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Abstract
Nitric oxide (NO) has chemical properties that make it uniquely suitable as an intracellular and intercellular messenger. NO is
produced by the activity of the enzyme nitric oxide synthases (NOS). There is substantial and mounting evidence that slight
abnormalities of NO may underlie a wide range of neurodegenerative disorders. NO participates of the oxidative stress and
inflammatory processes that contribute to the progressive dopaminergic loss in Parkinson’s disease (PD). The present study
aimed to evaluate in vitro and in vivo the effects of neuronal NOS-targeted siRNAs on the injury caused in dopaminergic neurons
by the toxin 6-hidroxydopamine (6-OHDA). First, we confirmed (immunohistochemistry and Western blotting) that SH-SY5Y
cell lineage expresses the dopaminergic marker tyrosine hydroxylase (TH) and the protein under analysis, neuronal NOS
(nNOS). We designed four siRNAs by using the BIOPREDsi algorithm choosing the one providing the highest knockdown of
nNOSmRNA in SH-SY5Y cells, as determined by qPCR. siRNA 4400 carried by liposomes was internalized into cells, caused a
concentration-dependent knockdown on nNOS, and reduced the toxicity induced by 6-OHDA (p < 0.05). Regarding in vivo
action in the dopamine-depleted animals, intra-striatal injection of siRNA 4400 at 4 days prior 6-OHDA produced a decrease in
the rotational behavior induced by apomorphine. Finally, siRNA 4400 mitigated the loss of TH(+) cells in substantia nigra dorsal
and ventral part. In conclusion, the suppression of nNOS enzyme by targeted siRNAs modified the progressive death of
dopaminergic cells induced by 6-OHDA and merits further pre-clinical investigations as a neuroprotective approach for PD.
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Introduction

Nitric oxide (NO) is the only endogenous molecule that func-
tions as a hormone, reactive oxygen species (ROS),

neurotransmitter, constitutive mediator, inducible mediator,
cytoprotective, and cytotoxic molecule (Del Bel et al. 2005;
Del-Bel et al. 2011). Oxidative stress is a cell process mediat-
ed by ROS that plays a critical role in neurodegenerative dis-
orders including Parkinson’s disease (PD) (Jimenez-Jimenez
et al. 2016; Przedborski 2005). NO is among the ROS mole-
cules involved in neuron damage due to inhibition of respira-
tory chain enzymes, injury to DNA strands, generation of
toxic hydroxyl radicals, and peroxynitrite (Brown 2010;
Ebadi and Sharma 2003; Hunot et al. 1996).

Nitric oxide synthases (NOS) comprise a family of enzyme
isoforms that generate NO (Alderton et al. 2001). The neuronal
NOS (nNOS, NOS1) is constitutively expressed in neuron,
while endothelial NOS (eNOS, NOS3) was first reported in
endothelial cells. The inducible NOS (iNOS, NOS2) is an iso-
form expressed by different cells mainly under inflammatory
conditions (Calabrese et al. 2007;Moncada andBolanos 2006).
Growing evidence stand NOS enzymes are engaged in dopa-
minergic neuron loss and brain neuroinflammation (Gaki and
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Papavassiliou 2014; Hara and Snyder 2007; Kavya et al. 2006).
The logical rationale was that a blockade of NOS enzymes
would be neuroprotective. Our group addressed such question
and found that a nonselective NOS inhibition with NG-nitro-L-
arginine (L-NOARG) reduced the nigrostriatal damage caused
by 6-hidroxydopamine (6-OHDA) (Gomes and Del Bel 2003;
Gomes et al. 2008). Indeed, a preferential blockade of nNOS
with 7-nitroindazole (7-NI) also attenuated both the dopamine
neuron loss and behavioral deficits caused by 6-OHDA (Haik
et al. 2008). Finally, we reported a neuroprotective effect of 7-
NI on SH-SY5Y dopaminergic cell damaged by another chem-
ical insult, MPP(+) (1-methyl-4-phenylpyridinium) plus inter-
feron gamma (Titze-de-Almeida et al. 2014).

While those findings confirmed a role for nNOS in dopa-
minergic neurodegeneration, they also highlighted this enzyme
as a potential target for PD therapy. Drugs capable of suppress-
ing nNOS hold potential for controlling disease progression,
an unmet medical need (Dunkel et al. 2012). Many new selec-
tive nNOS inhibitors are available, with reduced off-target ef-
fects related to other isoforms (i.e., hypertension caused by
eNOS suppression) and favorable pharmacokinetics to access
brain tissues (Mukherjee et al. 2014; Zhou and Zhu 2009).
Another promising approach to suppress a desired protein is
to silence its expression at a posttranscriptional level, a strategy
available only after RNAi discovery (Fire et al. 1998).
Nowadays, ten RNAi-based drugs have reached phase II hu-
man clinical trials for treating various diseases (Titze-de-
Almeida et al. 2017). Regarding nNOS enzyme, we have suc-
cessfully silenced this target by using siRNAs in both in vitro
and in vivo studies (Castania et al. 2017; Titze-de-Almeida
et al. 2014). Silencing efficiency of the proposed nNOS-
targeted siRNAs can be improved through chemical changes
in oligonucleotides or by new carriers dedicated to brain deliv-
ery (Soto-Sanchez et al. 2015; Titze-de-Almeida et al. 2017).

siRNAs designed to silence nNOS expression may provide
a valuable tool for studies on dopaminergic neurodegenera-
tion. Among the advantages of silencing nNOS at a posttran-
scriptional level over the classical nNOS inhibitors are the
inhibition of a specific enzyme isoform and the examination
of effects only on the newly synthesized enzyme, without
affecting the activity of corresponding proteins already
expressed in neuron cells. The aim of present work was to
investigate nNOS suppression by small-interfering RNAs
(siRNAs) in both in vitro and in vivo 6-OHDA-induced injury
model.

Material and Methods

Cell Culture

This study used the human neuroblastoma cell line SH-
SY5Y (CRL-2266®; American Type Culture Collection,

Manassas, VA, USA). Culture medium was Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing
10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 1% Glutamax (Gibco; Thermo Fisher
Scientific, Inc.), streptomycin/penicillin/amphotericin
(Sigma-Aldrich; Merck Millipore; Darmstadt, Germany).
Culture flasks remained at 37 °C in a humidified atmo-
sphere containing 5% CO2 and 95% air.

Cytotoxicity Assay on 6-OHDA-Injured SH-SY5Y Cells

Cell cytotoxicity was measured by using the MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
quantitative colorimetric assay (Titze-de-Almeida et al.
2014; Vistica et al. 1991). Briefly, 50 μL of MTT-
labeling reagent (0.5 mg/mL) was added to each well,
and the plate was maintained at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air for an additional
3-h period. The insoluble formazan was dissolved by di-
methyl sulfoxide (DMSO), and the MTT reduction was
measured at 595 nm in a SpectraMax M2 (Molecular
Devices, USA). Injured groups were exposed to increas-
ing concentrations of 6-OHDA (10, 15, 20, 25, 30,
35 μM) for 24 h. All assays included non-injured control
cells. Experiments were carried out in triplicate, in 3–5
independent assays.

Immunodetection of Tyrosine Hydroxylase and nNOS
Proteins in SH-SY5Y Cells and Tissue Samples

Immunocytochemical analysis of TH and nNOS were per-
formed with dopaminergic neuron-like SH-SY5Y cell lin-
eage. Cells (2 × 105) were cultured on coverslips in 24-
well plates, then fixed for 15 min in 4% paraformalde-
hyde. Cells were incubated overnight with the primary
antibody raised against TH or nNOS (TH: 1/1000, Pel
Freez Biologicals, USA; or nNOS: 1/1000, Emson—see
Herbison et al. 1996 (Herbison et al. 1996)). We proceed
to the streptavidin–biotin immunoperoxidase detection
method according to manufacturer ’s instructions
(Vectasta in ABC kit , Vector, Burl ingame, CA).
Immunopositive cells were visualized by addition of the
chromogen 3,3′-diaminobenzidine (DAB; Sigma, 1 mg/
mL) and hydrogen peroxide (0.2%), providing a brown
reaction product. Coverslips were mounted for microscop-
ic analyses. Immunohistochemistry detection of TH and
nNOS in brain tissue samples employed the same primary
antibodies and followed previously described protocols
(Douhou et al. 2002; Gomes et al. 2008; Herbison et al.
1996). Densitometry of TH+ cells in substantia nigra (SN)
was performed as previously described (Gomes et al.
2008). Incubations without the primary antibody were
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used as negative controls. Tissues of every experimental
group were always processed in the same assay. Finally,
we executed histological analysis on positively stained
dopaminergic neurons. TH-positive cells in SN were
counted bilaterally by using a microscope (Nikon) con-
nected to an image analysis system (Image J software
1.46J; Rasband, National Institutes of Health, Bethesda,
MD). Results were expressed as the mean density of pos-
itive neurons in each brain side. Labeling of TH-positive
neurons was accessed by optical density, measuring aver-
age pixel optical density over cell body and network.
Counts and measurements of 3–4 sections were averaged
to generate a mean value per rat. The background was
subtracted from all subsequent measurements.

Western Blotting

For immunoblotting assays in SH-SY5Y cell groups, we
used the TH primary antibody described above (Pel Freez
Biologicals, USA) and a mouse monoclonal anti-nNOS
(1:1000, BD Biosciences, USA), following a previously
described protocol (Grant et al. 2002). Regarding rat brain
tissues, Western blotting was carried out according to pre-
viously published study (Padovan-Neto et al. 2011). For
both samples, we employed the mouse monoclonal anti-ß-
actin (1:5000, Santa Cruz Biotechnology, USA) for exper-
imental control. Briefly, the striatum was dissected, frozen
in liquid nitrogen (− 196 °C) and stored at − 80 °C. Tissue
homogenates were centrifuged (10,000 rpm for 25 min at
4 °C) and supernatants recovered to determine protein
concentration by Bradford assay (Bio-Rad Protein assay,
Bio-Rad, Germany). A total of 30 μg protein was re-
solved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (8% SDS-PAGE) and transferred to a ni-
trocellulose membrane by using a semi-dry method.
Membranes were incubated at 4 °C overnight with the
primary antibodies described above. For detection, we
used an HRP-conjugated secondary antibody. Bands were
visualized by enhanced chemiluminescence (ECL,
Amersham, UK). Each experiment was performed at least
three times with similar results.

Identifying RNAi Targets in nNOS mRNA

This study used the BIOPREDsi algorithm to find targets
for RNAi in nNOS mRNA (Huesken et al. 2005). Based
on artificial neural networks, the method has presented a
superior performance for designing siRNAs as found in a
comparative study (Matveeva et al. 2007). BIOPREDsi
identified ten targets for RNAi in the rat nNOS mRNA
with scores ranging from 0.888739 to 0.86052 (Table 1).
Algorithms in general present ≈ 0.5 correlation coefficient
between theoretical prediction and experimental

functionality (Birmingham et al. 2007); thus, we selected
four sequences to obtain at least two siRNAs that effi-
ciently knock down nNOS. The four targets followed con-
sensual rules for siRNA design: (1) highest score in algo-
rithm prediction (i.e., BIOPREDsi ranking); (2) G + C
content between 30 and 60%; (3) siRNA target within
mRNA coding sequence region; (4) target sequence coded
in distinct exon to the other selected target, allowing a
spatially distributed RNAi in nNOS mRNA; (5) high con-
servation (i.e., lowest mutability) among rodent and hu-
man species, enabling long-term experimental needs with
orthologous siRNAs; (6) targeted sequence identical
among the main nNOS isoforms and splice variants; (7)
low potential to induce off-target effects, as checked by
alignment algorithms as described below (Birmingham
et al. 2007; Hajeri and Singh 2009; Reynolds et al.
2004). We also employed a second siRNA finder named
Designer of Small Interfering RNA algorithm (DSIR) as
an additional criteria to the BIOPREDsi ranking (Vert
et al. 2006).

Genetic Variability in nNOS mRNA Transcript Variants

The nucleotide sequences within mRNA’s siRNA targets
are a determinant factor for gene silencing by RNAi
(Titze-de-Almeida et al. 2017). Thus, we examined
nNOS (NOS1) sequences of human and rat species anno-
tated in NIH/NCBI Genebank® to check whether nNOS
mRNA isoforms and variants have no mutations in the
four BIOPREDsi siRNA targets. The human nNOS
mRNA sequences evaluated were XM_017019345.1
(transcript variant X1), XM_011538398.2 (transcript var-
iant X2), XM_017019346.1 (transcript variant X3),
XM_017019347.1 (transcript variant X4), NM_000620.4
(transcript variant 1), NM_001204218.1 (transcript vari-
ant 2; nNOS mu), NM_001204213.1 (transcript variant
3; TnNOS, nNOS gamma), and NM_001204214.1 (tran-
script variant 4; TnNOSb, nNOS gamma). Regarding rat
sequences, this study evaluated the following variants:
NM_052799.1 (NOS1), XM_017598256.1 (transcript var-
iant X1), and XM_017598257.1 (transcript variant X2).
To examine potential mutations in the human and rat
nNOS siRNA target sequences, we used the multiple
alignment program Clustal Omega available at http://
www.ebi.ac.uk/Tools/msa/clustalo/. Acceptable siRNAs
must target nNOS sequences without any mutation
among transcript variants.

siRNA Transfection Rates in SH-SY5Y Cells

The efficiency of cationic liposomes in transfecting SH-
SY5Y with synthetic siRNAs was first examined by fluo-
rescence microscopy. Cells received 150 pmol of
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A l e x a F l u o r 4 8 8 - l a b e l e d s i RNA s m i x e d w i t h
Lipofectamine (Lipofectamine® 2000 Transfection
Reagent, Invitrogen, Carlsbad, CA, USA), following man-
ufacturer’s instructions. Green fluorescence inside cell cy-
toplasm indicated a successful transfection of labeled
siRNAs, as examined at 24 h. Indeed, the number of
transfected cells at three increased concentrations of
siRNAs (75, 150, and 300 pmol) was quantified by using
a previously reported flow cytometry assay (Sales et al.
2016).

Cell Transfection, RNA Extraction, Reverse
Transcription Real-Time Quantitative Polymerase
Chain Reaction

First, transfections with siRNAs were carried out with
Lipofectamine (Lipofectamine® 2000 Transfection
Reagent, Invitrogen, Carlsbad, CA, USA) and Opti-Mem
I (Invitrogen, Carlsbad, CA, USA), according to the man-
ufacturer’s instructions. The SH-SY5Y dopaminergic cells
received the siRNAs 767, 2063, 3987, or 4400 at three
different amounts (75, 150, and 300 pmol) for 24 h. Also,
the dose of 150 pmol was tested at time points 4 h, 24 h,
and 48 h. Total RNA was extracted with a commercial kit
(RNeasy® Plus Mini Kit, Qiagen, Hilden, Germany) and
quantified by fluorometry (Qubit®, Invitrogen). The RNA
integrity was analyzed by agarose gel electrophoresis, vi-
sualized under UV light. The sample purity was consid-
ered acceptable for RNA/protein ratios above 1.8. cDNA
was synthesized from 500 ng total RNA by using random
primers (SuperScript First-Strand Synthesis System for
RT-PCR, Invitrogen). We performed the RT-qPCR reac-
t i on in a 7500 Fas t Rea l -Time PCR (Appl i ed
Biosystems, Carlsbad, CA, USA). The primer sequences
for nNOS amplification were forward, 5 ′-GGTG
GAGATCAATATCGCGGTT-3′ and reverse, 5′-CCGG
CAGCGGTACTCATTCT-3′ (Dotsch et al. 2000). For
the housekeeping gene, we used the following GC-rich
promoter binding protein 1 (GPBP1) primers: forward,
5′-TCACTTGAGGCAGAACACAGA-3′ and reverse, 5′-
AGCACATGTTTCATCATTTTCAC-3′ (Kwon et al.
2009). Intercalation of the fluorescent dye SYBR Green
was applied to detect amplification products. Briefly, the
reaction mix contained 5.0-μL Fast SYBR Green Master
mix (Applied Biosystems), 2.0 μL of cDNA diluted 1:10,
0.4 μL each primer (sense and antisense; 10 pmol/μL),
and Milli-Q pure water up to 10.0 μL. The PCR program
included an initial denaturation at 95 °C for 5 min,
followed by 40 cycles of amplification (95 °C for 1 min,
60 °C for 1 min). Each run was carried out in triplicate.
The assay included negative reverse transcription (non-
template) controls. Finally, we employed the delta Ct
(2−ΔΔCt) relative quantification method to express the

RNAi effects on nNOS mRNA content (Livak and
Schmittgen 2001).

Intra-striatal Injections of nNOS-Targeted siRNAs
and 6-OHDA

In vivo assays used adult male Wistar rats (200–250 g),
housed in groups of five per cage in a temperature-
controlled room (23 °C), under 12-h light/dark cycle, with
food and water ad libitum. The experiments followed the
principles and procedures described in the Guidelines for
the Care and Use of Mammals in Neuroscience and
Behavioral Research (ILAR, USA). A total of 30 animals
were organized in the following experimental groups:
sham-operated (n = 10), injected with siRNA 4400 (n =
10), and injected with the negative control siRNA (n =
10). Rats were submitted to stereotaxic surgery as previ-
ously described (Padovan-Neto et al. 2009). Briefly, on
day 1, the animals were anesthetized with tribromoethanol
(0.25 mg/kg i.p., Sigma-Aldrich, St. Louis, MO, USA)
and fixed on a stereotaxic frame (David-Kopf) with the
incisor bar 5 mm above the interaural line. Then, rats
received four intrastriatal injections of 300 pmol siRNA
4400 or the negative scramble control siRNA (All stars®,
Qiagen, Valencia, CA, USA) mixed with Lipofectamine
(Lipofectamine 2000 Transfection Reagent, Invitrogen,
Carlsbad, CA, USA), each injection was conducted in
one of the following coordinates: (1) A: + 1.3 L: − 2.6
D: − 5.0; (2) A + 0.4 L: − 3.2 D: − 5.0; (3) A: − 0.4 L:
− 4.2 D: − 5.0; (4) A: − 1.3 L: − 4.5 D: − 5.0 from
Bregma, according to the atlas of Paxinos and Watson
(Paxinos and Watson 2005). The siRNA 4400 was infused
at the rate of 1 μL/min with an infusion pump (Scientific,
USA). The needle was left in place for an additional
3 min before withdrawal, to prevent reflux. On day 5,
we proceed the striatal lesion with 6-OHDA (4 × 7 μg/
2 μL of saline containing 0.02% ascorbic acid) microin-
jection into the right striatum at the same four coordi-
nates, as previously reported (Gomes et al. 2008). To limit
the damage in noradrenergic neurons, desipramine hydro-
chloride (25 mg/kg i.p., Sigma-Aldrich, St. Louis, MO,
USA) and pargyline (40 mg/kg, Sigma-Aldrich, St.
Louis, MO, USA) were administered 30 min before 6-
OHDA injection. Sham-operated animals were submitted
to the same procedure, receiving saline microinjection.
Rats were placed in clean cages on warming pads to re-
cover from the surgery, after which they were returned to
group housing.

Rotational Behavior Test

Rotational behavior was examined at 24 days after 6-
OHDA intra-striatal injection, as previously described
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(Padovan-Neto et al. 2009). Briefly, animals were first
placed in a 40-cm-diameter bowl surrounded by a 16-cm
wall and allowed to acclimate to the environment for
10 min. They received apomorphine (0.5 mg/kg; s.c.)
and the total number of full contra-lateral rotations—
defined as a complete 360° turns away from the lesioned
side of the brain—were counted for 45 min.

Statistical Analysis

Statistical package for social sciences (SPSS) version 17 was
employed to analyze our data. Results were expressed as
means ± standard error of the means (SEM). One-way analy-
sis of variance (ANOVA) with Tukey’s post hoc test was used
for testing intergroup differences. Differences between paired
groups were analyzed by the Student’s t test. P values of <
0.05 were considered significant.

Results

Tyrosine Hydroxylase-Positive SH-SY5Y Cells Express
nNOS Enzyme and Are Susceptible to 6-OHDA

Our first attempt was to evaluate the potential of SH-SY5Y
cell line for modeling dopaminergic neuron injury. This cell
line must show the following characteristics: (i) to be positive
for TH, (ii) to be positive for nNOS, and (iii) to be susceptible
to 6-OHDA neurotoxin.

SH-SY5Y cells presented a phenotype of a dopaminergic
neuron as evidenced by the detection of TH protein immuno-
cytochemistry (Fig. 1I). The intensity of TH signal reduced
progressively according to serial dilutions of primary antibody
1:500, 1:1000, 1:2000, and 1:4000 (Fig. 1IB–E). Western
blotting analysis confirmed SH-SY5Y cell expression of the
enzyme, regardless they were treated or not with retinoic acid
(Fig. 1II, lanes 3 and 4). We included samples of mesence-
phalic rat brain tissue as positive controls (Fig. 1II, lanes 1 and
2). Therefore, the results confirmed the dopaminergic feature
of SH-SY5Y cells.

Secondly, we examined the expression of nNOS en-
zyme. Immunocytochemistry assays revealed a nNOS-
positivity in cells exposed to serial concentration of the
primary antibody at 1:1000–1:9000 (Fig. 1IIIB–E).
Expression of nNOS was confirmed by Western blotting
in SH-SY5Y cells (Fig. 1IV lanes 2–5), in comparison
with mesencephalic positive control samples (Fig. 1IV
lane 1). Retinoic acid caused no changes in nNOS expres-
sion (Fig. 1IV lanes 2–4 vs. lane 5).

Finally, we tested if our in vitro model based on TH(+) cells
expressing nNOS was vulnerable to 6-OHDA. We confirmed
that 6-OHDA neurotoxin induces a dose-dependent damage
in SH-SY5Y cells. Cytotoxicity increased from 25 to ≈ 100%

for 6-OHDA concentrations of 5 μM and 30–35 μM, respec-
tively (Fig. 1V). As 6-OHDA 15 μM was of intermediary
toxicity (≈ 58%), we chose this 6-OHDA concentration for
further assays regarding nNOS gene silencing.

Targets for RNAi in nNOS mRNA

The BIOPREDsi algorithm successfully identified siRNA tar-
gets in nNOS mRNA. The three sequences first selected for
this study start at nucleotides 3987 (top ranked, score
0.888739), 4400 (rank 4, score 0.871441), and 2063 (rank 5,
score 0.871382), which were named 3987, 4400, and 2063 for
simplicity. Sequences at nucleotides 2990 and 4148 (ranks 2
and 3) received less priority than 4400 and 2063 because they
were negative for DSIR algorithm (Table 1) (Vert et al. 2006).
Finally, we included a siRNA that targets a sequence at nucle-
otide 767, which is present in all human nNOS transcript
variants except the 3 and 4 (nNOS gamma) that spares exon
2 (Fig. 2). Thus, the four selected RNAi targets (767, 2063,
3987, and 4400) were sequences of nNOS transcript variants
2, X1, X2, X3, and X4. These siRNA targets are also present
in the rat nos1 and variants X1 and X2 (Fig. 3). We must
remark the targets 767, 2063, 3987, and 4400 are spatially
distributed in nNOS mRNA, regarding coding sequences of
exons 2, 12, 25, and 28, respectively (Fig. 2). Positions of
nNOS siRNA-target sequences in the rat and human mRNA
and the mutated nucleotides between these species are shown
in Table 2.

Transfection of siRNAs in SH-SY5Y Cells

nNOS-targeted siRNAs carried by cationic liposomes were
internalized by SH-SY5Y cells in culture. As shown in
Fig. 4a (B and B′; yellow arrows), some Alexa Fluor 488-
labeled siRNAs were found in cell cytoplasm. Non-
transfected siRNAs remain in regions of culture flasks without
growing cells as pointed by red arrows. Indeed, a flow cytom-
etry assay was used to quantify transfection efficiency. The
method revealed a concentration-dependent increase in the
number of transfected SH-SY5Y cells regarding the amount
of siRNA employed in transfections (Fig. 4c–e). The number
of Alexa Fluor 488-positive cells (170.4, 224.6, and 290.9)
increased according to the following siRNA concentrations,
75, 150, and 300 pmol, respectively.

Concentration- and Target-Dependent Knockdown
of nNOS mRNA

All four sequences predicted by the BIOPREDsi algorithm,
767, 2063, 3987, and 4400, were functional targets for nNOS
gene silencing. Transfections with 75, 150, and 300 pmol of
siRNAs caused a concentration-dependent decrease in nNOS
mRNA content of SH-SY5Y cells, as shown in Fig. 5a–c.
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However, silencing efficiency differed among siRNA-targets.
Sequence 4400 offered the highest knocking down effect,
reaching 0.7-, 0.6-, and 0.5-fold decrease in nNOS content
at 75, 150, and 300 pmol siRNA, respectively. The difference
was statistically significant in comparison with the targets 767
and 2063, at 75 pmol and 300 pmol (Fig. 5a–c; P < 0.05).

Silencing activity of target 4400 was also superior regarding
different time points post transfection: 4 h, 24 h, and 72 h. As
shown in Fig. 5d, f, target 4400 provided a significant higher
silencing effect at 4 h and 48 h as compared with targets 767
and 2063 (P < 0.05). Based on those results, we selected target
4400 for all further assays of this study.

Fig. 2 Distribution of siRNA targets in nNOS coding exons. nNOS-
target sequences are spatially distributed along with nNOS mRNA
coding sequences, as follows: siRNAnNOSrat_767, exon 2 (E2);

siRNAnNOSrat_2063, exon 12 (E12); siRNAnNOSrat_3987, exon 25
(E25); siRNAnNOSrat_4400, exon 28 (E28). Orthologous human
siRNAs follow the same distribution

Fig. 1 TH and nNOS expression in SH-SY5Y lineage and cytotoxicity
assay of 6-OHDA-injured cells. I Titulation of TH antibody in SH-SY5Y
cells (A: negative control; B: 1:500; C: 1:1000; D 1:2000; E: 1:4000). II
Western blotting of TH (≈ 60 kDa)-mesencephalus (lanes 1–2); SH-
SY5Y cells treated with retinoic acid (lane 3); sham-treated SH-SY5Y

cells (lane 4). III Titulation of nNOS antibody (A: negative control; B:
1:000; C: 1:3000; D: 1:6000; E: 1:9000). IV Western blotting of nNOS
(155 kDa)-mesencephalus (lane 1); retinoic acid-treated SH-SY5Y cells
(lanes 2–3); sham-treated SH-SY5Y cells (lanes 4–5); β-actin (45 kDa).
V Concentration-dependent cytotoxicity of 6-OHDA on SH-SY5Y cells
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Knocking Down of nNOS Protein
and the Neuroprotective Effect in 6-OHDA Injured
Cells

The silencing effects of siRNAs targeting sequence 4400
also occurred at the protein level. Western blotting analysis
revealed a reduced expression of nNOS in SH-SY5Y cells
at 48 h post transfection in comparison with the control

group (Fig. 6a). The final in vitro assay examined the func-
tionality of nNOS-targeted siRNAs regarding the viability
of cells under injury. We found that nNOS-targeted
siRNAs reduced the vulnerability of dopaminergic SH-
SY5Y cells to 6-OHDA, the same neurotoxin also used
to induce parkinsonism in animals. Transfecting cells with
nNOS-targeted siRNAs reduced by 9.1% the toxicity
caused by 6-OHDA on SH-SY5Y cells (P < 0.05; Fig. 6b).

Fig. 3 siRNA targets in human and rat nNOS isoforms and variants. a-d
Alignment between siRNAnNOShuman_767, _2063, _3987, _4400 and
sequences of human nNOS isoforms (isof.) and variants (var.).
siRNAnNOShuman_767 showed alignment with all human nNOS
isoforms except isof. 3 (nNOS gamma; NM_001204213.1 and NM_

001204214.1) due the lack of exon 2 (a). All other human siRNAs
(siRNAnNOShum_2063, _3987, and _4400) were fully aligned with all
nNOS isoforms and variants. e-h Alignment of siRNAnNOSrat_767,
_2063, _3987, _4400 to nNOS rat mRNA sequences. All rat siRNAs
(siRNAnNOSrat_767, _2063, _3987, and _4400) showed full alignment

Table 2 Position of siRNA target sequences in rat and human nNOS mRNA

nNOS coding exon Position in rat NM_052799.1
and human NM_000620.4

siRNA name nNOS mRNA target sequence 5′–3′

2 767–787 siRNAnNOSrat_767 ACCAGCCAAAGCAGAGAUGAA
1392–1412 siRNAnNOShum_767 ACCUGCCAAGGCAGAGAUGAA

12 2063–2083 siRNAnNOSrat_2063 CACGGAGUCCUUCAUCAAACA
2688–2708 siRNAnNOShum_2063 CACCGAGUCCUUCAUUAAGCA

25 3987–4007 siRNAnNOSrat_3987 CAGCGACAAUUUGACAUCCAA
4510–4530 siRNAnNOShum_3987 CAGCGGCAAUUUGAUAUCCAA

28 4400–4420 siRNAnNOSrat_4400 CAGAACGUAUGAAGUGACCAA
4923–4943 siRNAnNOShum_4400 GCGAACGUACGAAGUGACCAA

Features of siRNAs targeting the rat and human nNOS mRNA. Mutated nucleotides between these species are in bold and underlined
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Intra-striatal Injection of nNOS-Targeted siRNAs
Protected Nigral Cells from 6OHDA Injury

Injection of 6-OHDA in the rat striatum reproduced the key
pathological process of Parkinson’s disease, i.e., the loss of
nigrostriatal dopaminergic neurons. Injured animals
showed a marked reduction in TH-immunoreactivity in
the substantia nigra ipsilateral to 6-OHDA injection
(Fig. 7d). Pretreatment with siRNA_4400 at 4 days prior
the lesion caused a significant improvement in TH-positive
cells in comparison with scramble- and vehicle controls
(Fig. 7f vs. 7e and d). TH immunoreactivity was quantified

by densitometry in dorsal, lateral and ventral regions of the
substantia nigra. Intrastriatal injections of siRNA_4400
caused a superior TH-labeling in all areas compared to
scramble; the difference was statistically significant in
substantia nigra dorsal and ventral (Fig. 7a, c; P < 0.05).
Treatment with scrambled siRNAs caused no positive ef-
fects on dorsal and lateral regions and even potentiated the
loss of TH-positive cells triggered by 6-OHDA in ventral
region (Fig. 7c; P < 0.05). Altogether, those results show
that nNOS-targeted siRNAs can control the injury of do-
paminergic cells, making them less vulnerable to chemical
injury.

Fig. 4 Transfection of labeled siRNAs in SH-SY5Y cells. a (A, A′) SH-
SY5Y cells transfected with lipofectamine without Alexafluor 488-labeled
siRNAs at 400× (A) and 1000× (A′) magnification, as a negative control
group. a (B, B′) SH-SY5Y cells transfected with Alexafluor 488-labeled

siRNAs, either internalized by cells (yellow arrow) or extracellular (red
arrow), at 400× (B) and 1000× (B′) magnification. b–e Quantification of
siRNA transfection by flow cytometry for siRNAnNOSrat_4400 at
75 pmol (c), 150 pmol (d), or 300 pmol (e); b control
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Apomorphine-Induced Rotation Is Reduced
in siRNA-Treated Animals

First, 6-OHDA injured animals showed an increased number
of contralateral rotations induced by apomorphine, indicating
a successful degeneration of nigrostriatal pathway. Pre-
treating animals with siRNA 4400 significantly reduced the
number of turns (Fig. 8). This behavioral result agreed with
the increased number of TH-positive nigral cells in
siRNA_4400 treated animals (see Fig. 7).

Discussion

The present study reveals that siRNA 4400, which triggered a
knockdown of nNOS mRNA and protein, reduced the cyto-
toxicity caused by 6-OHDA on SH-SY5Y cells, as determined
by MTT assay. Intra-striatal injection of the same duplex de-
creased the apomorphine-induced rotations and protected ni-
gral TH(+) neurons in 6-OHDA hemi-lesioned rats.

PD is an age-related disorder characterized by progressive
degeneration of dopaminergic neurons in the substantia nigra
resulting in resting tremor, rigidity, bradykinesia or slowness,
gait disturbance and postural instability (Przedborski 2005).
Markers of oxidative stress, such as products of lipid

peroxidation and oxidation of mitochondrial DNA and cyto-
plasmic RNA, are increased in dopaminergic neurons of PD
brains (Dexter et al. 1989; Gaki and Papavassiliou 2014).

SH-SY5Y cell lineage is a compelling in vitro model of a
dopaminergic neuron (Presgraves et al. 2004; Xicoy et al.
2017; Xie et al. 2010). Cells display characteristic markers
of dopaminergic phenotype, including the expression of TH,
dopamine-beta-hydroxylase, and the dopamine transporter
(Agholme et al. 2010; Alberio et al. 2012; Cheung et al.
2009). In our study, we confirmed by immunocytochemistry
that all SH-SY5Y cells were TH-positive. Then, this dopami-
nergic phenotype was confirmed by WB assay, which re-
vealed a TH signal with the expected molecular size, similar
to present in rat mesencephalic samples. Corroborating previ-
ous studies, differentiation with retinoic acid increased TH
expression in SH-SY5Y cells. Avery recent systematic review
reported that less than 20% of studies with SH-SY5Y had
employed forced differentiation (Xicoy et al. 2017).
Furthermore, the use of retinoic acid in studies on neurode-
generation requires a careful interpretation of data, as it chang-
es the effects of neurotoxins—including 6-OHDA—and pro-
teasome inhibitors on SH-SY5Y (Cheng et al. 2013; Cheung
et al. 2009; Lopes et al. 2010). Thus, we avoided forced dif-
ferentiation of SH-SY5Y cells in experimental assays with 6-
OHDA.

Fig. 5 Knocking down of nNOSmRNA in SH-SY5Y cells. nNOSmRNA
content was quantified by qPCR in cells transfected with siRNAs at three
concentrations and time points. a–c nNOS mRNA decreased significantly
after treatment with 75, 150, or 300 pmol of siRNA 4400 compared to
siRNA_767 and 2063 (*p < 0.05, siRNA 767 vs. 4400; **p < 0.05,
siRNA 2063 vs. 4400; ANOVA one-way followed by Tukey’s post hoc).

d, f nNOSmRNA content in cells transfected with 75 pmol of siRNA 4400
decreased significantly after 4 h and 48 h compared with siRNA 767 and
2063 (*p < 0.05, siRNA 767 vs. 4400; **p < 0.05, siRNA 2063 vs. 4400;
ANOVA one-way followed by Tukey’s post hoc). e Cells transfected with
75 pmol of siRNA 4400 at 24 h tended to show a decreased nNOS mRNA
content compared with siRNA 767 and 2063
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Finding mRNA sequences for RNAi is a critical step in
assays with siRNA-mediated gene silencing (Titze-de-
Almeida et al. 2017). The BIOPREDsi algorithm used in our

work successfully predicted functional nNOS-target se-
quences, confirming previous results on target finder perfor-
mance (Huesken et al. 2005; Matveeva et al. 2007). Indeed,

Fig. 7 Neuroprotection of nigral dopaminergic neurons by siRNA 4400.
d–f Brain coronal sections from rats injured with 6-OHDA showing
TH(+) neurons of substantia nigra. a–c Densitometry analysis of TH-
positive cells in substantia nigra dorsal (SND), lateral (SNL) and ventral
(SNV) reveals an increased number of TH (+) cells in siRNA 4400-
treated groups (4400, for simplicity), in SND and SNV, compared to

scramble (SCRAM) and vehicle (VEH) groups. At day − 4 to 6-OHDA
lesion, animals received the following intra-striatal injections: d vehicle; e
siRNA scramble; f siRNA 4400. Compared to vehicle, pretreatment with
siRNA 4400 reduced the loss of TH(+) cells caused by 6-OHDA in
ipsilateral lesioned region

Fig. 6 Silencing nNOS proteins and effects on the viability of injured
cells. a Downregulation of nNOS protein by siRNA 4400 in comparison
with control scramble and sham-transfected group, as revealed by

Western blotting assay. b Neuroprotective effect of siRNA 4400, as
shown by a significant reduction in 6-OHDA-induced cytotoxicity in
SH-SY5Y cells (P < 0.05)
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the proposed seven rules for examining each BIOPREDsi se-
quence also contributed for choosing nNOS-targeted siRNAs
(Birmingham et al. 2007; Hajeri and Singh 2009; Reynolds
et al. 2004; Vert et al. 2006). Theoretical prediction by target
finders parallels only partially with the knock-down activity of
siRNAs (Birmingham et al. 2007), a concern that we have
reported in previous work (Cunha et al. 2013; Titze-de-
Almeida et al. 2014). siRNA 4400 received the 4th
BIOPREDsi score (0.87) but showed the highest nNOS si-
lencing activity, followed by the best-scored siRNA 3987
(0.89).

Although all NOS forms can be found in the central ner-
vous system, because of the temporal and spatial properties,
the specific actions on neurotransmission can be attributed
primarily to NO produced by nNOS (Kiss and Vizi 2001).
Regarding siRNA 767, it targets all variants except nNOS
gamma—a cytosolic protein that lacks the PDZ domain in
exon 2 that docks nNOS protein to NMDA receptor. This
siRNA presented the lowest silencing activity, suggesting that
this variant was preserved and contributed to maintaining the
content of nNOS mRNA. However, we cannot rule out that
this reduced functionality of siRNA 767 could be a conse-
quence of its low BIOPREDsi score (8th score; 0.86).
Silencing effects were dose-dependent and significant yet at
4 h after transfection. Knockdown on nNOS peaked at 24 h
after transfection, then showed a reduction at 48 h. This early
but transient siRNA activity was previously reported with
duplexes that share the same constitution but acting on other
targets (Weber et al. 2006). Advances in oligonucleotides
chemical structure now available have provided an extended
duration of siRNA effects (Titze-de-Almeida et al. 2017).

Oxidative stress exerts a critical role in the loss of dopami-
nergic cells during PD progression (Antonelli et al. 2012;
Hunot et al. 1996; Przedborski 2005). NO produced by NOS

enzymes increases the levels of ROS, which causes oxidative
stress and neuronal injury (Moncada and Bolanos 2006).
Conversely, inhibition of NOS is neuroprotective. The prefer-
ential nNOS inhibitor 7-NI attenuated motor impairments and
restored dopamine levels in female rats with bilateral intraven-
tricular injection of 6-OHDA (Kumari et al. 2015). Our group
and others reported that NOS inhibition with NOARG reverts
6-OHDA-induced striatal lesion (Gomes et al. 2008; Haik
et al. 2008; Kumari et al. 2015). Indeed, 7-NI mitigates the
dyskinesia induced by L-DOPA in unilaterally 6-OHDA-
lesioned rats (Bortolanza et al. 2016; Del-Bel et al. 2014;
Padovan-Neto et al. 2015; Padovan-Neto et al. 2009;
Padovan-Neto et al. 2013; Solis et al. 2015). Finally, we found
that both L-NAME or 7-NI counteracted the oxidative stress
and apoptosis triggered by the neurotoxin MPP(+) in SH-
SY5Y cells (Titze-de-Almeida et al. 2014). Most RNAi prod-
ucts in clinical testing are synthetic siRNAs, which reinforce
the therapeutic potential of short RNA duplexes for different
diseases, targets, and routes of administration (Titze-de-
Almeida et al. 2017).

The discovery of a drug capable of preventing the loss of
dopaminergic neurons in a parkinsonian brain is a matter of
capital importance in neurology (Valera and Masliah 2016).
Patients still have ≈ half of the nigrostriatal neurons viable and
suffer from a relatively mild motor deficit in the early phase of
disease, meaning that a Bdisease-modifying drug^ for slowing
down PD progression is of inestimable clinical value (Fahn
2018). Suppressing pathogenic proteins linked to neurodegen-
eration by RNAi is thus a strategic approach with potential
neuroprotective effect (Bobbin and Rossi 2016; Smith and
Zain 2019). And any toxic protein can be silenced by
siRNAs, as the mechanism of action depends on Watson &
Crick’s base-pairing (Meister and Tuschl 2004). Finally, syn-
thetic siRNAs are druggable, with at least ten products in

Fig. 8 Reduction in rotation
behavior by siRNA 4400. Intra-
striatal injection of siRNA 4400
in 6-OHDA-injured animals
caused a significant behavioral
improvement, as revealed by a log
decrease in contralateral turns
induced by apomorphine in
comparison with scrambled- and
sham-treated groups (P < 0.05)
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phases 2–3 clinical trials (Titze-de-Almeida et al. 2017). The
first one fully translated to clinics was Patisiran (Onpattro™),
a synthetic siRNA for Hereditary Transthyretin Amyloidosis
approved by FDA in 2018 (Adams et al. 2018; Ledford 2018).

While silencing pathogenic proteins by siRNAs represents
a wide avenue for drug development, it projects increased
challenges in the field of neurological diseases. First, PD is a
neurological disorder with prolonged duration (> 10 years)
thereby requiring a drug with a sustainable therapeutic effect
(Kalia and Lang 2015; Kempster et al. 2010). RNAi-based
oligonucleotides now have an improved chemical structure
(Ku et al. 2016). Ribose changes resulting in locked nucleic
acids (LNA) and the substitution of a phosphodiester for a
phosphorothioate bond between nucleotides are examples of
chemical evolution incorporated in siRNAs with increased
stability and specificity (Elmen et al. 2005; Khvorova and
Watts 2017). For providing a sustainable delivery of
siRNAs, a previous work complexed the oligonucleotides
with PLGA polymers for intratumor injection, a technology
that might be adapted for brain administration in chronic neu-
rodegenerative diseases (Ramot et al. 2016).

Nanotechnology may also improve brain penetrance of
siRNAs across the blood-brain barrier (Mathupala 2009;
Pardridge 2007), as some therapeutics for neurological dis-
eases failed because of this organic phase separation (de
Boer and Gaillard 2007). Indeed, polymeric nanoparticles
were developed for transfection of oligos into neuron cells
(Soto-Sanchez et al. 2015). New carriers for PD show prom-
ising results for further clinical testing of siRNA-based thera-
pies (Helmschrodt et al. 2017; Niu et al. 2017). Our group
recently showed that Neuromag®, a magnetic particle com-
posed by polystyrene copolymers and coated with iron, are
capable of carrying and transfecting miRNA-target oligonu-
cleotides into striatal neurons (Titze de Almeida et al. 2018).
Furthermore, we obtained a significant target suppression ef-
fect in striatal cells after injecting the complex into the lateral
ventricle. Such route of administration is of value for in-
creased distribution of oligos in the striatum that is a brain
structure next to the cerebral ventricle and anatomically ex-
tended across the rostrocaudal direction. Translating this strat-
egy for patient therapy would also require stereotaxic surgery,
along with methods for drug administration. In such sense,
catheters or stents employed for brain injections by
convection-enhanced delivery (CED), in association with
nanoparticulated RNAi molecules, have shown efficacy in
treating brain tumors, thereby they would be further exploited
for a siRNA-based treatment of PD (Cohen et al. 2015; Lonser
et al. 2015).

In conclusion, suppression of nNOS enzyme is thus a prom-
ising strategy to counteract the loss of dopaminergic neurons in
PD. nNOS-targeted siRNAs represent an innovative approach
for neuroprotection of dopaminergic cells and merit further
pre-clinical testing as a disease-modifying agent for PD.
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