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Abstract: Close to 1% of the world population suffer from schizophrenia. 

Current medications for this chronic mental disorder have greatly improved 

treatment over the last half century or more, but, the newer atypical antipsy-

chotics have proven to be disappointing, and enormous challenges remain. 

The negative symptoms and cognitive dysfunction in schizophrenia which 

greatly affect overall morbidity call for better treatments. Nitric oxide (NO), 

an intra- and inter-cellular messenger in the brain, is involved in the patho-

genesis of schizophrenia, so excessive NO production might contribute to the 

pathology. This implies that it might be useful to reduce nitrergic activity, so 

molecules aiming to decrease NO production such as NO synthase (NOS) 

inhibitors might be candidates. Here, I critically review advances in research on these emerg-

ing molecules which hold promise although a note of caution is required on account of their 

potential neurotoxicity and narrow therapeutic window. 
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INTRODUCTION 

Up to 1% of the world population suffer from 

schizophrenia. This serious chronic mental disorder 

disrupts social functioning and impoverishes patients’ 

quality of life. This disorder becomes manifested in 

late adolescence or early adulthood. Patients present 

severe psychotic symptoms, of three distinct types: 

positive symptoms (e.g., hallucinations, delusions, dis-

ordered thought processing, catatonic behaviour), nega-

tive symptoms (e.g., asociality, anhedonia, avolition, 

neglect of hygiene) and cognitive impairments (e.g., in 

attention, executive functioning and memory) [1].  

Although the causes of schizophrenia are not really 

known, it is considered a complex neurodevelopmental 

disorder influenced by genetic and environmental fac-

tors, and monozygotic siblings of schizophrenia pa-

tients have a 50-80% risk of developing the disease 

[2,3]. Abnormalities in the development of the brain, 

including maldevelopment of the organization and 
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connectivity of cortical afferents innervating the limbic 

regions, are detectable [4]. Oxidative stress is another 

interesting possibility, at least partly, explaining, the 

pathophysiology of schizophrenia [5]. 

Dysfunctions of different neurotransmitter systems 

are also reported such as dopamine (DA), glutamate, 

cholinergic, serotonergic and γ-aminobutyric acid 

(GABA) systems [6]. The positive symptoms of schiz-

ophrenia may depend on over-dopaminergic (DAergic) 

functioning in the striatum, negative symptoms and 

cognitive deficits being linked to DAergic hypofunc-

tion in the prefrontal cortex (PFC). PFC is a brain 

structure which is connected with diverse brain areas 

including the thalamus, the striatum, the hippocampus 

and the neocortex (posterior, temporal, parietal and 

occipital areas) [7]. Glutamate hypofunction too, has 

been suggested in schizophrenia. NMDA receptor dys-

function is linked to secondary DAergic dysfunction in 

the striatum and PFC. Blockade of the NMDA receptor 

elicits negative symptoms and cognitive impairments 

that were not affected by antipsychotics or induced by 

pharmacological overstimulation of DAergic activity 

[7]. Inhibitory GABAergic neurotransmission seems to 

be impaired in schizophrenia [8]. Since GABAergic 
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firing regulates DA transmission in the PFC, dysfunc-

tion of GABA interneurons may underlie some of the 

clinical symptoms [9]. Collectively, the above reported 

information suggest the implication of striatum and 

PFC in schizophrenia. 

Positive symptoms of schizophrenia have responded 

to a certain extent to traditional neuroleptics but their 

effects are weak against negative symptoms and cogni-

tive deficits. In addition, one third of patients are resis-

tant to current medication. There is clearly, therefore, 

urgent need for compounds active against cognitive 

impairments and negative symptoms, these might be 

combined with existing antipsychotics [10].  

Now, 60 years after the discovery of the first gen-

eration of neuroleptics, there is the need not only for 

fresh medications but also different targets [11]. The 

nitrergic system has emerged as a promising target 

since experimental evidence indicates that nitric oxide 

(NO) is involved in schizophrenia. Therefore, com-

pounds targeting NO might be beneficial. I discuss the 

therapeutic potential of agents acting on the nitrergic 

system, such as the NO synthase (NOS) inhibitors, for 

schizophrenia. 

NITRIC OXIDE (NO) 

NO, a short-lived, soluble, highly diffusible gas, is 

considered an intra- and inter-cellular messenger in the 

brain [12]. It was identified as an endothelium-derived 

relaxing factor involved in blood vessel relaxation [13]. 

It acts in a variety of physiological processes, including 

cellular immunity [14], vascular tone [15] and neuro-

transmission [12].  

Synthesis of NO 

The conversion of L-arginine to L-citrulline results 

in NO. This reaction requires oxygen (O2) and nicoti-

namide adenine dinucleotide phosphate with flavin 

adenine dinucleotide, flavin mononucleotide, heme, 

thiol and tetrahydrobiopterin as cofactors [16]. NOS is 

the enzyme required for the synthesis of NO, and three 

NOS isoforms encoded on different distinct genes have 

been identified: neuronal NOS (nNOS, NOS type I) 

which is found in neuronal tissue, inducible NOS 

(iNOS, NOS type II) whose synthesis is induced by 

pro-inflammatory factors (cytokines or endotoxin) and 

endothelial NOS (eNOS, NOS type III), expressed in 

endothelial cells [17]. nNOS and eNOS are constitu-

tively expressed and require calcium (Ca
2+

) and 

calmodulin for their function while the activity of the 

iNOS isoform is Ca
2+

-calmodulin independent [18].  

NO is synthesized after activation of the NMDA re-

ceptor. Then Ca
2+

 transiently rises in the cytosol, form-

ing a complex with calmodulin that binds to and acti-

vates nNOS [16]. Glial cells (astrocytes and microglia) 

generate NO after transcriptional expression of the 

iNOS isoform [19]. While classic neurotransmitters are 

water-soluble and cannot cross lipid membranes, NO is 

both water- and lipid-soluble, so it can diffuse freely to 

adjacent neurons and act directly on intracellular com-

ponents from cell to cell [20]. 

Main Physiological Targets of NO 

Soluble guanylyl cyclase (sGC), is required for most 

of NO effects [21]. Its activation produces cyclic 

guanosine monophosphate (cGMP) when NO binds to 

a heme group in the enzyme [22]. cGMP then activates 

a cGMP-dependent protein kinase (PKG) which phos-

phorylates different proteins. cGMP can also directly 

activate protein kinases such as the cyclic adenosine 

monophosphate (cAMP)-dependent kinase (PKA) [23]. 

Breakdown of cGMP by phosphodiesterase terminates 

NO/sCG signaling [24]. Therefore, like many conven-

tional neurotransmitters, NO acts through second mes-

sengers and activates protein kinases which in turn can 

affect transcriptional factors and protein synthesis [25].  

However, sGC might not be the only physiological 

target for the biological effects of NO [26], and alterna-

tive sGC-independent mechanisms have been de-

scribed. One reaction of high importance is S-

nitrosylation of various proteins. Depending on the pro-

tein species, S-nitrosylation can either lower or raise 

NO activity. The cGMP-independent mechanisms by 

which NO may exert its biological effects involve three 

cation channels opened by S-nitrosylation, the cyclic 

nucleotide-gated (CNG) channels; the large conduc-

tance Ca
2+

-activated potassium (BKCa) channels; the 

ryanodine receptor Ca
2+

 release (RyR) channels; and 

the enzyme mono(ADP-ribosyl) transferase [26].  

NO seems important in synaptic plasticity, learning 

and memory [27,28]. It promotes also neuron survival 

and differentiation and has long-lasting effects through 

regulation of transcription factors and action on gene 

expression [18]. NO acts through these mechanisms 

and its biological effects are dependent on its local lev-

els. In fact, low NO concentrations seem to be neuro-

protective and mediate physiological signaling such as 

neurotransmission or vasorelaxation while at higher 

concentrations mediate immune/inflammatory actions 

which are neurotoxic [18]. 

NO is also involved in regulating the release of dif-

ferent neurotransmitters. It stimulates acetylcholine 
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release in the basal forebrain and ventral striatum, not 

directly but by stimulating adjacent glutamatergic neu-

rons [27]. Basal NO concentrations lower and high lev-

els raise, GABA efflux in Ca
2+

- and sodium (Na
+
)-

dependent processes [27]. NO donors stimulated but 

hemoglobin, an endogenous NO scavenger, inhibited 

noradrenaline and glutamate release in brain areas such 

as the hippocampus [29]. In rat striatum and medial 

preoptic area, NO boosted DA and serotonin release in 

a cGMP-dependent manner [27,30,31]. 

Its mobility to move through cells means NO can 

act across an ample volume and its actions are only 

limited by scavenging or degradation. It can also act as 

a retrograde messenger at the synapse, mediating 

transmission from target neurons back onto the synapse 

and regulating synaptic plasticity. These features en-

able NO to signal to any local compartment and to cells 

that lack synaptic activity or NOS expression [32]. 

Neurotoxicity of NO 

High NO concentrations mediate neurotoxicity 

[18,33] and can induce neural death through oxidative 

stress, generation of reactive oxygen intermediates and 

impairment of antioxidant systems [34]. NO appears to 

be involved in neurodegeneration through a non-

enzymatic reaction with the superoxide anion (O2
-
), 

forming peroxynitrite (ONOO
-
), a highly reactive and 

an extremely potent oxidizing agent [14]. Other 

mechanisms of NO toxicity, include DNA damage or 

glutathione depletion [18]. 

NO AND SCHIZOPHRENIA 

NO may be implicated in schizophrenia [for review 

please see 35-39] in numerous ways: in the activation 

of the NMDA receptor and interactions with DAergic 

and serotonergic systems [40,41]. Abnormal function-

ing of these two systems may play a part in the patho-

genesis of schizophrenia [7], where either high or low 

NO concentrations are seen and the true direction of 

the abnormalities is not yet clear [35,36].  

Histochemical and Genetic Studies 

Genetic studies suggest that polymorphisms in the 

nNOS gene are probably linked to schizophrenia and 

PFC function [42-44]. In this context, it has been re-

ported that also NOS positive striatal interneurons are 

reduced in schizophrenia [37]. Histochemical studies 

reported an abnormal distribution of nitrergic neurons 

in the frontal and temporal lobes of schizophrenics, in 

whom the normal pattern of neuronal migration in the 

developing cerebral cortex may be somehow disrupted 

[45]. High NO levels in the PFC and striatum of 

schizophrenics have been found in post-mortem studies 

[46-48]. NO levels are also high in red blood cells in 

schizophrenia [49].  

Biochemical Studies 

Biochemical findings seem to propose a role of NO 

in schizophrenia. High levels of NO metabolites such 

as nitrite and nitrate have been reported in plasma 

[50,51] and serum of schizophrenics [52,53]. Deterio-

ration of the integrity of brain's synaptic connectivity 

[54] and dysfunction of several neurotransmitters [55] 

are common in schizophrenia, so these elevated NO 

concentrations might partly disturb the neurocircuitry. 

Neuronal damage [33], mitochondrial dysfunction [56], 

abnormal glutamate-mediated neurotransmission [57] 

and microglial inflammation [58] have all been related 

with high NO levels. Lowering NOS activity in schizo-

phrenia may therefore be beneficial, so NOS inhibitors 

which reduce this activity might be candidates for the 

treatment of schizophrenia [36]. 

NOS INHIBITORS 

NOS inhibitors block the biological action of NO, 

widely differing in potency and isoform selectivity. 

Guanidino-substituted analogues of L-arginine (e.g. L-

NMMA (monomethylarginine), L-N
ω
 nitroarginine and 

its methyl ester, L-NOARG and L-NAME) strongly 

inhibit NOS in vitro and in vivo but this class of com-

pounds shows little selectivity towards distinct NOS 

isoforms [59-61].  

Amino acid derivatives can also block NOS. Two 

fairly potent NOS inhibitors are L-N-iminoethy-

lornithine (L-NIO) and L-N6-iminoethyllysine (L-

NIL). The former has a certain affinity for the eNOS 

and the latter is relatively selective for iNOS. Other 

NOS inhibitors are substituted citrulline compounds 

such as thiocitrulline and alkylthiocitrullines (e.g. S-

methyl and S-ethylthiocitrulline, SMTC and SETC). 

SMTC shows some selectivity for nNOS [59-61]. 

Selective inhibition of nNOS and iNOS activity is 

also shown by some heterocyclic compounds with dif-

ferent chemical natures. There is the nitroindazole 

group of fused heterocycles [e.g. 7-NI (7-nitroin-

dazole), L-NPA (N
ω
-propyl-L-arginine), 3-bromo-7-

nitroindazole and 2,7-dinitro- indazole], and imidazole 

and its substituted derivatives [e.g. TRIM (1-(2-

trifluoromethylphenyl) imidazole)] which are all potent 

nNOS inhibitor. Aminoguanidine, 1400W (3-amino-

methylbenzylacetamidine) and certain S-alkylated iso-

thioureas selectively inhibit the iNOS isoform [59-61].  
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Pharmacological Actions of NOS Inhibitors 

Non-selective and eNOS inhibitors block eNOS, re-

ducing endothelial vasodilatation and raising blood 

pressure [62-64]. nNOS inhibitors have antinociceptive 

action [60] and iNOS inhibitors raise blood pressure in 

septic shock [65]. NOS inhibitors can also reduce the 

infarct size in animal models of focal ischemia [66-68] 

and have neuroprotective activity in animal models of 

Parkinson’s [69-71] and Alzheimer’s disease [72]. 

PRECLINICAL RESULTS WITH NOS INHIBI-

TORS IN SCHIZOPHRENIA 

Preclinical Models of Schizophrenia 

Animal models of schizophrenia should mimic posi-

tive symptoms (e.g., hypermotility, stereotypies, 

ataxia), cognitive deficits (e.g., attentional and memory 

impairments) and negative symptoms (e.g., social iso-

lation) of this psychiatric disorder. The main preclinical 

models of schizophrenia can be divided into two dis-

tinct categories: neurodevelopmental and pharmacol-

ogical. Neonatal ventral hippocampal lesions (nVHL) 

and post-weaning social isolation are amongst the neu-

rodevelopmental models of schizophrenia widely util-

ized. The neurodevelopmental models induce effects 

that can mimic a range of positive, cognitive and nega-

tive symptoms [6]. 

Pharmacological models of schizophrenia include 

compounds acting on the DAergic and glutamatergic 

systems which abnormal functioning is associated to 

schizophrenia [6]. Drugs that alter DAergic activity 

(e.g., amphetamine, apomorphine) induce positive and 

cognitive but not negative-like symptoms in animals. 

On the other hand, glutamatergic blockade induced by 

NMDA receptor antagonists as are phencyclidine 

(PCP), ketamine and MK-801 seem to provide a more 

complete model of schizophrenia respect to that of 

DAergic model since these compounds can induce also 

negative symptoms in animals [6].  

In summary, most animal models resemble positive 

and cognitive-like symptoms but a small number of 

them also mimic negative symptoms. Further, it is im-

portant to emphasize that, in contrast to pharmacologi-

cal models, schizophrenia is chronic, neurodevelop-

mental, and episodic with different symptom domains 

predominating at different stages. Thus, any purely 

drug model is probably destined to be incomplete in the 

extent to which it can represent the full picture of 

schizophrenia [6]. Additionally, a vast range of nega-

tive symptoms of schizophrenia, such as alogia, affec-

tive flattening and apathy, and cognitive impairments 

(e.g., thoughts and verbal learning and memory) are 

virtually impossible to model preclinically [73]. 

Effects of Non-Selective NOS Inhibitors in Preclini-

cal Models of Schizophrenia 

The preclinical literature regarding the effects of 

non-selective NOS inhibitors in schizophrenia is sum-

marized in Table 1. In mice injected intraperitoneally 

(i.p.) the non-selective NOS inhibitor methylene blue 

(MB) (32-100 mg/kg) reversed popping behaviour in-

duced by the NMDA receptor antagonist MK-801 (1 

mg/kg, i.p.) [74]. Also in mice, the non-selective NOS 

inhibitor L-NAME (30 mg/kg, i.p.) attenuated stereo-

typed behaviour resulting from subcutaneous (s.c.) in-

jection of the DA indirect agonist methamphetamine (4 

mg/kg) [75]. In rats L-NAME (5-10 mg/kg, i.p.) coun-

teracted the hypermotility and attentional deficits in-

duced by the NMDA receptor antagonist PCP (2-4 

mg/kg, s.c.) but not those elicited by the DA releaser 

amphetamine (1-2 mg/kg, s.c.) [76]. Also in rats pre-

treatment with the non-selective NOS inhibitors L-

NOARG (30 mg/kg, i.p.) and arcaine (10 and 30 

mg/kg, i.p.) attenuated the attentional deficits produced 

by PCP (3 mg/kg, s.c.) [77].  

In the mouse L-NAME (20-40 mg/kg, i.p.) reversed 

the detrimental effects of PCP (5 mg/kg, i.p.) on atten-

tion [78]. Similarly, MB (50 and 100 mg/kg, i.p.) pre-

vented disruption of the prepulse inhibition and hyper-

motility induced by PCP (4 mg/kg, i.p.) in mice [79]. 

L-NAME (20 mg/kg, i.p.) in mice attenuated the atten-

tional impairments caused by MK-801 (0.4 mg/kg, i.p.) 

but not those induced by PCP (4 mg/kg, i.p.) and am-

phetamine (5 mg/kg, i.p.). Interestingly, L-NAME at 40 

mg/kg reversed the attentional deficits induced by the 

above mentioned glutamatergic or DAergic agents 

[80]. The same researchers reported that L-NAME (10 

mg/kg, i.p.) reduced the attentional deficits induced by 

PCP (2 mg/kg, i.p.) but not by MK-801 (0.1 mg/kg, 

i.p.) in rats. L-NAME (10 and 40 mg/kg, i.p.) counter-

acted the hypermotility induced by PCP (4 mg/kg, i.p.) 

and MK-801 (0.15 mg/kg, i.p.) in rats in the open field 

test [81]. These differential effects of L-NAME on at-

tentional deficits due to glutamate blockade did not 

seem to be explained by selective interaction of L-

NAME with the antagonistic effect of PCP at the 

NMDA receptor. The greater efficacy of L-NAME in 

attenuating the behavioural effects of PCP than those of 

MK-801 might reflect their difference in potency [81]. 

MK-801 has about 20 times higher affinity for the 

NMDA receptor than PCP [82]. 
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Table 1. Effects of non-selective nitric oxide synthase inhibitors (nsNOSI) on animal models of schizophrenia. 

Spe-

cies 

Drug Action Dose 

Range 

Route Behav-

ioural task 

Effect Reference 

Mouse MB 

MK-801 

nsNOSI 

NMDA 
blocker      

32, 100 

mg/kg 
1 mg/kg     

i.p. acute 

i.p. acute 

Popping 

behaviour 

Reversed MK-801-induced pop-

ping behaviour 

[74] 

Rat 

 

 
Rat 

L-NAME 

metamhetamine 

 

L-NAME  

PCP    
amphetamine     

nsNOSI   

DA re-

leaser 

nsNOSI      

NMDA 

blocker    

DA re-
leaser        

30 mg/kg 

4 mg/kg 

 

5, 10 

mg/kg  

2, 4 

mg/kg    

1, 2 
mg/kg      

i.p. acute 

s.c. acute 

 

s.c. acute 

s.c. acute 
s.c. acute 

Stereotypies 

 

 

Motility 

cage 
PPI 

Reversed methamphetamine-

induced stereotypies 

 

Reversed PCP (4 mg/kg) but not 

amphetamine-induced hypermotil-

ity. 

Reversed PCP (2 mg/kg) but not 

amphetamine (2 mg/kg)-induced 
attentional deficits.  

[75] 

 

 
[76] 

Rat L-NOARG 

arcaine 
PCP 

nsNOSI 

nsNOSI 

NMDA 
blocker      

1, 3, 10, 

30 mg/kg 

10, 30 

mg/kg 
3 mg/kg 

i.p. acute 

i.p. acute 
s.c. acute 

PPI 

 

L-NOARG (30 mg/kg) and arcaine 

(10 and 30 mg/kg) attenuated PCP-
induced attentional deficits          

[77] 

Mouse L-NAME 
PCP 

nsNOSI 

NMDA 
blocker      

20, 40 

mg/kg 
5 mg/kg 

i.p. acute 
i.p. acute 

PPI Reversed PCP-induced attentional 
deficits 

[78] 

Mouse MB 

PCP 

nsNOSI 

NMDA 
blocker      

50, 100 

mg/kg 
4  mg/kg 

i.p. acute 

i.p. acute 

PPI 

Motility 
cage 

Attenuated PCP-induced atten-

tional deficits. 

Attenuated (50 mg/kg) PCP-
induced hypermotility 

[79] 

Mouse L-NAME 

PCP 

MK-801 
amphetamine 

nsNOSI 

NMDA 

blocker      

NMDA 

blocker      

DA re-
leaser 

20, 400 

mg/kg 

4  mg/kg 

0.4  

mg/kg 
5 mg/kg 

i.p. acute 

i.p. acute 

i.p. acute 
i.p. acute 

PPI 
habituation 

L-NAME (20 mg/kg) attenuated 

MK-801, but not PCP and am-

phetamine-induced attentional 

deficits 

L-NAME (40 mg/kg) reversed 

MK-801, PCP and amphetamine-
induced attentional deficits.         

[80] 

Rat L-NAME 

PCP 
MK-801 

nsNOSI 

NMDA 

blocker      

NMDA 
blocker      

10, 20, 40 

mg/kg 

2, 4  

mg/kg 

0.1, 0.15 

mg/kg 

i.p. acute 

i.p. acute 
i.p. acute 

OF 

PPI 
 

Reversed (10, 40 mg/kg) PCP (4 

mg/kg) and MK-801 (0.15 mg/kg)-

induced hypermotility.  

Reversed (10 mg/kg)-PCP (2 

mg/kg) but not MK-801 (0.1 

mg/kg)-induced attentional deficits   

[81] 

Rat L-NOARG 

amphetamine 

apomorphine 

quinpirole 
bromocriptine 

nsNOSI 

DA re-

leaser      

D1/D2 DA 

agonist    

D2/D3 DA 

agonist  

D2 DA 
agonist       

40 mg/kg 

2 mg/kg 

0.5 mg/kg 

0.3, 1 

mg/kg 

1, 40 
mg/kg 

i.p. re-

peated i.p. 

repeated 

i.p. re-

peated i.p. 

repeated 

i.p. re-

peated 

PPI 

 

Reversed amphetamine, but not 

apomorphine, quinpirole and bro-

mocriptine-induced attentional 

deficits 
 

[83] 

 

Rat L-NAME 

PCP 
 

nsNOSI 

NMDA 
blocker      

10 mg/kg 

2 mg/kg 

s.c. sub-

chronic 

s.c. sub-
chronic 

MWM Reversed PCP-induced spatial 

memory deficits 

[84] 

Rat 
 

L-NAME 
PCP 

nsNOSI 

NMDA 

blocker      

10 mg/kg 
2 mg/kg 

s.c. sub-

chronic 

s.c. sub-
chronic 

MWM Reversed PCP-induced spatial 

reference and spatial working 

memory deficits 

[85] 
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(Table 1) contd… 

Spe-

cies 

Drug Action Dose 

Range 

Route Behav-

ioural task 

Effect Reference 

Rat 
 

L-NAME 
PCP 

nsNOSI 

NMDA 
blocker      

10 mg/kg 
2 mg/kg 

s.c. sub-

chronic 

s.c. sub-

chronic 

MWM Reversed PCP-induced disruption 
of cognitive flexibility 

[86] 

Rat 
 

L-NAME 
PCP 

nsNOSI 

NMDA 
blocker      

10 mg/kg 
2 mg/kg 

s.c. acute 
s.c. acute 

SI L-NAME reversed PCP-induced 
social withdrawal 

[87] 

Mouse LNOARG 

methylphenidate 

nsNOSI 

DA re-
leaser       

10, 40, 90 

mg/kg 
30 mg/kg 

i.p. acute 

i.p. acute 

PPI L-NOARG (40 mg/kg) reversed 

methylphenidate-induced atten-

tional deficits 
 

[88] 

Mouse L-NAME 

PCP 
baclofen 

nsNOSI 

NMDA 

blocker      

GABAB 
agonist 

20 mg/kg 

5 mg/kg 
2.5 mg/kg 

s.c. acute 

i.p. acute 
i.p. acute 

PPI 

 

Coadministration of L-NAME and 

baclofen prevented the disrupting 
effects of PCP on attention 

[89] 

Rat L-NOARG 

amphetamine 

apomorphine 
quinpirole 

nsNOSI 

DA re-

leaser      

D1/D2 DA 

agonist    

D2/D3 DA 
agonist   

11 μg       

30 μg       

10 μg  
3 μg        

intra BLA 

repeated 

intra BLA 

repeated 

intra BLA 

repeated 

intra BLA 
repeated 

PPI 

 

L-NOARG prevented apomor-

phine, quinpirole but not am-

phetamine-induced attentional 
deficits                          

[90] 

Rat L-NAME 

MK-801 
ketamine 

nsNOSI 

NMDA 

blocker 

NMDA 
blocker 

1, 3, 10 

mg/kg 

mg/kg 
3 mg/kg 

i.p. acute 

i.p. acute 
i.p. acute 

NORT L-NAME (1 and 3 mg/kg) reversed 

MK-801 and ketamine-induced 
recognition memory deficits         

[91] 

Rat L-NAME 
ketamine 

nsNOSI 

NMDA 

blocker 

1, 3, 10 

mg/kg 

15 mg/kg 

i.p. sub-

chronic 

i.p. sub-
chronic 

RWM L-NAME (1, 10 mg/kg) attenuated 

ketamine induced spatial working 

memory and retention deficits 

L-NAME (3 mg/kg) disrupted rats’ 
performance in the RWM task 

[91] 

Rat L-NAME 

apomorphine 

nsNOSI 

D1/D2 DA 
agonist 

1, 3 

mg/kg 
1 mg/kg 

i.p. acute 

i.p. acute 

NORT L-NAME reversed apomorphine-

induced recognition memory defi-
cits 

[93] 

 

DA: dopamine, BLA: basolateral amygdala, GABA: γ-aminobutyric acid, i.p: intraperitoneally, L-NAME: Nω-nitro-L-arginine-methylester, L-NOARG: NG-

nitro-L-arginine, MB: methylene blue, MWM: Morris water maze, NMDA: N-methyl-D-aspartate, NORT: novel object recognition task, OF: open field, PCP: 

phencyclidine, PPI: prepulse inhibition, RWM: radial water maze, s.c.: subcutaneously, SI: social interaction. 

The functional interaction between the nitrergic and 

DArgic system on attention has been described. Two 

doses in one day of L-NOARG (40 mg/kg, i.p.) coun-

teracted the attentional deficits caused by amphetamine 

(2 mg/kg, i.p.) in the prepulse inhibition test in the rat. 

L-NAME did not reverse the attention disruption 

caused by the DA D1/D2 agonist apomorphine (0.5 

mg/kg, i.p.), the DA D2/D3 agonist quinpirole (0.3 and 

1 mg/kg, i.p.) or the DA D2 agonist bromocriptine (1 

and 40 mg/kg, i.p.) [83]. These findings indicate that L-

NOARG interacted with the DA releaser amphetamine 

but not with the DA agonists. Thus, NO appears to be 

involved in the DAergic action on sensorimotor gating, 

probably through a presynaptic mechanism [83].  

The Morris water maze task was used to study the 

effects of L-NAME (10 mg/kg, s.c.) against the detri-

mental action of PCP (2 mg/kg, s.c.) on rats’ spatial 

memory and cognitive flexibility. Sub-chronic treat-

ment with L-NAME counteracted the deficits in spatial 

learning, spatial reference, spatial working memory and 

cognitive flexibility caused by sub-chronic PCP [84-

86]. In an animal model mimicking the negative symp-

toms of schizophrenia (the social interaction test) L-
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NAME (10 mg/kg, i.p.) reversed the social isolation 

induced by PCP (2 mg/kg, s.c.) [87]. L-NOARG (40 

mg/kg, i.p.) counteracted the detrimental effects of the 

DA releaser methylphenidate (30 mg/kg, i.p.) on atten-

tion in mice [88]. In mice sub-threshold doses of L-

NAME (20 mg/kg, i.p.) co-administered with the 

GABAB agonist baclofen (2.5 mg/kg, i.p.) prevented 

the disrupting effects of PCP (5 mg/kg, i.p.) on atten-

tion. Baclofen, dose-related caused a decrease in NO 

release from PFC. These findings propose a functional 

interaction between the GABAB receptor and NO on 

attention [89]. In rats two bilateral intra-basolateral 

amygdala (BLA) injections in one day of L-NOARG 

(11 μg) prevented the attentional deficits caused by 

apomorphine (10 μg) and quinpirole (3 μg) but not by 

amphetamine (30 μg). Thus NO presumably acts on 

DAergic regulation of the sensorymotor gating in the 

BLA [90].  

A single injection of L-NAME (1 and 3 but not 10 

mg/kg, i.p.) reversed recognition memory deficits in-

duced by the NMDA receptor antagonists MK-801 (0.1 

mg/kg, i.p.) and ketamine (3 mg/kg, i.p.) in the NORT 

in rats [91]. Repeated doses of L-NAME (1 and 10 

mg/kg, i.p., once a day for five consecutive days) at-

tenuated the spatial working memory and retention 

deficits caused by ketamine (15 mg/kg, i.p. once a day 

for five consecutive days) in the radial water maze task 

[91] in the rat. In the same dose range and treatment 

conditions, L-NAME counteracted the extinction of 

recognition memory in the NORT in the control rat 

[92]. By contrast, repeated systemic doses of L-NAME 

(3 mg/kg, i.p., once a day for five consecutive days) 

disrupted rats' performance in the NORT [90], and in 

the radial water maze task [91]. Thus L-NAME has a 

dual effect on rats’ memory, which might be related to 

the treatment condition (acute vs. repeated) rather than 

the type of memory (recognition vs. spatial) and sug-

gests a complex effect of L-NAME on memory proc-

esses [92].  

Finally, acute L-NAME (1-3 mg/kg, i.p.) reversed 

performance deficits induced by the DA agonist apo-

morphine (1 mg/kg, i.p.) in the NORT in rats, this bears 

out the interaction between the DAergic and nitrergic 

systems on recognition memory [93].  

Effects of Selective nNOS Inhibitors in Preclinical 

Models of Schizophrenia 

The preclinical literature on the effects of selective 

nNOS inhibitors in schizophrenia is summarized in 

Table 2. The selective nNOS inhibitor 7-NI (100 

mg/kg, i.p.) attenuated popping behaviour caused by 

MK-801 (1 mg/kg, i.p.) in mice [74]. At a much lower 

dose (10 mg/kg, i.p.) 7-NI also counteracted PCP (3 

mg/kg, s.c.)-induced attentional deficits in rats [77]. 

The selective nNOS inhibitor AR-R17477 (0.5, 1 and 5 

mg/kg, s.c.) reversed PCP (4 mg/kg, s.c.)-induced hy-

permotility, and the 1 mg/kg dose counteracted atten-

tional deficits caused by PCP (2 mg/kg, s.c.) but not 

amphetamine (2 mg/kg, s.c.) in the rat [94]. The selec-

tive nNOS inhibitor L-NPA (20 mg/kg, i.p.) attenuated 

PCP (3 mg/kg, i.p.)-induced hyperlocomotion and at-

tention impairments in mice [95]. L-NPA (5 and 10 

mg/kg, i.p.) has similar effects on the attentional defi-

cits produced by PCP (2 mg/kg, s.c.) in rats. The latter 

findings suggest that L-NPA’s effects on attention were 

brain area-selective since it reduced the high NO levels 

caused by PCP in the PFC probably involving the 

nNOS isoform [96]. 

Selective nNOS inhibitors also had effects in animal 

models of schizophrenia linked to DAergic dysfunc-

tion. 7-NI injected either peripherally (10 and 30 

mg/kg, i.p.) or intracerebroventricularly (i.c.v., 50, 100 

nM) counteracted methylphenidate (30 mg/kg, i.p.)-

induced disruption of attention in mice [88]. At lower 

doses (0.3 and 1 mg/kg, i.p.) it attenuated recognition 

memory deficits caused by apomorphine (1 mg/kg, i.p.) 

in rats, indicating a functional interaction between the 

DAergic and nitrergic systems on recognition memory 

[93]. In mice, 7-NI (3 and 6 mg/kg, i.p.) attenuated 

apomorphine-induced (1 mg/kg, s.c.) psychotomimetic 

effects (stereotypies and climbing) [97].  

Effects of Selective iNOS Inhibitors in Preclinical 

Models of Schizophrenia 

The preclinical literature regarding the effects of 

iNOS inhibitors in schizophrenia are summarized in 

Table 3. Myricitrin (5 and 10 mg/kg, i.p.), a iNOS 

blocker and protein kinase C inhibitor, counteracted 

stereotypies and climbing induced by apomorphine (1 

mg/kg, s.c.) in the mouse [97]. The selective iNOS in-

hibitors aminoguanidine (100 and 400 mg/kg, i.p.) and 

(-)-epigallocatechin-3-gallate) (EGCG, 100 mg/kg, i.p.) 

reversed psychotomimetic effects (hypermotility, 

stereotypies and ataxia) induced by MK-801 (0.25 

mg/kg, i.p.) and attenuated PCP (20 mg/kg, i.p.)-

induced hyperlocomotion in rats. Both these iNOS in-

hibitors restored physiological levels of the MK-801 

evoked glutamate efflux from PFC [98]. Recently, 

aminoguanidine (25 and 50 mg/kg, i.p.) was found ef-

fective in counteracting recognition memory deficits 

caused by ketamine (3 mg/kg, i.p.) and apomorphine (1 

mg/kg, i.p.), while it did not attenuate, at any dose  
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Table 2. Effects of neuronal nitric oxide synthase inhibitors (nNOSIs) on animal models of schizophrenia. 

Species Drug Action Dose range Route Behavioural task Effect       References 

Mouse 7-NI 

MK-801 

nNOSI 

NMDA blocker 

100 mg/kg 

1 mg/kg 

i.p. acute 

i.p. acute  

Popping behaviour Reversed MK-801-

induced popping be-
haviour 

[74] 

Rat 7-NI 
PCP 

nNOSI  
NMDA blocker 

10, 30 mg/kg 
3 mg/kg 

i.p. acute 
s.c. acute 

PPI Attenuated (10 mg/kg) 

PCP-induced atten-
tional deficits 

[77] 

Rat AR-R 17477 

 

PCP 
amphetamine 

nNOSI 

 

NMDA blocker 
DA releaser 

0.5, 1, 5, 10, 

20 mg/kg 

2, 4 mg/kg 
2 mg/kg 

s.c., acute 

 

s.c. acute 
s.c. acute 

Motility cage 

 
PPI 

Reversed (0.5, 1 and 5 

mg/kg) PCP (4 mg/kg)-

induced hypermotiliy  

Attenuated (1 mg/kg), 

PCP (2 mg/kg) but not 

amphetamine-induced 
attentional deficits.     

[94] 

Mouse L-NPA         

 
PCP 

nNOSI  

 
NMDA blocker  

20 mg/kg    

 
3 mg/kg 

i.p. acute 

 
s.c. acute 

Motility cage  

 
PPI 

Attenuated PCP-

induced hypermotility 
and attentional deficits 

[95] 

Mouse 7-NI 

 

7-NI    

 

methylpheni-

date 

nNOSI      

 

nNOSI 

 
DA releaser 

3, 10, 30, 60 

mg/kg 

 

50, 100 nM    

 

30 mg/kg 

i.p. acute 

 

i.c.v. 

acute 

 

i.p. acute 

PPI 

 

Reversed (10 and 30 

mg/kg) methylpheni-

date-induced attentional 

deficits.  

Reversed methylpheni-

date-induced attentional 
deficits 

[96] 

Rat L-NPA   

PCP 

nNOSI          

NMDA blocker 

5, 10 mg/kg 

2 mg/kg 

s.c. acute 

s.c. acute 

PPI Reversed PCP-induced 

attentional deficits  

[96] 

Rat 7-NI   
apomorphine 

nNOSI 

D1/D2 DA 
agonist 

0.3, 1 mg/kg    
1 mg/kg  

i.p. acute 
i.p. acute 

NORT Reversed apomorphine-

induced recognition 
memory deficits 

[93] 

Mouse 7-NI 

 
apomorphine 

nNOSI 

 

D1/D2 DA 
agonist 

3, 6 mg/kg 

 
1 mg/kg 

i.p. acute 

 
s.c. acute 

Stereotypies 

Climbing 

Attenuated (6 mg/kg) 

apomorphine-induced 

stereotypies and climb-
ing 

[97] 

AR-R17477: N-(4-(2-((3-cholorophenylmethyl)amino)-ethyl)phenyl)-2-thiophenecarboxamidine, DA: dopamine, i.c.v.: intracerebroventricu-

larly, i.p: intraperitoneally, L-NPA: N
ω
-propyl-L-arginine, 7-NI: 7-nitroindazole, NMDA: N-methyl-D-aspartate, NORT: novel object recog-

nition task, PCP: phencyclidine, PPI: prepulse inhibition, s.c.: subcutaneously. 

tested (50 and 100 mg/kg) social isolation induced by 

ketamine (8 mg/kg) in rats [99]. 

NOS inhibitors therefore appear to attenuate psy-

chotomimetic effects and impairments associated with 

cognitive functions in various animal models of 

schizophrenia. There are also apparent functional inter-

actions between the NO and the glutamatergic and 

DAergic systems. Information is scant however, on the 

potential efficacy of NOS inhibitors in models de-

signed to mimic the negative symptoms of schizophre-

nia. One study so far, indicated that the non-selective 

NOS inhibitor L-NAME was beneficial in counteract-

ing social isolation caused by treatment by PCP in the 

rat [87], while the inducible NOS inhibitor aminogua-

nidine did not reply this effect [99].  

CLINICAL STUDIES WITH NOS INHIBITORS 

IN SCHZOPHRENIA 

The clinical efficacy of NOS inhibitors in schizo-

phrenia has been addressed in only two small clinical 

trials to date and their results were not promising. In a 

four-week open-label study carried out in eight schizo-

phrenia patients who no longer responded to conven-

tional antipsychotics, the addition of MB to conven-

tional medication did not give any significant im-

provement [100]. Similarly, in an eight-week random-

ized, double-blind, placebo-controlled trial with 34 par-

ticipants EGCG had no noteworthy effect [101]. 

Interestingly, in a series of clinical trials the efficacy 

of indirect NOS inhibitors to alleviate schizophrenia 
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Table 3. Effects of inducible nitric oxide synthase inhibitors (iNOSIs) on animal models of schizophrenia. 

Species Drug Action Dose range Route  Behav-

ioural task  

Effect       Refer-

ences 

Mouse myricitrin 
 

apomor-
phine  

iNOSI 
 

D1/D2 

DA ago-

nist 

5, 10 mg/kg  
 

1 mg/kg  

i.p. acute 
 

s.c. acute   

Stereotypies 

 
Climbing  

Attenuated (10 mg/kg) apomorphine-
induced stereotypies   

Reversed apomorphine-induced 
climbing   

[97] 

Rat 

  

  

  

  

  

  

  

Rat 

AG 

 
EGCG          

  

PCP 

 

MK-801       

  

  

AG 
 

Ketamine 

  

apomor-
phine 

iNOSI 

 
iNOSI 

 

NMDA 
blocker 

NMDA 

blocker 

  

I 
NOSI 

 

NMDA 
blocker 

  

D1/D2 

DA ago-
nist  

40, 100, 400 
mg/kg 

10, 30, 100 
mg/kg 

 20 mg/kg 

 

0.25 mg/kg 

  

  

 

 25, 50, 100 
mg/kg 

3 mg/kg 

(NORT) 
8 mg/kg (SI) 

1 mg/kg 

i.p. acute 

  
i.p. acute 

  

i.p. acute 

  

i.p. acute 

  

 

 
i.p.. acute 

 

i.p. acute 

 
i.p.sub-chronic 

i.p. acute 

Motility 
cage 

 
Stereotypies 

 

Ataxia 

  

  

  

 
 NORT 

  

 

 
SI 

AG (100, 400 mg/kg)-reversed MK-
801 induced hypermotility 

AG reduced MK-801-induced stereo-
typies and ataxia 

AG (100 mg/kg)-reversed PCP-

induced hypermotility 

EGCG (100 mg/kg) reduced MK-801 

and PCP-induced hypermotility 

EGCG (100 mg/kg) reduced MK-801-
induced stereotypies and ataxia  

AG (25, 50 mg/kg) counteracted rec-

ognition memory deficits induced by 

ketamine (3 mg/kg) or apomorphine.  

 

AG did not attenuate ketamine (8 
mg/kg)-induced deficits in the SI.  

[98] 

  

  

  

  

  

  

  

[99] 

AG: aminoguanidine, DA: dopamine, EGCG: (-)-epigallocatechin-3-gallate, i.p: intraperitoneally, NMDA: N-methyl-D-aspartate, NORT: novel object recogni-

tion test, PCP: phencyclidine, s.c.: subcutaneously, SI: social interaction. 

symptoms was noticed [38]. Administration of L-

lysine, an amino acid involved in the generation of NO, 

in patients which received their conventional medica-

tion decreased the severity of psychotic symptoms 

[102,103]. Further, in a series of clinical studies the 

semisynthetic antibiotic minocycline which inhibits 

iNOS, was found effective to improve schizophrenia 

symptoms (especially those negative) [104]. Both 

compounds were tolerated by the patients [38,102-

104]. 

NOS INHIBITORS AND TOXICITY 

Although some preclinical models of schizophrenia 

have suggested the effectiveness of certain NOS inhibi-

tors experimental evidence indicates that they often 

cause catalepsy [105,106]. This would be a limit for 

their use in the treatment of schizophrenia. However, 

the cataleptic effect of NOS inhibitors is extinguished 

with repeated treatment [107]. In addition, the pre-

sumed amnestic effects of NOS inhibitors in animals 

were observed at very high doses and were often ac-

companied by severe unspecific effects [108]. 

MECHANISM(S) OF ACTION OF NOS INHIBI-

TORS IN SCHIZOPHRENIA 

The precise mechanism(s) of the effects of NOS in-

hibitors on NMDA receptor antagonist-induced behav-

ioural deficits still need further research. However, 

schizophrenia-like effects of NMDA receptor antago-

nists include increases in the levels of glutamate, hy-

permotility, stereotypy, social withdrawal and cogni-

tion deficits [109]. The schizophrenia-like behavioural 

effects of NMDA receptor blockade in rodents are at 

least partly due to an increase in NO activity [110]. An 

NO-dependent increase in cGMP signaling, a main ef-

fector of NO in the brain, in the mouse PFC was re-

ported after PCP. L-NAME also attenuated attentional 

deficits caused by PCP, by reducing the PCP-induced 

cGMP increase in production in the mouse PFC of 

[111]. 

It has also been reported that the non-selective NOS 

inhibitor L-NAME and the iNOS inhibitors AG and 

EGCG attenuated excessive glutamate efflux from the 

PFC response to MK-801 and PCP [98,112]. This 

might be an essential component of the beneficial ac-
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tion of NOS inhibitors on NMDA blockade-induced 

behavioural deficits. 

As regards the mechanism by which NOS inhibitors 

exert their effects on DAergic dysfunction, still, it has 

been reported that apomorphine raises cGMP content 

in the brain [113] and, in similarity to what happens 

with PCP [111], inhibiting NOS activity might possibly 

reduce cGMP and abolish DAergic dysfunction-

induced deficits [88]. Further, 7-NI blocked methyl-

phenidate-induced brain c-fos expression in the mouse 

cingulate cortex, striatum, nucleus accumbens and ba-

solateral amygdala, this being considered a metabolic 

marker of neuronal activation [114]. Neurochemical 

studies suggest that NOS inhibitors attenuated the am-

phetamine-induced release of aspartate, GABA, acetyl-

choline in rat nucleus accumbens. NOS inhibitors nor-

malized also the excessive NO levels in the cortex and 

striatum caused by amphetamine [115].  

ANTIOXIDANT PROPERTIES OF NOS INHIBI-

TORS AND SCHIZOPHRENIA 

In the light of evidence that NO is involved in in-

flammation [116], an alternative explanation of the ef-

fects of NOS inhibitors in preclinical models of schizo-

phrenia might be based on their documented antioxi-

dant properties. These have been described in different 

preclinical models of brain ischemia [66-68], Parkin-

son’s disease [69-71], and Alzheimer’s disease [72]. 

Although the pathogenesis of schizophrenia remains 

unknown, a link with oxidative stress has been sug-

gested [5]. NMDA receptor antagonists reportedly raise 

oxidative stress in rodents [117]. Similarly, there is ex-

perimental evidence that DA agonists induce oxidative 

stress too [118]. The antioxidant properties of NOS 

inhibitors on dysfunction of the DAergic system have 

also been reported. In particular, aminoguanidine inhib-

ited the increase of iNOS activity and prevented DAer-

gic cell loss and neurodegeneration in an inflammatory 

state induced by lipopolysaccharide (LPS) [119-121]. 

The non-selective NOS inhibitor L-NAME prevented 

methamphetamine-induced oxidative stress [122]. The 

fact that NOS inhibitors can counter-act the psychoto-

mimetic effects of glutamate and DAergic dysfunction 

might be related to their antioxidant profile but this 

obviously needs to be confirmed. 

CONCLUSION 

Current literature on preclinical findings indicates 

that NOS inhibitors may provide benefit in the treat-

ment of schizophrenia. Preclinical research has indi-

cated they can counteract psychotomimetic effects and 

cognitive impairments in various animal models of 

schizophrenia. These results suggest a potential role of 

NOS inhibitors in the treatment of some behaviours 

that may have translational value to this psychiatric 

disorder.  

However, information is still inconsistent on the po-

tential efficacy of NOS inhibitors in animal models 

mimicking the negative symptoms of schizophrenia 

and the treatment of these symptoms is still a problem. 

The effects of NOS inhibitors in other (not pharmacol-

ogical) models of schizophrenia (i.e., neurodevelop-

mental) such as the nVHL model have not been tested 

so far and these are important issues for future re-

search. In this context, it has been reported that the 

nVHL model resembles the positive, the negative and 

the cognitive symptoms of schizophrenia [123]. Inter-

estingly, recent research shown that rats subjected to 

nVHL displayed excessive levels of NO in different 

brain areas associated with schizophrenia as are PFC 

and neocortex [124]. Clinical research consists of two 

small studies in which MB and EGCG gave inconsis-

tent results.  

Based on the above described findings it is difficult 

therefore, to draw a conclusion whether or not NOS 

inhibitors might produce a general improvement in 

schizophrenia or may act on a specific cluster of symp-

tom. Multicentre clinical trials are now needed to es-

tablish the efficacy and safety of wider ranges of NOS 

inhibitors doses in large numbers of chronically ill pa-

tients. The efficacy of NOS inhibitors as adjunctive 

molecules for the treatment of schizophrenia also needs 

to be tested.  

Finally, the narrow therapeutic window of NO-

related compounds might represent the major obstacle 

for their potential clinical use. Small changes in local 

NO levels, the type and time of administration may be 

critical in establishing the biological action of NOS 

modulators [61]. New NOS inhibitor analogues with a 

well-characterized safety profile need to be developed 

to answer this important question. 
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