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Abstract
Under pathological conditions, nitric oxide can become a mediator of oxidative cellular damage, generating an unbalance 
between oxidant and antioxidant systems. The participation of neuronal nitric oxide synthase (nNOS) in the neurodegenera-
tion mechanism has been reported; the activation of N-methyl-d-aspartate (NMDA) receptors by agonist quinolinic acid 
(QUIN) triggers an increase in nNOS function and promotes oxidative stress. The aim of the present work was to elucidate 
the participation of nNOS in QUIN-induced oxidative stress in knock-out mice (nNOS−/−). To do so, we microinjected 
saline solution or QUIN in the striatum of wild-type (nNOS +/+), heterozygote (nNOS+/−), and knock-out (nNOS−/−) 
mice, and measured circling behavior, GABA content levels, oxidative stress, and NOS expression and activity. We found 
that the absence of nNOS provides a protection against striatal oxidative damage induced by QUIN, resulting in decreased 
circling behavior, oxidative stress, and a partial protection reflected in GABA depletion. We have shown that nNOS-derived 
NO is involved in neurological damage induced by oxidative stress in a QUIN-excitotoxic model.
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Abbreviations
CB	� Circling behavior
DCF	� Dichlorofluorescein
DCFH-DA	� 2’,7’-Dichlorodihydrofluorescein diacetate
ECL	� Enhanced chemiluminescence
HD	� Huntington’s disease

HPLC	� High-performance liquid chromatography
LP	� Lipid peroxidation
NEO	� Neomycin
NO	� Nitric oxide
nNOS	� Neuronal nitric oxide synthase
OD	� Optical density
QUIN	� Quinolinic acid
ROS	� Reactive oxygen species
SEM	� Standard error of the mean
SS	� Saline solution

Introduction

Nitric oxide (NO) is involved in many physiological pro-
cesses like synaptic plasticity, neuromodulation, and con-
trol of smooth muscle relaxation [1]. Under pathological 
conditions, NO has been reported as a probable promoter of 
oxidative stress and cell damage by inhibition of oxidative 
phosphorylation, triggering mitochondrial permeability tran-
sition [2, 3]. Transgenic Huntington’s disease (HD) models 
have reported the relationship between excitotoxic striatal 
damage and the increase in nitric oxide synthase (NOS) 
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expression and activity [4, 5]. This suggests that neuronal 
damage is associated with excessive NO synthesis due to the 
increasing activity and expression of neuronal nitric oxide 
synthase (nNOS), triggering an excitotoxic cascade. Exci-
totoxicity has been demonstrated to be an important mech-
anism of damage in HD and several studies have pointed 
out that the overactivation of N-methyl-d-aspartate receptor 
(NMDAR) plays a key role in the selective neuronal loss 
found in patients suffering this disease [6]. Among the most 
common excitotoxicity animal models, the administration 
of quinolinic acid (QUIN), on NMDAR agonist, reproduces 
several biochemical and histopathological characteristics of 
HD.

Given that NO has been involved in oxidative stress 
induced by QUIN neurotoxicity in transgenic HD mice 
models [5], it is relevant to characterize the direct conse-
quences of nNOS absence in oxidative damage induced 
by QUIN. This study aimed to analyze the important par-
ticipation of nNOS in QUIN-induced oxidative stress in 
nNOS−/− knock-out (KO) mice.

Materials and Methods

Animal Handling

All animal procedures were approved by the Institutional 
Review Committee and were in accordance with the current 
Mexican legislation, NOM-062-ZOO-1999, and the Guide 
for the care and use of laboratory animals of the National 
Institutes of Health (NIH, Bethesda, MD). Mice were main-
tained under conditions previously described [7].

Mouse Genotypes

Male homozygous nNOS KO mice from B6 129-NOS1t-
mP1h line (nNOS−/−) [8] were purchased from Jackson 
Laboratory (Bar Harbor, ME) and were backcrossed with 
wild-type, nNOS+/+, and B6CBA female mice to start our 
colony. The genotype of each mouse was identified as pre-
viously described [9]. DNA was obtained from ear tissue 
of 8-week-old mice. Our colony of nNOS KO mice was 
housed under the environmental protocolized conditions of 
the vivarium of the National Institute of Neurology and Neu-
rosurgery, MVS. For all behavioral tests and measurements, 
we used 13–19 animals with their corresponding genotype: 
wild, heterozygous, and homozygous. We noted that the 
number of wild mice in the colony was always higher, fol-
lowed by heterozygotes and fewer homozygous mice.

The sequences of primers that recognized exon 2 of 
nNOS were the following: IMR 0406 (sense) TCA​GAT​
CTG​ATC​CGA​GGA​GG and IMR 0407 (antisense) TTC​CAG​
AGC​GCT​GTC​ATA​GC, while IMR 0013 (sense) CTT​GGG​

TGG​AGA​GGC​TAT​TC and IMR 0014 (antisense) AGG​TGA​
GAT​GAC​AGG​AGA​TC recognized NEO gene. This analysis 
allowed us to identify KO mice (nNOS−/−) with the NEO 
gene introduced, the heterozygous mutation (nNOS+/−), 
and the wild-type mice (nNOS+/+).

Intrastriatal QUIN Microinjection

Male mice (10–12  weeks old) were anesthetized with 
sodium pentobarbital (70 mg/kg, i.p.) and later infused in the 
right striatum with a single unilateral injection of 1 µL over 
2 min of sterile saline solution (SS; 0.9% NaCl) as a con-
trol or QUIN (30 nmol/µL) dissolved in SS. The stereotaxic 
coordinates were established according to the [10] mouse 
brain atlas: 0.6 mm anterior to bregma, − 2.2 mm lateral 
to bregma, and − 2.6 mm ventral to dura [11]. The experi-
mental groups were sacrificed by decapitation 120 min or 
4 days after QUIN injection, depending on the experimental 
purpose, and the corpora striata were dissected out on ice 
and stored at − 75 °C until analysis.

Circling Behavior Counting

Rotational behavior was evaluated according to a previous 
report [12]. Briefly, 3 days after the QUIN-induced striatal 
lesion was performed, animals from all groups were injected 
with apomorphine hydrochloride (1 mg/kg, s.c.) dissolved 
in SS containing 1% ascorbic acid to prevent oxidation. 
Mice were placed individually into acrylic cages, and the 
number of ipsilateral rotations to the lesioned striatum was 
recorded for 30 min. Results were expressed as ipsilateral 
turns/30 min.

Analysis of Striatal GABA Levels

Striatal content of gamma-aminobutyric acid (GABA) was 
determined 24 h after the circling behavior (CB) evalua-
tion by high-performance liquid chromatography (HPLC) 
with fluorometric detection, using an elution gradient as 
previously described [13]. Each mouse was injected with 
3-mercaptopropionic acid (0.25 mmol/kg, i.p.), a glutamate 
decarboxylase inhibitor, to prevent post-mortem GABA 
formation. The mice were sacrificed by cervical disloca-
tion, and the striata were dissected out and kept at − 70 °C 
until analysis. The striatal tissue was homogenized in 1 mL 
methanol (85% HPLC-grade), using an ultrasonic proces-
sor (130 W, 40% amplitude, 10–15 s), and then centrifuged 
(18,500×g, 15 min, 4 °C). The supernatants obtained were 
derivatized with o-phthalaldehyde/mercaptoethanol prior to 
HPLC analysis with fluorescence detection (Series 1100, 
Agilent). Results were expressed as µmol/mg tissue.
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Oxidative Stress Measurement

Lipid Peroxidation

The lipid-soluble fluorescent compounds in the striatum 
were measured according to [14], as previously reported by 
[7]. Briefly, 120 min after QUIN injection, mice were sac-
rificed, and the striata were obtained. The sectioned striata 
were homogenized in 2 mL SS. 1 mL of this homogen-
ate was added to 4 mL chloroform–methanol (2:1 v/v). 
Samples were vortex-mixed and placed on ice for 30 min 
in the dark, and then the upper phase was removed. The 
lipid peroxidation (LP) of each sample was determined in 
a PerkinElmer LS50B luminescence spectrophotometer at 
excitation/emission wavelengths 350/430 nm respectively. 
The spectrophotometer sensitivity was adjusted to 140 flu-
orescence units using a calibrating solution (0.001 mg/mL 
quinine in 0.05 M H2SO4 solution). Protein content was 
determined according to Lowry assay [15]. Results were 
expressed as relative fluorescence/mg prot.

Reactive Oxygen Species

Reactive oxygen species (ROS) formation was evaluated in 
the same striatal homogenate obtained in the LP method, 
as previously described [7], by measuring the oxidation 
and deacetylation of 2’,7’-dichlorodihydrofluorescein 
diacetate (DCFH-DA; Molecular Probes, USA), which is 
converted to the fluorescent compound dichlorofluores-
cein (DCF) by ROS activity. Briefly, striatal tissue samples 
were homogenized in 20 volumes of SS and a 1:10 dilution 
was made to a final volume of 50 µL with Tris:HEPES 
buffer (18:1). 5 µL of this dilution were incubated with 
145 µL of Tris:HEPES buffer (18:1) and 50 µL of DCFH-
DA (50 µM) at 37 °C for 60 min in a microplate. A stand-
ard calibration curve was constructed using increasing 
concentrations of DCF (100 nM) with Tris:HEPES buffer 
(9:1) incubated in parallel. Fluorescent signals at exci-
tation/emission wavelengths 488/525 nm in a microplate 
reader were detected at the end of the incubation using 
FLx800 (Biotek, Winoosky, VT). Results were expressed 
as nmoles DCF/mg prot/min.

NOS Activity

NOS activity was measured 120 min after QUIN lesion, 
based on the stoichiometric conversion of l-arginine to 
NO and l-citrulline [16], as we have previously described 
in brain tissue [9]. Results were expressed as nanograms 
(ng) of l-citrulline/250 µg prot/min.

NOS Protein Expression

The striatal expression of the three NOS isoforms was evalu-
ated 120 min after QUIN lesion by Western blot assays, as 
previously described [9]. The nNOS monoclonal antibody 
(sc-5302, Santa Cruz Biotechnology, Santa Cruz, CA) and 
the polyclonal antibodies for eNOS and iNOS (sc-654 and 
sc-7271, Santa Cruz Biotechnology, Santa Cruz, CA) were 
used at a final dilution of 1:500. After incubation with pri-
mary antibodies, membranes were incubated with either a 
secondary goat anti-mouse peroxidase-labeled antibody or 
a secondary goat anti-rabbit peroxidase-labeled antibody 
(Zymed, South San Francisco, CA) in a 1:6000 dilution for 
1 h at room temperature. Protein blot was developed with 
the enhanced chemiluminescence (ECL) detection system 
(PerkinElmer, Norwalk, CT). Blots were stripped, and 
β-actin levels were determined using a monoclonal anti-
body, 1:5000 dilution [17]. Images from films were digitally 
acquired with a BioDoc-It System (UVP), and densitometry 
analysis was performed in Lab Works 4.0. Densitometric 
results were normalized by β-actin. Data were expressed as 
optical density (OD) normalized arbitrary units.

Statistical Analysis

Data were expressed as mean ± standard error of the mean 
(SEM). Mean differences between genotypes in CB were 
tested by Kruskal–Wallis test followed by Mann–Whitney 
U-test. Differences between genotypes in GABA levels, LP, 
and ROS and NOS expression were analyzed by two-way 
ANOVA. Differences between genotypes in NOS activity 
were analyzed by one-way ANOVA, followed by Tukey test. 
Significance was considered when p < 0.05. All the analyses 
were performed using Prism 6.0 software (GraphPad).

Results

Striatal Protection in nNOS KO Mice After 
QUIN‑Induced Oxidative Damage

The systemic administration of apomorphine to mice 
striatally injected with QUIN caused characteristic ipsi-
lateral turning toward the lesioned striatum [18]. The 
nNOS−/− showed a significant reduction in ipsilateral turn-
ing (80%) in comparison to nNOS+/+ and nNOS+/− mice. 
Interestingly, no differences were found between nNOS+/+ 
and heterozygous nNOS+/− mice (Fig. 1). These results 
suggest that neuronal protection against QUIN insult is due 
to the lack of both alleles of nNOS since heterozygous mice 
did not show a decrease in CB.

To corroborate the protection conferred by nNOS abla-
tion, GABA levels were determined as a neurochemical 
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marker of QUIN-induced neurotoxicity. The intrastriatal 
microinjection of QUIN decreased GABA levels, in com-
parison with SS control from wild-type nNOS+/+, heterozy-
gous nNOS+/−, and nNOS−/− KO mice; however, in the 
KO mice lesioned with QUIN, the GABA reduction was 
slightly prevented (p < 0.05) in comparison with the other 
genotypes lesioned with the NMDAR agonist (Fig. 2). These 
results suggest that nNOS ablation partially protects against 
QUIN-induced GABA depletion.

Since NO derived from nNOS after NMDAR overacti-
vation promotes oxidative damage, we determined whether 
the absence of nNOS provides a protective effect against 
excitotoxic insult. To do so, we analyzed oxidative stress in 

the striatum of QUIN-administered mice. We observed that 
intrastriatal injection of QUIN induced a significant increase 
in both LP and ROS formation in striatum dissected from the 
lesioned side of both wild-type nNOS+/+ and heterozygous 
nNOS+/− animals in comparison with their control groups, 
whereas no differences were observed between lesioned and 
control striata obtained from nNOS−/− KO mice. Interest-
ingly, nNOS−/− KO mice lesioned with QUIN showed a 
significant reduction in LP (about 60%) when compared 
to wild-type nNOS+/+ or heterozygous nNOS+/− mice 
(Fig. 3A). Similar results were obtained in ROS formation, 
in which nNOS−/− KO mice displayed a decreased pro-
duction of ROS (4.513 ± 0.366) in comparison to wild-type 
nNOS+/+ (8.789 ± 0.707) and heterozygous nNOS+/− mice 
(8.093 ± 0.519) (Fig. 3B). Altogether, these results indicate 

Fig. 1   Evaluation of apomorphine-induced circling behavior in 
knock-out nNOS−/− mice. 3  days after the intrastriatal adminis-
tration of QUIN (30  nmol/µL) wild-type nNOS+/+, heterozygous 
nNOS+/−, and knock-out nNOS−/− mice were challenged with 
apomorphine (1 mg/kg). Circling behavior was significantly lower in 
knock-out nNOS (−/−) compared with control. Data are mean ± SEM 
(n = 3–6). *p < 0.05

Fig. 2   Effect of the absence of nNOS on striatal GABA content after 
the unilateral administration of QUIN. GABA content was deter-
mined by HPLC in the right striatum of wild-type nNOS+/+, het-
erozygous nNOS+/−, and knock-out nNOS−/− mice, 4  days after 
intrastriatal administration of QUIN (30 nmol/µL) or saline solution 
(SS). Each bar represents the mean ± SEM (n = 3–6). *p < 0.05

Fig. 3   Effect of the absence on nNOS on LP and ROS formation after 
a unilateral striatal QUIN lesion in wild-type nNOS+/+, heterozy-
gous nNOS+/−, and knock-out nNOS−/− mice. Oxidative damage 
was measured 2 h after intrastriatal administration of saline solution 
(SS) or QUIN (30 nmol/µL). A Measurement of LP. B Measurement 
of ROS. Wild-type nNOS+/+, heterozygous nNOS+/−, and knock-
out nNOS−/− mice showed a significant oxidative damage after 
QUIN administration compared to their respective controls; however, 
knock-out nNOS−/− mice did not show any differences between the 
QUIN-lesioned side and the SS-side. Data are mean ± SEM. (n = 3–6 
per group). *p < 0.05
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that NO derived from nNOS promotes oxidative damage 
after QUIN insult.

NOS Expression and Activity in nNOS KO Mice After 
Administration of QUIN

NO is produced by three NOS enzymes, however, NO is pro-
duced in the neurons mainly by nNOS. To evaluate the role 
of NO in the QUIN-induced neurotoxicity, we determined 
NOS enzyme activity in striata from the different genotypes 
of mice, 120 min after QUIN lesion. There was a significant 
decrease in total NOS activity in striata from nNOS−/− KO 
mice in comparison with wild-type nNOS+/+ and het-
erozygous nNOS+/− mice (Fig. 4A). Regarding the con-
stitutive Ca2+-dependent NOS activity (cNOS), it is evident 
that nNOS−/− KO mice presented very low levels of this 
parameter in comparison with wild-type nNOS+/+ and het-
erozygous nNOS+/− mice (Fig. 4B). On the other hand, 
the activity of the Ca2+-independent NOS in the striatum 
2 h after QUIN lesion did not participate in neuronal dam-
age (Fig. 4C). Moreover, we evaluated the striatal expres-
sion of the three protein isoforms of NOS by Western blot 
after QUIN insult. We could not detect nNOS expression 
in the striatum of nNOS−/− KO mice whereas expression 
was readily observed in wild-type nNOS+/+ and heterozy-
gous nNOS+/− mice. In nNOS+/+ and nNOS+/− mice, the 
nNOS isoform showed a non-significant mild increase with 
the QUIN insult in comparison to SS controls, indicating 
a partial participation of this isoform in the neuronal dam-
age. However, endothelial NOS (eNOS) expression did not 
show any significant differences between genotypes and/or 
treatments (Fig. 5A, B). The expression of inducible NOS 
(iNOS) could not be detected in either genotype (data not 
shown). These results suggest that the lack of nNOS resulted 
in decreased total NOS and constitutive cNOS activity in 
response to QUIN insult while QUIN lesion promotes the 
increase of nNOS expression. These events could lead to 
early oxidative damage.

Discussion

In the present work, we demonstrated that the absence of 
NOS decreases circling behavior (Fig. 1), a result that is 
associated with the prevention of oxidative stress induced 
by striatal microinjection of QUIN (Fig. 3). However, it is 
evident that the results in circling behavior are not associated 
with a recovery in GABA neurotransmitter levels, which 
suggests that other pathways may be participating in neu-
rological behavioral prevention. In this regard, our results 
from genetically modified animals (knock-out nNOS) are in 
agreement with other studies that emphasize that the strategy 
of inhibiting the activity of nNOS in a non-specific [4, 5] or 

specific [19] prevents circling behavior. The apparent dis-
crepancy between the circling behavior and the GABA con-
tent could be explained by the BDNF–TrkB pathway, which 
is feedback between nNOS and BDNF. Cheng et al., describe 

Fig. 4   NOS activity. A Total, B constitutive Ca2+-dependent, C 
inducible Ca2+-independent in the striatum of wild-type nNOS+/+, 
heterozygous nNOS+/−, and knock-out nNOS−/− mice lesioned 
with QUIN (30  nmol/µL). Bars represent the mean ± SEM. (n = 4). 
*p < 0.05
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the positive BDNF–nNOS feedback in some regions [20]. 
However, this regulation can be decoupled in cases of nNOS 
deficiency [21] or increase [22], producing surges of nNOs-
independent BDNF in some cases. In turn, BDNF activates 
TrkB receptor, promoting its phosphorylation and modulat-
ing the triggering of signaling pathways, which are involved 
in motor behavior. Similarly, neuroprotective effects have 
been reported in mice and cortical neuron cultures of nNOS 
KO mice exposed to NMDA [23, 24]. In addition, the inhibi-
tion of nNOS also exerts protection against MPTP toxin in 
Parkinson’s disease model [25].

The absence of nNOS did not prevent the reduction of 
GABA levels (Fig. 2). However, the lack of nNOS attenuated 
the decrease of GABA content and protected against QUIN-
induced oxidative damage (Fig. 3), suggesting that oxidative 
damage induced by nNOS-derived NO overproduction is an 
early event in neurodegeneration and contributes to enhance 

neuronal death. In addition to the damage induced by the 
NOS, activation of ionotropic receptors as the NMDAR 
leads to enhanced permeability to Na+ and Ca2+ through the 
associated ion channel. Additionally, increases in cytoplas-
mic Ca2+ concentrations can trigger a range of downstream 
neurotoxic cascades, including the uncoupling of mitochon-
drial electron transfer from ATP synthesis and the activation 
and overstimulation of enzymes such as calpains and other 
proteases, protein kinases, calcineurin, and endonucleases 
[3, 26]. Supporting this idea, Qin et al. [27] reported that 
caspase-3 activation contributes to apoptotic neuronal death 
12 h after striatal QUIN injection.

In agreement with [8], we could not detect the presence of 
nNOS by Western blot assays in striata from nNOS−/− KO 
mice. However, the lesion with QUIN increased nNOS 
expression in heterozygous nNOS+/− and wild-type 
nNOS+/+ mice in comparison with the controls, indicating 
the participation of this enzyme in neuronal damage. Never-
theless, we detected eNOS expression in the three genotypes 
of mice as previously reported [9]. Furthermore, this enzyme 
expression did not show any significant differences between 
genotypes and/or treatments. Regarding iNOS expression, 
we could not detect any signal in the QUIN-lesioned or 
saline-injected striatum of all the genotypes of mice. This 
result is consistent with the activity of Ca2+-independent 
iNOS since it does not participate in neuronal damage. 
Besides, previous reports indicate that iNOS probably does 
not contribute to the progression of motor damage in a dou-
ble transgenic mouse (R6/1; nNOS−/−) [28]. This excito-
toxic effect could be mediated by NMDA receptors contain-
ing the NR2B subunit [29]. Huntingtin associated protein-1 
(HAP-1) displays colocalization with nNOS, resulting in an 
aberrant interaction that could be responsible for increased 
NO synthesis and leading to neuronal damage [30]. Given 
that NO has been involved in oxidative stress induced by 
QUIN neurotoxicity and transgenic HD mice models [5], in 
the future, it will be relevant to characterize the direct con-
sequences of the lack of nNOS in oxidative damage induced 
by QUIN.

Conclusion

In summary, nNOS-deficient mice showed a decrease in 
QUIN-induced neurotoxicity, which correlates with the 
decrease in the activity of the constitutive NOS isoforms 
(nNOS and eNOS). However, further nNOS activity inhibi-
tion experiments will be necessary to demonstrate the exact 
percentage of nNOS participation.

Funding  This work was supported by Conacyt Grant CB-2014 
#241911 to F.P-S and was partially supported by Grant FOS-
ISS-2015-2-261721 to L.T-L.

Fig. 5   Striatal expression of NOS isoforms. A Representative West-
ern-blot of nNOS, eNOS, and β-actin; B levels of nNOS and eNOS 
expression after intrastriatal administration of saline solution (SS) 
or QUIN (30  nmol/µL). Bars represent the mean ± SEM (n = 3). 
*p < 0.05
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