citrulline and
¢GMP with identical potencies. Arginine competitively re-
verses both effects of N“-monomethyl-L-arginine with the same
potencies. Hemoglobin, which complexes nitric oxide, prevents
the stimulation by N-methyl-D-aspartate of cGMP levels, and
superoxide dismutase, which elevates nitric oxide levels, in-
creases cGMP formation. These data establish that nitric oxide
mediates the stimulation by glutamate of cGMP formation.

The striking inability of blood vessels to respond to vasodi-
lating substances in the absence of an intact endothelium was
resolved by the discovery of an ‘‘endothelium-derived relax-
ing factor’’ that subsequently was shown to be identical to
nitric oxide (NO) (1-3). Besides endothelial cells, NO for-
mation has been demonstrated in macrophages (4), and
indirect evidence suggests the formation of an endothelium-
derived relaxing factor in brain tissue (5). An enzymatic
activity forming NO from arginine has been reported in
endothelial cells (6), macrophages (4), neutrophils (7), and
brain homogenates (8). Direct experimental evidence has
established a function for NO in relaxing the smooth muscle
of blood vessels (9) and in mediating the cytotoxic effects of
macrophages and neutrophils (10). A role for NO in the brain
has been elusive.

Glutamate, the major excitatory neurotransmitter in the
brain, acts through several receptor subtypes, some of which
directly open ion channels, whereas others stimulate the
inositol phospholipid cycle (11, 12) and some stimulate the
formation of cGMP (13). The enhancement of cGMP forma-
tion by glutamate is most prominent in the cerebellum (14)
where Purkinje cells possess the highest levels of cGMP (14),
guanylate cyclase (15), GMP-dependent protein kinase, and
its protein substrate (16).

In the present study we show a striking enhancement by
glutamate and related excitatory amino acids of the conver-
sion of arginine to NO and the associated formation of
citrulline. Moreover, we show that N“-monomethyl-
L-arginine (MeArg), a potent inhibitor of the enzymatic
transformation of arginine to NO, blocks glutamate-elicited
c¢GMP formation, an effect that is specifically reversible by
excess arginine. These findings establish NO as a ‘‘messen-
ger molecule’” mediating glutamate synaptic actions upon
cGMP.
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MATERIALS AND METHODS

Materials. [*H]Arginine (53 Ci/mmol; 1 Ci = 37 GBq) was
obtained from DuPont/NEN. cGMP radioimmunoassay Kits
were obtained from Amersham. MeArg was obtained from
Calbiochem. All other chemicals were obtained from Sigma.
Hemoglobin was prepared from methemoglobin as described
a7.

Determination of NO. NO was measured as its breakdown
product, NO5 . Ten cerebella were homogenized in 12 ml of
0.32 M sucrose/20 mM Hepes, pH 7.2/0.5 mM EDTA/1 mM
dithiothreitol and centrifuged at 20,000 X g 15 min, and the
supernatant was passed over a 0.75-ml column of Dowex
AG50WX-8 (Na* form) to remove endogenous arginine.
Incubations were initiated by addition of 340 ul of homoge-
nate to buffer containing (final concentrations) 2 mM
NADPH, 0.45 mM Ca?’* (1 uM free calcium), 200 uM
arginine, [*H]arginine (1 «Ci/ml), and various concentrations
of MeArg in a total volume of 400 ul. After a 45-min
incubation at 37°C, [PH]citrulline was assayed in 150-ul
aliquots of the incubation mixture after separation from
[*Hlarginine by cation-exchange chromatography as de-
scribed below. NO; concentration was determined by adding
250 ul of the incubation mixtures to 250 ul of Greiss reagent/
5% (vol/vol) H;PO,/1% sulfanilic acid/0.1% N-(1-naphthyl)-
ethylenediamine. The reaction of NO; with this reagent
produces a pink color, which was quantified at 554 nm against
standards in the same buffer.

Preparation of Brain Slices. Cerebella from 10-day-old rats
were cut at 0.4-mm intervals in both the sagittal and coronal
planes using a Mcllwain tissue chopper. The slices were
dispersed in Krebs—-Henseleit buffer containing 118 mM
NaCl, 4.7 mM KCl, 2 mM CaCl,, 1.2 mM MgSO,, 1.2 mM
KH,POy4, 25 mM NaHCOs, and 11 mM glucose. Cerebellar
slices from a single litter were pooled (=10 rats) and were
incubated for 60 min in 250 ml of buffer continuously gassed
with 95% 0,/5% CO, at 37°C.

c¢GMP Levels and [*H]|Citrulline Formation in Slices. After
the 1-hr preincubation, 20-ul aliquots of gravity-packed slices
were transferred to prewarmed 5-ml minivials (Beckman)
containing 250 ul of Krebs—Henseleit buffer (equilibrated
with 95% O,/5% CO,). Appropriate concentrations of MeArg
were added and all slices were further incubated 20 min under
95% 0,/5% CO, at 37°C. For determinations of cGMP, after
a 3-min exposure to excitatory amino acids, slices were
inactivated by boiling for 5 min in 1 ml of 50 mM Tris-HCI,
pH 8.4/5 mM EDTA. After sonication, cGMP levels were
determined by radioimmunoassay. [*H]Citrulline accumula-
tion after a 15-min exposure of slices to [*H]arginine (3
pCi/ml) and the appropriate excitatory amino acid was
assessed by adding 0.75 ml of ice-cold buffer with 5 mM

Abbreviations: MeArg, N“-monomethyl-L-arginine; NMDA, N-
methyl-D-aspartate; NO, nitric oxide.
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arginine and 4 mM EDTA, whereupon the slices were cen-
trifuged 10,000 X g for 1 min at 0°C, the medium was
removed, and 1 ml of 1 M trichloroacetic acid was added to
precipitate protein. After sonication and centrifugation, the
supernatants were removed and the trichloroacetic acid was
extracted three times with 2 ml of diethyl ether. Aliquots of
0.5 ml of the extract were neutralized with 2 ml of 20 mM
Hepes (pH 6.0) and applied to 2-ml columns of Dowex
AGS50WX-8 (Na* form) and material was eluted with 2 ml of
water. [*H]Citrulline was quantified by liquid scintillation
spectroscopy of the 4-ml flow-through, whose sole radioac-
tive component was verified as [*H]citrulline by thin layer
chromatography (data not shown).

RESULTS

Prior to initiating experiments with cerebellar slices, we
examined the conversion of [*H]arginine to [*Hlcitrulline in
cerebellar homogenates. As has been reported (8), we found
this conversion to be completely dependent on added
NADPH as well as added Ca?* (data not shown). Fifty
percent of maximal [*H]citrulline formation was apparent at
about 150 nM calcium. We also have confirmed the kinetic
constants for the arginine to citrulline conversion (8). We
examined the conversion of increasing concentrations of
[*H]arginine to [*H]citrulline and observed a K, of 6 uM and
Vimax Of 150 pmol per min per mg of protein. We also have
examined the effects of various concentrations of MeArg on
[*H]citrulline formation in cerebellar homogenates and ob-
served a K; for inhibition of [*H]citrulline formation of about
2 uM (data not shown). The conversion of [*H]arginine to
[*Hlcitrulline appears to be stoichiometric with the formation
of NO. MeArg displays purely competitive inhibition of both
activities (Table 1).

NO is extraordinarily unstable with a half-life at room
temperature of about 10 sec. (3). Most studies of NO forma-
tion have measured chemiluminescence of the complex
formed between NO and ozone, which is a complex laborious
procedure (2). We have developed a simple and sensitive
procedure for monitoring the conversion of [*H]arginine to
{*H]citrulline in brain slices (Fig. 1). This conversion is
dramatically enhanced by glutamate and N-methyl-D-as-
partate (NMDA). NMDA is the most potent agent examined,
producing a 2.5-fold elevation in [*H]citrulline formation at
100 uM concentration and a maximal elevation of almost
3-fold at 1 mM concentration, as S mM NMDA produces no
greater effect (data not shown). Glutamate is less potent than
NMDA but produces the same maximal effect, while kainate

Table 1. Stoichiometric inhibition of [*H]citrulline and NO
formation by MeArg

[*H]Citrulline

MeArg, formation, NO formation,  Calculated activity,

M % maximum % maximum % maximum
0 100 100 100
10 83 82 81
20 73 72 70
50 53 51 49
100 32 29 33
200 23 21 20
2000 0 0 2

[*H]Citrulline and NO, measured as its breakdown product NO3,
were assayed in cerebellar homogenates with 200 uM [*H]arginine
added. Calculated activities were determined assuming competitive
inhibition by MeArg and the observed kinetic parameters, K, = 6
uM for arginine and K; = 1.5 uM for MeArg. Maximal levels of
[*H]citrulline and NO formation were 10,200 cpm and 7.5 uM,
respectively. Data represent the mean of triplicate determinations
and varied <8%.
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FiG. 1. Pharmacology of excitatory amino acid-mediated en-
hancement of [*H]arginine to [*H]citrulline conversion (4) and
cGMP levels in cerebellar slices (B). Basal levels for [*H]citrulline
formation were 1640 cpm and for cGMP levels were 2.4 pmol/mg of
protein. Values are the mean of triplicate determinations with a SD
<15%. The experiments were repeated with similar results.

produces lower enhancement with only a 1.8-fold increase in
[*Hlcitruline at 1 mM kainate. Quisqualate at 0.1 and 1.0 mM
has minimal effect on [*H]citrulline formation.

The relative potencies of glutamate and its derivatives in
stimulating cGMP formation are the same as stimulating
[3H]citrulline formation, with NMDA being most potent and
glutamate somewhat less potent though producing the same
maximal effect. Kainate produces less of a maximal stimu-
lation of cGMP than NMDA or glutamate, and quisqualate is
least active (Fig. 1B).

To determine whether the NMDA stimulation of NO
formation and cGMP levels are linked, we compared the
concentration-response effects of NMDA on [*H]citrulline
and cGMP formation (Fig. 24). Concentration-response
curves for the two are virtually superimposable with negli-
gible effects at 10 uM NMDA, marked effects at 100 uM
NMDA, and maximal effects at 1 and S mM NMDA.

MeArg is a potent inhibitor of the conversion of arginine to
NO with an ICsq in brain homogenates of about 5 uM (8). We
compared the effects of MeArg on the NMDA enhancement
of ¢cGMP and [*H]citrulline formation in slices (Fig. 2B).
MeArg displays identical potencies in blocking NMDA en-
hancement of cGMP and [*H]citrulline formation with an ICs
of about 6 uM.

If MeArg blocks NMDA stimulation of cGMP formation by
competitively inhibiting the conversion of arginine to NO, its
influence should be reversed by arginine. Accordingly, we
examined effects of increasing arginine concentrations on the
ability of MeArg to block NMDA stimulation of cGMP
formation (Fig. 3). In the absence of MeArg no enhancement
of NMDA stimulation of cGMP levels occurs with 1-1000 M
arginine. Both 20 uM and 200 uM MeArg concentrations
completely block NMDA stimulation of cGMP levels. Argi-
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FiG. 2. Concentration-response relationships for NMDA stimu-
lation (A) and MeArg inhibition (B) of [*H]citrulline and cGMP
formation in cerebellar slices. All slices in B were stimulated with 500
M NMDA. Basal levels for [*HIcitrulline formation were 1478 cpm
and for cGMP levels were 2.7 pmol/mg of protein. Data are from
representative experiments in triplicate with SD <15% and were
replicated twice.

nine reverses the effects of MeArg competitively. Thus 20
M arginine provides a 50% reversal of the effects of 20 uM
MeArg, and about 200 uM arginine is required to reverse by
50% the influences of 200 uM MeArg

The competitive reversal by arginine of MeArg effects
strongly suggests that MeArg actions on NMDA stimulation
of cGMP levels derive from competitive inhibition of endog-
enous arginine. To provide further evidence for this speci-
ficity, we examined the ability of other amino acids to reverse
the effects of MeArg (Fig. 4). We evaluated leucine, lysine,
ornithine, citrulline, and alanine at 1 mM concentrations.
None of these amino acids are able to reverse the MeArg
blockade of NMDA-stimulated cGMP formation.

To obtain more direct evidence that arginine influences on
cGMP derive from the formation of NO, we examined the
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FiGg. 3. Reversal of MeArg inhibition of NMDA-mediated en-
hancement of cGMP. All slices were stimulated with 500 uM NMDA.
Basal level of cGMP was 2.5 pmol/mg of protein. Data are the mean
of triplicate determinations with an SD <15%. This experiment was
repeated twice.
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FiG. 4. Specificity of arginine reversal of MeArg inhibition of
cGMP accumulation. All slices were treated with 500 uM NMDA.
Basal level of cGMP was 3.1 pmol/mg of protein. All amino acids
were added with MeArg 20 min prior to NMDA. Data are the mean
of triplicate determinations from a representative experiment, which
was repeated with similar events. +, MeArg added; —, no MeArg
added; CIT, citrulline; ORN, ornithine.

effects of hemoglobin and superoxide dismutase (Fig. 5).
Hemoglobin complexes with NO to block its stimulation of
guanylate cyclase (18, 19), whereas superoxide dismutase
enhances the effects of NO on guanylate cyclase by removing
superoxides, which destroy NO. Hemoglobin prevents
NMDA stimulation of cGMP levels with half-maximal effects
at about 6 uM, consistent with the potency of hemoglobin in
binding NO (18). Superoxide dismutase enhances the ability
of 50 and 500 uM NMDA to stimulate cGMP levels.

DISCUSSION

To facilitate investigations of NO as a messenger substance,
we have developed a simple and sensitive techmque in which
the conversion of [*H]arginine to [3H]c1trul|me is monitored,

since the formation of citrulline is stoichiometric with the
synthesis of NO. Utilizing this technique one can readily
assay 100 samples in a day. The technique is highly sensitive
and can easily detect as little as 1 pmol of [*H]citrulline
formed in brain slices. By contrast, the formation of endog-
enous NO is most usually monitored by forming a complex of
NO and ozone, which is then detected by chemilumines-
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FiG. 5. Inhibition by hemoglobin (Hb) and potentiation by su-
peroxide dismutase (SOD) of NMDA-mediated increase in cGMP in
cerebellar slices. Hemoglobin and superoxide dismutase (100 units/
ml) were added 5 min prior to NMDA. Basal level of cGMP was 2.7
pmol/mg of protein. Values are the mean of triplicate determinations

with SD <15%. The experiment was repeated twice. +, Superoxide
dismutase added; —, no Superoxide dismutase added.
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cence. In this technique only one sample can be processed at
a time, and nitroso derivatives are also detected.

We have obtained definitive evidence that NO mediates the
stimulation by glutamate of cGMP levels in the cerebellum.
Thus, the relative potencies of glutamate and several deriv-
atives in stimulating the conversion of arginine to citrulline
closely parallel their potencies in enhancing cGMP forma-
tion. The concentration-response curves for NMDA in ele-
vating cGMP levels and stimulating citrulline formation are
superimposable as are such curves for inhibition by MeArg of
cGMP and citrulline formation. Inhibition by MeArg of
cGMP formation is selectively reversed by arginine. Finally,
hemoglobin, which potently complexes NO, inhibits NMDA
stimulation of cGMP, and superoxide dismutase, which aug-
ments NO levels, enhances the formation of cGMP in re-
sponse to NMDA.

The relative potencies of NMDA, glutamate, kainate, and
quisqualate on [*H]citrulline and cGMP formation differ from
any known excitatory amino acid receptor subtype (20).
Since activation of climbing fibers dramatically augments
cerebellar cGMP levels, while no known influence of parallel
fibers has been described, it seems probable that Purkinje cell
cGMP levels are most prominently regulated by climbing-
fiber input. Aspartate is the putative transmitter of climbing
fibers (21), suggesting that this unique receptor is selective for
aspartate. In the absence of definitive evidence, it might best
be designated the excitatory amino acid-cGMP (or EAA-
cGMP) receptor. The identical amino acid specificity for
[*H]citrulline and cGMP augmentation indicates that they
involve the excitatory amino acid~cGMP receptor and sup-
ports a causal link between them.

What is the locus of cGMP in the cerebellum that is
regulated by glutamate receptors? Immunohistochemical
studies reveal a highly selective and pronounced concentra-
tion of cGMP-dependent protein kinase in Purkinje cells (16).
Basal levels of cGMP are localized to Purkinje cells, since
Purkinje cell-deficient mutant mice demonstrate a 70% de-
pletion of cGMP (22). Immunohistochemical stains for gua-
nylate cyclase localize this enzyme to Purkinje cells (15).
Administration of harmaline to rats, which stimulates the
firing of climbing fibers and the release of excitatory amino
acid neurotransmitters at Purkinje cell synapses, markedly
augments cerebellar levels of cGMP (23). The two excitatory
inputs to Purkinje cells are climbing fibers and parallel fibers,
the latter emanating from granule cells. Glutamate is thought
to be the neurotransmitter of these parallel fibers. Parallel
fibers can influence Purkinje cells by opening ion channels
(24) or stimulating phosphatidyl inositol turnover (25), but it
has not been established whether they can regulate cGMP
levels. Although a substantial body of evidence suggests
Purkinje cells as a site where cGMP levels are regulated,
other evidence implies an involvement of granule cells and
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glia (26). Experiments showing the release of a factor that
relaxes smooth muscle and whose properties resemble NO
imply the formation of NO by granule cells and stimulation of
guanylate cyclase in glia (5).
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