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Nitric oxide is a gaseous chemical messenger involved in the regulation of respiration, 
cardiovascular homeostasis, immunity, macrophagal activity, gene expression, morpho- 
genesis, synaptic plasticity of the nervous tissue, memory, and release of neurotransmitters. 
This compound acts as a pathological factor in the states associated with neurodegeneration, 
ischemia, stroke and convulsions. 
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The discovery that nitric oxide (NO) acts as a poly- 
functional physiological regulator in a major break- 
through in modem biology [5,8,31]. This agent is 
involved in the regulation of  respiration, cardiovas- 
cular homeostasis, immunity, macrophagal activity, 
gene expression, morphogenesis, synaptic plasticity of 
the nervous tissue, memory, and presynaptic release 
of neurotransmitters [ 14,18,3 i]. 

Nitric oxide also acts as a pathogenic factor in 
conditions associated with neurodegenerative diseases, 
ischemia, stroke, epilepsy, and other convulsive dis- 
orders. Activation of N-methyl-D-aspartate (NMDA)- 
receptors in a culture of cerebellar granular cells re- 
sults in the release of NO [21]: Local administration 
of NMDA into the hippocampus induces neuronal 
death, i.e., elicits the effect of glutamate neurotoxicity 
[30]. Similar effects are produced by the NO donors 
sodium nitropmsside, (+)-S-nitroso-N-acetyI-D-peni- 
cillamine (SNAP), and S-nitrosoglutathione (SNOG). 

The specificity of NO as a biological messenger 
is determined by its high lability, short life and high 
reactivity [3,7]. It has been generally accepted for a 
long time that the brain functions are mediated ex- 
clusively by excitatory and inhibitory neurotrans- 
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mitters. Recent studies showed that biogenic amines, 
amino acids, and neuropeptides act as neurotrans- 
mitters. 

Nitric oxide represents a novel family of unusual 
regulatory molecules with neurotransmitter activity 
[10,20,31]. Conventional neurotransmitters are syn- 
thesized by specific enzymes deposited in synaptic 
vesicles of nerve endings and are released into the 
synaptic cleft by exocytosis in response to depolariza- 
tion of the synaptic membrane by nerve pulse. Neuro- 
transmitter activity of NO is realized in a different 
way. Nitric oxide is synthesized by NO-synthase 
(NOS) from the amino acid L-arginine, implying that 
NO synthesis is the key component in the regulation 
of the functional activity of NO, Biological effects 
of NO are determined predominantly by the small 
size of the molecule, high reactivity, and ability to 
diffuse in biological tissues. Bearing in mind these 
properties, N O  has been referred to as a retrograde 
messenger [ 14]. 

Here we review the data on a possible participa- 
tion of NO in some CNS pathologies, such as ische- 
mia, stroke, and convulsive disorders. It was hypo- 
thesized that NO is a key pathophysiological factor 
in these conditions [14,18,31,33,39]. 

Biosynthesis of NO and properties of NO-syn- 
thase. In humans and animals NO is synthesized by 
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enzymatic oxidation of  the guanidine group of  L- 
arginine with formation of  L-hydroxyarginine as an 
intermediate product. Hydroxylation is catalyzed by 
the cofactor tetrahydrobiopterin, it is calcium-calmo- 
dulin-dependent and is blocked by carbon monoxide. 
At the next (stoichiometric)  stage of  reaction L- 
citrulline and the free radical NO are formed. Con- 
stitutive (cNOS),  which is always present in the 
tissue, and inducible (iNOS) isoforms of NOS have 
been identified. According to tissue localization, 
NOS has been defined as neuronal (nNOS), endo- 
thelial (eNOS), and macrophagal (macNOS). Neuro- 
nal and endothelial NOS are predominantly constitu- 
tional, while macrophagal NOS is inducible [10]. 

The enzyme generates NO in response to re- 
ceptor stimulation, for instance, activation of NMDA 
receptors by cerebral ischemia or Ca2*-modulating 
agents. Constitutive NOS is present predominantly 
in endothelial and nerve cells [41], while iNOS is 
generated in response to cytokines. Inducible NOS 
is localized in macrophages, endothelial cells, hepato- 
cytes, and smooth muscle cells [10]. Induction of 
this isoform by cytokines increases macrophagal  
toxicity towards tumor  cells, bacteria, fungi, and 
protozoa. 

Since NO is a highly labile and rapidly diffusing 
compound,  it cannot  be deposited, released, and 
uptaken from synaptic cleft by presynaptic endings 
by the known mechanisms.  The first attempts to 
purify NOS were unsuccessful, since the enzyme is 
rapidly inactivated during isolation. Neuronal NOS 
was purified from the brain after its coupling to 
calmodulin had been discovered [9,10]. Then NOS 
was isolated from endothelium (eNOS) and macro- 
phages (macNOS) [10]. The structure of NOS im- 
plies the existence of several regulatory mechanisms. 
It was demonstrated that the enzyme is inhibited by 
the structural analogs of its substrate: nitro- and alkyl 
derivatives of L-arginine. In the presence of an arginine 
excess the activity of  these inhibitors decreases, in- 
dicating a competitive mechanism associated with the 
action on the active center  of  the enzyme. NOS 
isoforms differ in the sensitivity to inhibitors: N ~- 
nitro-L-arginine inhibits neuronal and endothelial 
isoforms (K7200-500 nM), while L-arginin-NG-amine 
is a potent blocker of macNOS (Ki=l-5 riM). In- 
hibitors with high specificity to NOS isoforms are 
prospective candidates for the use in clinical practice. 
Since NO may participate in a number  of  CNS 
pathologies, NOS inhibitors hive been extensively 
studied as potential  neuroprotectors  in ischemia, 
epilepsy, and some other states. 

A new group of selective inhibitors of neuronal 
NOS - -  7-nitroindazole derivatives --  has been re- 
cently described [32]. 

It was demonstra ted that 7-nitroindazole se- 
lectively inhibits nNOS (IC50=0.71+0.001 ~tM, for rat 
cerebellum homogenate),  producing antinociceptive 
and anticonvulsive effects [33] without antihyper- 
tensive effect typical of other NOS inhibitors. 

Calcium ions and calmodulin play an important 
role in the regulation of NOS activity. Activation of 
brain NMDA-glutamate receptors triggers Ca 2§ influx 
into the cell and activation after calcium binding to 
calmodulin. Thus, NO acts as a component  of intra- 
cellular glutamatergic transduction. Nitric oxide inter- 
acts with guanylate cyclase [I4]. It was demonstrated 
that injection of  NMDA into the hippocampus pro- 
duces neurotoxic effect which is abolished by NOS 
inhibitors [30]. The involvement of  NO in this effect 
is indirectly confirmed by the observation that meta- 
bolic donors of  NO, for example, sodium nitro- 
prusside, also produce this effect. In the vascular 
wall, generation of  NO is triggered by activation of 
endothelial muscarinic receptors by acetylcholine 
with subsequent initiation of the phosphoinositide 
cycle, and Ca 2+ generation, which stimulates NO 
formation. This cascade of  biochemical  reactions 
leads to vasodilation. Neuronal and endothelial NOS 
are sensitive to calmodulin inhibitors, specifically, to 
the phenothiazine neuroleptics aminazine and tri- 
fluoroperazine (IC50=10 gM). 

By contrast, inducible NOS of  macrophagal or 
any other origin is not stimulated by Ca -,+ and is not 
blocked by calmodulin inhibitors, although it bears 
the calmodulin-recognizing site. Generation of iNOS 
is triggered by ~,-interferon or E. coli lipopolysaccha- 
ride [6]. 

Phosphorylation involving cAMP-,  cGMP,  or 
Ca2+-calmodulin-dependent protein kinases or pro- 
tein kinase C is an important mechanism of NOS 
regulation. It was demonstrated that phosphorylation 
inhibits the enzyme activity [8]. On the other hand, 
the protein phosphatase calcineurin dephosphorylates 
NOS, thus increasing its activity [15]. Thus, phos- 
phorylation provides a multilevel regulation of the 
enzyme activity. It was reported that tetrahydrobio- 
pterin is involved in the regulation of NOS activity 
[27]. Both nNOS and eNOS are constitutive iso- 
forms, i.e., their activation requires no protein syn- 
thesis. However,  in some pathologies ( t rauma or 
stroke) de novo protein synthesis was observed [18]. 
Human nNOS and eNOS genes are located in the 
12th and 7th chromosome, respectively [35]. 

In addition to rnacrophages, iNOS was identified 
in human hepatocytes and chondrocytes. The enzyme 
was cloned [23]; its gene is located in the 17th 
chromosome [35]. 

N O  in the  n e r v o u s  sys tem.  Nitric oxide has been 
regarded as neuronal messenger since the discovery 
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that it is produced by the cerebellum granular cells 
in response to the glutamate receptor agonists [21, 
22]. The short life of NO (several seconds) hampered 
quantitation and identification of  NO-producing 
neurons in the brain. Therefore, researchers focused 
their attention on nNOS. Localization of this enzyme 
in the brain was studied by immunohistochemical 
methods and in situ hybridization [9]. Neuronal NOS 
is localized predominantly in glutamatergic granular 
cells and GABAergic basket cells of the cerebellum 
and cortical neurons, where it is colocalized with 
somatostatin, neuropeptide Y, or GABA. A similar 
situation was observed in the corpus striatum, where 
NOS-positive neurons contained the same peptides. 
It is noteworthy that all NOS-positive neurons also 
contain NADPH-diaphorase [13,24]. The brain cortex 
and corpus striatum contain 1-2% nNOS-positive 
neurons of the total neuronal population. Pyramidal 
cells in CA1 area practically do not contain nNOS, 
while high levels of eNOS were detected in the gyrus 
dentatus granular cells and CA3 area [17]. 

NO and brain isehemia. Association of NO with 
neuromediatory function of glutamate excited the 
interest into the role of NO in pathophysiological 
mechanisms underlying cerebral circulation disorders, 
brain ischemia, and stroke [18,34]. It should be 
noted that not only nNOS but also eNOS can par- 
ticipate in the development of these pathologies. 
Both enzymes have similar properties, the major 
difference consisting in their localization: nNOS is 
localized in the cytosol, while eNOS is a membrane- 
bound protein [19]. Soluble guanylate cyclase, which 
is localized in vascular smooth muscle cells, is the 
primary target of NO. During deficiency of L-argi- 
nine (normal substrate), nNOS generates superoxide 
anion and hydrogen peroxide, which produce neuro- 
toxic effect in ischemia [38]. Presumably, iNOS plays 
even more important pathophysiological role in the 
development of brain ischemia and stroke, since after 
stimulation with cytokines this enzyme generates an 
excess of NO which is toxic for neurons [27,31]. The 
cytotoxic effect of NO is probably guanylate cyclase- 
independent [40]. With the use of immunochemical 
methods it was demonstrated that NOS is present in 
the endothelium but not in the smooth muscle cells 
of cerebral blood vessels. In situ hybridization revealed 
the cNOS mRNA [28]. Vasodilating activity of NO 
toward cerebral blood vessels has been extensively in- 
vestigated [18]. NOS inhibitors act as vasoconstrictors, 
reducing basal cerebral blood flow [25]. In this review 
we do not discuss the participation of NO in the 
regulation of cerebral circulation in detail. We shall 
mention some attempts of using NO donors and NOS 
inhibitors as potential modulators of ischemic damage 
to the brain in modeled ischemia and neuronal death. 

During ischemia, increased production of NO 
associated with NMDA-glutamate receptors may 
produce both negative (enhanced formation of free 
radicals, for example, peroxynitrite) and positive ef- 
fect. Positive effect results not only from direct dila- 
tion of cerebral blood vessels but also from a possible 
retrograde blockade of NMDA-receptors [26]. 

EPR-spectroscopy showed that NO concentra- 
tion in ischemic brain (bilateral occlusion of the 
common carotid arteries followed by reperfusior0 
markedly increases [39]. Administration of the NO 
donors sodium nitroprusside or 3-morpholinosydno- 
nimine after occlusion of the middle cerebral artery 
increased local brain flow and reduced the infarction 
zone [43]. This effect was not observed after admini- 
stration of the NO precursor L-arginine [37]. 

There is controversy over the neuroprotecting 
effect of NOS inhibitors (nitro and methyl derivatives 
of L-arginine) in brain ischemia. The NOS inhibitor 
L-NAME reduced the infarction zone, i.e., had a 
protective effect, in a rat model of focal ischemia 
[37]. However, other researches reported an opposite 
effect of this compound in a similar model [12,30]. 
It was hypothesized that NO produces a positive 
effect at the early stages (up to 8 rain) and a negative 
(neurotoxic) effect at late stages of ischemia [37]. 

Mouse lacking NOS isoform provided a new 
model for the investigation of molecular mechanisms 
operating in brain ischemia. The finding that mice 
with genetically determined nNOS deficiency are 
more resistant to brain ischemia indicates that NO 
plays an important role in the development of ische- 
mia-induced brain infarction. 

NO and convulsive disorders. The data on func- 
tional association between NO generation in the 
brain and activation of glutamatergic neurotrans- 
mission [20] imply that NO is involved in patho- 
physiological mechanisms underlying convulsive dis- 
orders. It was reported that NO is involved in the 
development of epileptic convulsions [16,24], i.e., 
the brain content of NO increases in convulsions 
induced by kainic acid, an agonist of glutamate re- 
ceptors [33]. There is evidence that NO acts both as 
pro-and anticonvulsant [1,2,33]. Generally, indirect 
approaches (the use of metabolic precursors, NO 
donors, or NOS inhibitors) to the evaluation of the 
role of NO in convulsion have been employed. These 
studies were hampered by the absence of adequate 
methods for quantitative determination of NO. 

A direct quantitative method [5] enabled us to de- 
termine the rate of NO generation in rat brain by forma- 
tion of paramagnetic mononitrosyl iron complexes 
between NO and diethyldithiocarbamate (MNIC-- 
DETC). The formation of MNIC in rats was pro- 
vided by administration of Na-DETC (500 mg/kg) 
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and Fe 2§ citrate. After a 30-min period, measure- 
ments of  NO content  were carried out in frozen 
brain (liquid nitrogen). The concentrat ion of  the 
M N I C - - D E T C  complex measured by the EPR signal 
reflected NO content  in the brain [1,2,6,33]. I n o u r  
studies convulsions were induced by the maximum 
electric shock, corazol, and the glutamic decarboxy- 
lase inhibitor thiosemicarbazide which lowers the 
GABA level in the brain [1,2]. 

The brain content of  the M N I C - - D E T C  complex 
during convulsions induced by the maximum electric 
shock was about 4-fold higher than in the control 
rats: 5+1 vs.  1.5+0.5 nmol/g wet tissue. Production 
of  NO in the brain during convulsions was prevented 
by administrat ion of  N~-nitro-L-arginine, a NOS 
competitive inhibitor, although clonic convulsions 
were observed. 

Brain content  of  NO during thiosemicarbazide- 
induced clonic convulsions was considerably higher 
than in control rats. Thus, the NO concentration 
markedly increases in convulsions of  various origins. 
This finding is consistent with the results of  experi- 
ments in which convulsions were induced with kainic 
acid [33]. Our data provide no answer to the ques- 
tion whether enhanced generation of  NO from L- 
arginine in rat brain cortex is associated with activa- 
tion of  neuronal or endothelial NOS. 

It should be noted that during tonic convulsions 
induced by electric shock the NO level was signifi- 
cantly higher than during corazol- or thiosemicarba- 
zide-induced clonic convulsions, implying that there 
is no direct relationship between the nature of  con- 
vulsions (clonic or tonic) and increase in the brain 
content of NO. Presumably, NO is not always necess- 
ary for the development of  convulsive attacks, judging 
from the finding that the M N I C - - D E T C  signal is 
not detected during convulsion induced by electric 
shock in rats treated with the NOS inhibitor N ~- 
nitro-L-arginine. 

In a corazol model, convulsions result from block- 
ade of  chlorine channel of  the GABAA-receptor com- 
plex. In this model,  the intensity of  lipid peroxida- 
tion, which reflects corazol neurotoxicity, was meat 
sured in parallel with NO determination. The NO 
precursor  L-arginine and the NOS- inh ib i to r  N ~- 
nitro-L-arginine were used. Experiments were  per- 
formed on male albino rats weighing 180-300 g. The 
times of  the following parameters of  convulsive at- 
tack were recorded: first convulsion, first false attack 
of clonic convulsions, true clonic convulsion, tonic 
convulsions with extension of  the fore limbs, and full 
tonicoextensive attack. Our goal was to find out 
whether corazol-induced convulsions are influenced 
by the excess of  L-arginine and blockade o f  NO 
synthesis with a NOS inhibitor. Both arginine (300 

mg/kg) and the inhibitor (10 or 250 mg/kg) were 
injected intraperitoneally. The NO content was mea- 
sured by EPR spectrometry [4-6]. The content of 
secondary products of  lipid peroxidation was de- 
termined spectrophotometrically by measuring .the 
concentrat ion of  thiobarbituric-acid reactive sub- 
stances (TBARS) [361. 

L-Arginine had no appreciable effect on any 
phase of  corazol-induced convulsive attack. At 10 
mg/kg N~-nitro-L-arginine significantly decreased the 
latency of  the first convulsion and prolonged (2-fold) 
the period of true clonic convulsions. At 250 mg/kg 
the inhibitor produced a similar but more pronounced 
effect and delayed clonic convulsions. 

The NO content in brain cortex increased almost 
5-fold compared with the control, indicating that NO 
has a major role in this process. A considerable 
increase in the TBARS concentration (by 60%) was 
observed during convulsions. This increase was not 
prevented by N~-nitro-L-arginine (250 mg/kg), sug- 
gesting that elevation of  NO is not directly related 
to lipid peroxidation. 

At 300 mg/kg L-arginine had no effect on the 
parameters of convulsive attack, while the NOS inhibi- 
tor N~ (10 mg/kg) markedly pro- 
longed the latency of  tree clonic convulsions. A similar 
but more pronounced effect this inhibitor produced at 
250 mg/kg and delayed clonic convulsions. Inter- 
pretation of  these observations is difficult particularly 
in the light of the evidence that inhibition of NOS 
enhances convulsions of  various origins [11 ]. It is in- 
teresting to note that this is consistent with our ob- 
servation that NOS inhibition shortens the latency of 
the first convulsion in response to corazol. It can be 
suggested that NO exhibits its protective (in our case 
anticonvulsive) activity only at the initial phase of 
convulsive attack, without affecting its subsequent 
phases. The possibility that N~-nitro-L-arginine inhibits 
neuronal excitability, thus slowing down generalization 
of convulsions, cannot be ruled out. It was reported 
that this inhibitor has neuroprotective activity [43]. 

Thus, our results are consistent with the concept 
on the triggering role of  NO in convulsive states [33]. 
According to this concept,  NO acts as a retrograde 
neurotransmitter and triggers the cascade of reactions 
that limit generalization of  convulsions, i.e., fulfills 
the function of  an endogenous anticonvulsant [42]. 
In fact, reduction in the latency of  the first corazol- 
induced convulsion caused by NOS inhibitor may be 
due to the fact that the mechanisms of  retrograde 
blockade of  NMDA-receptors  do not operate in the 
absence of  NO [26]. Molecular mechanisms under- 
lying NO generation so far remain obscure. It can 
be suggested than the initial stages of  the "triggering" 
reaction can be common and include, for example, 
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activation of NMDA-glutamate receptors located in 
various brain structures and participating in a number 
of reactions, such as Ca 2§ inflow, guanylate cyclase 
activation, and generation of free radicals with sub- 
sequent neurotoxic effect [20,291. 
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