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Abstract
Nitric oxide (NO) is a gas messenger with diverse physiological roles in the nervous system, from
modulation of synaptic plasticity and neurogenesis to the mediation of neuronal death. NO production
in the brain is catalyzed by three isoforms of NO synthase (NOS) including neuronal NOS (nNOS),
inducible NOS and endothelial NOS. In this report, we demonstrate a method for in vitro and in
vivo silencing of nNOS using RNAi strategies. Because of their efficiency in infecting postmitotic
cells like neurons, lentiviral vectors were used as nNOS shRNA carriers. Of the siRNA sequences
screened, one corresponding to exon 10 of the rat nNOS specifically and efficiently inhibited nNOS
expression at the mRNA and protein level. In vitro experiments using rat cortical neurons showed
the general efficacy of shRNA vectors in silencing constitutively expressed nNOS. To demonstrate
the anatomical specificity of nNOS silencing in vivo, vectors were used to selectively knock down
the endogenous nNOS expression in cortical GABAergic interneurons of rat piriform cortex. Our
findings show that the method reported here can achieve stable and highly effective nNOS
suppression in an anatomically defined brain region. The ability of our nNOS silencing vectors to
effectively and precisely silence nNOS expression shows their value as research tools for further
studies of the role of nNOS in specific brain circuits. Furthermore, our findings raise the possibility
for future considerations of lentiviral strategies as therapies for diseases of the nervous system
involving NO neurotoxic cascades.
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Introduction
Nitric oxide (NO) is a molecular messenger with prominent roles in neuronal signaling
(Garthwaite et al., 1988;Gally et al., 1990;Edelman and Gally, 1992;Schuman and Madison,
1994;West and Grace, 2000) but may also initiate or contribute to neuronal cell death (Nowicki
et al., 1991;Zhou et al., 2007). As a diffusible gas that can cross membrane barriers within 100-
micrometer distance (Wood and Garthwaite, 1994;Philippides et al., 2000), NO is ideally suited
to modulate synaptic plasticity in a spatially constrained fashion (Dawson and Snyder,
1994;Schuman, 1994;Esplugues, 2002;Sunico et al., 2005). NO is synthesized from the
terminal guanidino nitrogen of arginine by the action of nitric oxide synthase (NOS). In the
nervous system, NOS exists in three isoforms, i.e. neuronal, endothelial and inducible NOS
with distinct cellular localizations and roles (Marletta, 1993;Bredt and Snyder, 1994;Yun et
al., 1996). Under conditions of excessive activation of the NMDA receptor, NO synthesized
in the cytosol by the action of nNOS may initiate both cytosolic and nuclear apoptotic signaling
(Garthwaite et al., 1989;Dawson et al., 1991;Bonfoco et al., 1996). As recently shown by us
(Koliatsos et al., 2004;Zhou et al., 2006;Zhou et al., 2007) and others (Corso et al.,
1997;Parathath et al., 2007), similar processes can be signaled between neurons, i.e. nNOS-
expressing interneurons can provide the source of NO that can diffuse and initiate apoptotic
cascades in adjacent projection neurons. Excessive intra- or intercellular release of NO may
partake in neurotoxic or degenerative insults associated with stroke (Love, 1999;Keynes and
Garthwaite, 2004), traumatic brain injury (Rink et al., 1995;Takeuchi et al., 2000;Bell, 2007),
Huntington's (Norris et al., 1996;Deckel, 2001;Deckel et al., 2002) and Alzheimer's disease
(Gomez-Isla et al., 1996; Kordower et al., 2001;Koliatsos et al., 2006).

The spatially constrained mode of NO toxicity requires a great deal of anatomical specificity
in animal models involving manipulations of NOS expression and NO release. Although
genetic deletion and pharmacological inhibition of nNOS are powerful strategies that have
been successfully used to show a role for nNOS/NO in neuronal injury and apoptosis (Koliatsos
et al., 2004;Zhou et al., 2006;Zhou et al., 2007), the effects of these manipulations are not
regionally selective. At present, even the most sophisticated genetic designs affect entire
populations of neurons, typically in multiple brain regions (Huang et al., 1993;O'Dell et al.,
1994;Huang et al., 1995). Thus, pharmacological approaches and transgenic knockout
technologies do not allow targeting nNOS expression-NO release in small neuronal networks
or individual neurons in the intact brain.

One of the best studied in vivo models of nNOS induction linked to neuronal cell death is the
transsynaptic degeneration of pyramidal neurons in the primary olfactory (piriform) cortex
after their disconnection from the olfactory bulb (Koliatsos et al., 2004;Zhou et al., 2006). In
this model, the transsynaptic apoptosis of >53×103 pyramidal neurons within one day post-
injury is preceded by induction of nNOS and release of NO in adjacent GABAergic cortical
interneurons (Capurso et al., 1997;Koliatsos et al., 2004). Here, we report a method for an
anatomically specific knock-down of nNOS expression in the rat piriform cortex using an RNA
interference (RNAi) silencing strategy. RNAi is a natural process of sequence-specific, post-
transcriptional gene silencing initiated by double-stranded RNA (dsRNA) homologous to the
target gene (Hannon, 2002;McManus and Sharp, 2002). The mechanism of gene silencing by
RNAi is known to proceed via a highly conserved two-step process (Zamore et al., 2000). First,
long dsRNAs are cleaved by the ribonuclease Dicer, generating small interfering RNAs
(siRNAs) 21–23 nucleotides in length (Ketting et al., 2001;Bernstein et al., 2001).
Subsequently, the single-stranded antisense siRNA associates with a nuclease complex the
RNA interference silencing ribonucleoprotein complex (RISC) and guides target RNA
cleavage (Hammond et al., 2000;Uryu et al., 2002). For long-lasting gene silencing, current
methodologies take advantage of short-hairpin RNAs (shRNAs) expressed in plasmids or, in
the case of cells that are hard to transfect, viral vectors; these RNA substrates are then converted
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into siRNA in vivo (Brummelkamp et al., 2002;Paddison et al., 2002;Miyagishi and Taira,
2002). Viral vectors founded on lentiviruses can transduce non-dividing cells and, thus, have
advantages for applications involving neurons (Naldini et al., 1996;Van den et al., 2003;Dittgen
et al., 2004). In the present report, we show that an nNOS shRNA driven by RNA polymerase
III (Pol III) promoter in the context of a lentiviral vector can selectively silence nNOS
expression in the superficial layer I of the rat piriform cortex.

Materials and Methods
Short Hairpin RNA (shRNA) Design and Vector Production

A series of 21 nucleotide siRNA duplexes against the rat nNOS consensus coding sequence
(GenBank Accession No.NM_052799) were designed using the generally available Web
software provided by Dharmacon RNA Technologies
(Dharmacon,Inc.,Chicago,http://www.dharmacon.com/DesignCenter/
DesignCenterPage.aspx). Sequences were determined to be unique to the rat gene by Basic
Local Alignment Search Tool (BLAST) searches of the GenBank database. A total of four
siRNA duplexes were screened for nNOS knock-down by Western blot analysis in co-
transfection experiments with nNOS expression plasmid in HEK293 T cells. The most
successful sequence and one non-silencing Luciferase sequence were designed into a shRNA
oligonucleotide template consisting of sense, hairpin loop, antisense and terminator sequences,
all of which were flanked by restriction enzyme sites to facilitate directional subcloning. The
shRNAs were subcloned into the lentiviral vector pLL3.7, generously provided by Dr. Parijs
(Massachusetts Institute of Technology, Cambridge, MA) (Rubinson et al., 2003). The
resulting vectors encoded eGFP under the transcriptional control of the CMV promoter and
either shRNA against nNOS or a nonsilencing-Luciferase shRNA under the U6 promoter. The
silencing activity of the shRNAs was tested using heterologous transfection as described in the
next section. To produce viral vectors, HEK293 T cells were transiently transfected with the
four plasmids as described (Zufferey et al., 1999;Fleming et al., 2001). Briefly,the pLL3.7
shRNA plasmid was transfected into HEK293 T cells together with three packaging plasmids
encoding gag-pol (PLP-1) (Invitrogen, Carlsbad, CA), rev (PLP-2) (Invitrogen, Carlsbad, CA),
and VSV-G env (Clontech, Mountain View, CA) using the Lipofectamine Plus reagent
(Invitrogen). The supernatant was collected 48-72 hours after transfection, passed through
0.2um filters and concentrated by ultracentrifugation (50,000g for 120 minutes at 10 °C). The
viral pellet was resuspended in PBS. Transduction unit (TU) titer was assessed on HEK293 T
cells in the presence of polybrene 8μg/mL (Sigma-Aldrich, St. Louis, MO). Titers of
2-5×108 TU/ml were routinely achieved.

Cell transfection with nNOS and shRNA plasmids
A full-length nNOS plasmid containing the rat nNOS cDNA in Bluescript SK(-) was
generously provided by Dr. Solomon Snyder at Johns Hopkins Medical School, Baltimore,
MD. The full length gene was subcloned into the XhoI/SacII site of pIRES2 expression vector
(Clontech). In order to establish the knockdown efficacy of the nNOS shRNA sequences,
HEK293 T cells were co-transfected with the nNOS expression plasmid and equimolar ratios
of the vector plasmids encoding shRNA sequence targeting nNOS (shnNOS) or Luciferase
(shLuc) gene. Transfections were performed using Lipofectamine 2000 reagent as per
manufacturer's instructions (Invitrogen). Forty eight hours after transfection, nNOS expression
was established by Western blot analysis.

Lentiviral Transduction of Cortical Neurons In Vitro
Embryonic day 18 rat cortical cells (E18RC) were isolated from tissues extracted from rat brain
(BrainBits, Springfield, IL) as described (Brewer and Torricelli, 2007). Cells were resuspended
in Neurobasal medium with 2% w/v B27 supplement (NB-B27, Gibco BRL, Gaithersburg,
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MD) and 0.5 mM L-glutamine (Gibco) and counted by trypan blue exclusion. A typical cell
concentration obtained under these conditions was ∼7 × 106 cells/ml. Dissociated cells were
then plated on p35 plates coated with poly-L-lysine (2×106 cells/plate) in the previous medium
and incubated at 37 °C with 5% CO2 and 9% oxygen. Cells were transduced with the lentiviral
vector at a multiplicity of infection (MOI) = 5 in the presence of 8 μg/ml polybrene (Sigma-
Aldrich).

Western blot analysis
Cultured cortical neurons were lysed in M-PER Mammalian Protein Extraction (Pierce
Biotechnology, Inc., Rockford, IL) supplemented with Complete Protease Inhibitor Tablets
(Roche). The supernatant was collected after centrifugation and protein concentration was
determined using a BCA Protein Assay Kit (Pierce). Equal amounts of protein (15μg) were
loaded per lane and separated on a 4-20% sodium dodecyl sulfate–polyacrylamide gels and
electro-blotted onto nitrocellulose membranes (Schleicher and Schuell, Keene, NH). The rabbit
polyclonal anti-nNOS IgG (Santa Cruz Biotechnology, Santa Cruz, CA) was used at 1:1000
dilution, and the mouse mAb against GAPDH (Abcam Inc., Cambridge, MA) at 1: 5.000
dilution. Secondary antibodies were peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG
(Jackson ImmunoResearch Laboratories, Inc. West Grove, PA), respectively, at 1:3000
dilution. Primary and secondary antibodies were diluted in Tris-buffered saline with 0.1%
Tween 20 and 4% nonfat milk. After incubation with the secondary antibody for one hour,
immunoreactive protein species were detected with an enhanced chemiluminescence kit
(Pierce). For quantitation of immunoreactive nNOS bands, blots were scanned and the pixel
count and intensity of immunoreactive bands were quantified using the QuantityOne Software
(BioRad). Neuronal NOS signal intensity in non-transduced and both silencing- and control-
vector transduced neurons was normalized using GAPDH signals as loading controls. Neuronal
NOS signals in transduced neurons were expressed as percentages of signal intensity in non-
transduced uninfected neurons.

RNA extraction and real-time RT-PCR
Total RNA was isolated from cultured cells using the Qiagen Rneasy kit according to the
manufacturer's protocol (Qiagen, Valencia, CA). Template cDNA was reverse transcribed from
1μg of RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) and SYBR green-
based real-time PCR was performed using the iCycler (Bio-Rad). Primers were synthesized
by Integrated DNA Technologies (Coralville, IA). GAPDH was used for normalization of
expression levels. 25 μl PCR reactions, run in duplicate for each sample, contained diluted
cDNA (1:4, 2μl), 0.5μl of 10μM sense and antisense primer stocks, 12.5 μl iQ SYBR green
super mix (Bio-Rad), and 9.5 μl nuclease free water. PCR cycling conditions were 95°C for 5
min followed by 35 cycles of 95°C for 30 sec, 63°C for 1min. Immediately following
amplification, melt curve analysis was carried out by heating the amplicon from 63 to 95°C in
66 0.5 °C increments. Reactions without template and reactions containing 25ng of total RNA
served as non-template and genomic DNA contamination controls, respectively. Cycle number
was obtained when amplification exceeded threshold (Ct) values (Livak, 1997). All target gene
Ct values in each parameter were normalized to a reference Ct value to determine the ΔCt value
(target gene Ct - reference gene Ct). Relative gene expression was shown as fold change in
gene expression using the comparative Ct method (ΔΔCt method) (Livak, 1997). The amount
of nNOS transcript in controls was designated as 100%, to which cells infected with the
silencing lentivirus were compared to produce % change in nNOS mRNA expression. The
sequences of the rat nNOS primers were: forward primer, 5′GACAACGTTCCTGTGGTCCT;
reverse primer, 5′ TCCAGTGTGCTCTTCAGGTG.
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Animals and Surgical Procedures
Subjects were pathogen-free Sprague–Dawley rats (2-3 months of age; Charles River
Laboratories, Inc., Wilmington, MA). Animals were maintained in a 12h light–dark cycle, had
free access to food and water and were handled based on protocols approved by the Institutional
Animal Care and Use Committee of the Johns Hopkins Medical Institutions according to
National Institutes of Health guidelines (NIH Publications No. 8023, 1978 revision). Surgical
procedures were carried out using gas anesthesia (enflurane: oxygen: nitrous oxide = 1: 33:
66) and aseptic methods. For the injection of virus vectors, animals were mounted on a small-
animal Kopf stereotaxic unit (Kopf Instruments, Tujunga, CA). Injections were made under
microscopic guidance via pulled glass micropipettes controlled by a Nanoinjector device
(World Precision Instruments, Sarasota, FL). Animals received 1.5 μl of the silencing (n= 6)
or control (n = 6) vector over 10 min into the piriform cortex targeted at 1.6 mm anterior to
bregma and 4.0 mm lateral to midline using the flat skull position (Dottori et al., 1998). The
injector was left in place for 3 min post-infusion to allow sufficient vector diffusion.

Animals were subjected to unilateral bulbotomy about 20 days after vector injection. Lesions
were used to induce nNOS expression in interneurons of piriform cortex (Koliatsos et al.,
2004) and, thus, allow us to explore whether pretreatment with nNOS silencing vectors
prevents the induced upregulation of the enzyme. Rats were anesthetized, adjusted on the small-
animal Kopf stereotaxic device and subjected to unilateral transection of the olfactory peduncle
on the right, 0.5 mm rostral to the frontal pole, under direct visualization.

Preparation of tissues and Immunocytochemistry (ICC)
Twenty-four hours after bulbotomy all animals were deeply anesthetized and perfused with
4% freshly depolymerized paraformaldehyde based on protocols approved by the Animal Care
and Use Committee of the Johns Hopkins Medical Institutions. Brain tissues were further fixed
by immersion in the same fixative for an additional 4 hr at 4°C. Brains were cryoprotected by
transferring to 30% sucrose in PBS at 4°C until submersed and frozen for further processing.
Serial coronal sections (40 μm) through the forebrain were prepared on a sliding microtome.
Sections through the entire anterior piriform cortex, beginning at the first appearance of
piriform cortex ventral to the anterior olfactory nucleus and ending at the decussation of the
anterior commissure, were saved in antifreeze buffer in - 20°C. Every 4th section starting at a
random level through the major island of Calleja rostrally and ending at the decussation of the
anterior commissure caudally was processed for ICC detection of nNOS expression with a
mouse monoclonal antibody (1:500; Zymed laboratories, South San Francisco, CA).
Immunoreactivity was indirectly visualized with Cy3 conjugated goat anti-mouse IgG (1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA) emitting at the red range. Sections
were first blocked with 5% normal goat serum in PBS with 0.1% Triton X-100 for 1 h and then
incubated in the primary antibody solution on a shaker for 24 h (4°C). Secondary incubations
were performed for 2-4 h at RT. Sections were counterstained with the nuclear dye DAPI,
dehydrated, and coverslipped with DPX (Fluka, Hauppauge, New York). Sections were then
studied with a Zeiss Axiophot microscope equipped for epifluorescence and images were
captured with a Spot RT Slider digital camera (Diagnostic Instruments Inc., Sterling Heights,
MI) using software provided by the manufacturer.

A total of 9 sections (every 4th from a series centered around the vector injection site) were
entered for cell counts per case (n = 6 per nNOS or luciferase vector). Neuronal NOS
immunoreactive profiles were counted at 40× magnification in layer I of piriform cortex on
the side of bulbotomy. These numbers were multiplied by sampling factor 4 to generate
numbers of nNOS (+) neurons per case and the resulting numbers were corrected for differences
in cell size by applying Abercrombie's adjustment for split-cell error (Abercrombie, 1946)
(Ni = ni.t/t+d, where ni = estimated cell number, t = section thickness, and d = average profile

Mahairaki et al. Page 5

J Neurosci Methods. Author manuscript; available in PMC 2010 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diameter). Cases were grouped per experimental history (nNOS versus luciferase vector) and
differences between the two groups were studied with a two-tailed unpaired Students't test.

Results
Design of shRNAs, preparation and in vitro validation of nNOS shRNA lentiviral vectors

Putative short interfering RNA (siRNA) target sequences were designed against the rat nNOS
gene using the Web software provided by Dharmacon RNA Technologies. Four siRNA
sequences were screened with Western blot analysis after co-transfection of siRNAs with
nNOS expression plasmid in HEK293 T cells (data not shown). The best performing sequence
was GCACUGGUGGAGAUCAACA and corresponded to exon 10 of the rat nNOS (Bredt et
al., 1991). This sequence was used to generate shRNA for both in vitro and in vivo experiments.
Oligonucleotides were synthesized that contained the sense and antisense sequences of the
siRNA target of interest flanking a standard hairpin loop sequence (Fig.1A-B). Sense and
antisense oligonucleotides were then annealed and cloned into the pLL3.7 lentiviral vector
system to express short hairpin RNA (shRNA) directed against nNOS under the control of the
U6 promoter (Fig. 1A-B). The transduction efficiency of these vectors was then tested in
HEK293 T cells using an MOI equal to 1. Based on EGFP expression, more than 90% of cells
were transduced with no apparent cytotoxicity (Fig. 1C).

Sequences of shRNA form stem-loop structures that are processed to functional siRNAs in
target cells. To ensure that reduction in the expression of the target gene is specific and does
not reflect a potential global suppression of gene expression by high levels of double stranded
RNA, we used unrelated shRNA sequences targeted to firefly luciferase as controls.

We next tested the gene-silencing capacity of nNOS hairpin in a transient transfection assay
using HEK293 T cells. Cells were transfected with a rat nNOS cDNA expression plasmid alone
or in combination with equimolar ratios of vector plasmids encoding shRNA sequences for
nNOS or luciferase genes. Forty eight hours after transfection, nNOS silencing was established
at the protein level with Western blot analysis that showed a higher than 90% reduction in
nNOS expression in nNOS shRNA-transfected cells. In contrast, infection of HEK293 T cells
with the control luciferase shRNA plasmid had no effect on nNOS expression (Fig. 2A).

Lentivirus-mediated downregulation of endogenous nNOS expression in primary neuronal
cultures

To analyze the effect of lentiviral vector-mediated RNAi in primary neuronal cells, cortical
neurons were prepared from dissociated E18 rat cortex and after 6 days in culture they were
transduced with the silencing or control vectors (MOI = 5 for both). Transduction efficiency
was ≥ 90% as determined by the number of neurons expressing GFP. Neuronal NOS silencing
was ascertained with real-time RT-PCR and Western blot analysis (Fig. 2B-C).

To explore the knockdown effect of our lentivirus silencing vector on nNOS gene transcription,
neuronal RNA was analyzed 48 hrs after transduction with the lentiviral shRNA vectors. Using
an MOI of 5, we achieved a reduction of nNOS expression by more than 90% based on
quantitative RT-PCR analysis (Fig. 2B). Higher MOI did not result in further reduction of
nNOS expression (data not shown).

To explore the effects of the silencing vector on nNOS protein levels, neurons were transduced
with the silencing or control vector as described above and Western blot analysis was performed
on protein samples from cell lysates. Treatment of neurons with the silencing vector resulted
in a significant reduction (∼ 75%) of nNOS protein levels compared with those in uninfected
neurons or neurons infected with the control vector (Fig. 2C). ICC was used to confirm the
absence of nNOS protein expression in rat neurons transduced with nNOS silencing vectors.
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Although nNOS was detected by specific antibodies in neurons transduced with control vectors
(Fig. 3A), no nNOS immunoreactivity was observed in neurons transduced with the silencing
vector (Fig. 3B).

In situ silencing of nNOS expression in piriform cortex with shRNA lentiviral vectors
To investigate the efficiency of the nNOS shRNA vector in vivo, we targeted nNOS-expressing
interneurons in the outer piriform cortex of adult rats (Koliatsos et al., 2004). Silencing or
control vectors were stereotaxically injected in the anterior piriform cortex. Twenty days later,
i.e. time sufficient to allow for efficient transduction of neurons and lentiviral-mediated
expression of the shRNAs, we performed unilateral bulbotomy on the side of vector injection
to maximize the expression of nNOS in interneurons of layer I of piriform cortex as described
(Koliatsos et al., 2004). Animals were sacrificed 24 hours post-bulbotomy and coronal sections
through the forebrain were processed for nNOS ICC.

Examination of nNOS-stained sections through the anterior piriform cortex shows a significant
reduction in nNOS immunoreactivity in interneurons of subjects that received the nNOS
shRNA vector injection (Fig.4A, lower panel, arrows), as compared to subjects injected with
the control luciferase shRNA virus (Fig. 4A, upper panel,arrows). Adjacent sections visualized
with a green emission filter show many infected neurons in the piriform cortex of injected
animals (Fig. 4A, inset in lower panel). We assessed levels of nNOS silencing by counting
numbers of nNOS-immunoreactive neurons in layer I of piriform cortex. We found that nNOS-
positive cells in animals injected with the nNOS shRNA vector are reduced by 23% (p < 0.05)
compared to control group injected with the luciferase shRNA virus (Fig. 4B).

Discussion
In this report, we demonstrate a method for in vitro and in vivo silencing of nNOS using RNAi
strategies. Of the four sequences that were designed and screened only one siRNA, i.e. the one
corresponding to exon 10 of the rat nNOS, specifically and efficiently inhibited expression of
the target gene at the mRNA and protein level. The low activity of the other siRNAs may be
related to limited accessibility of the corresponding mRNA segments for cleavage due to their
secondary structure (Elbashir et al., 2002;Holen et al., 2002). The selection of the target gene
sequence for siRNA synthesis is based, for the most part, on trial and error and there are no
reliable ways to predict an ideal siRNA sequence for knocking down the expression of a
particular gene.

The active nNOS siRNA sequence was used to construct an shRNA expression cassette that
was then incorporated into a lentiviral vector system. A key advantage of lentiviral vectors
over other gene delivery systems is that they can efficiently transduce post-mitotic cells like
neurons. Because lentiviral vectors allow transduction of non-dividing cells and have also been
shown to result in long-term gene expression in neurons (Blomer et al., 1997;Zala et al.,
2004;Watson et al., 2004), we tested whether shRNA expression from this vector was
functional in cultured neurons and in neurons expressing nNOS in vivo. Our in vitro
experiments proved the efficacy of this vector with respect to both high transduction efficiency
(≥ 90%) and nNOS silencing in cultured primary cortical neurons. Our in vivo experiments
targeting nNOS-expressing interneurons in the piriform cortex of adult rats showed that, even
though the vectors may perform somewhat different in vivo compared to in vitro (based on the
main measure of in vivo efficacy, i.e. numbers of nNOS-immunoreactive neurons, silencing
effect was at 23%), these vectors can be used to deliver shRNAs to the rat piriform cortex and
provide persistent knockdown of endogenous nNOS expression. The main reason for the
apparent attenuated efficiency of our lentiviral vectors in vivo may be the difficulty to achieve,
in vivo, the same MOI as in vitro, due to the complex spatial distribution of target cells and
limits in the amount of vector that can be delivered into any single brain site. Diffusion of the
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injected virus to brain structures that surround the neurons targeted for silencing is also
inevitable in live applications.

The selection of piriform cortex as the target brain region for nNOS silencing vectors was
motivated by a need to show the selective knock- down of nNOS expression in an anatomically
defined cortical region and our general familiarity with this cortical target (Koliatsos et al.,
2004;Zhou et al., 2006;Zhou et al., 2007). In piriform cortex, target cells are cortical
GABAergic interneurons that constitutively express nNOS and this expression is further
upregulated with surgical (Koliatsos et al., 2004;Zhou et al., 2006) or pharmacological (Zhou
et al., 2007) lesions and contributes to the transsynaptic apoptosis of a subset of pyramidal
neurons (Koliatsos et al., 2004). Inhibitory cortical interneurons have recently received a great
deal of attention for their role in a number of neurodevelopmental disorders, presumably
because of their regulatory influences in the establishment of mature cortical circuits (Xu et
al., 2003;Levitt et al., 2004). Therefore, experiments using our lentiviral RNAi methodology
may shed light into broader physiological roles of a subset of cortical interneurons, especially
with respect to the development and repair of cortical circuitry.

In addition to studies of cortical plasticity, the permanence of the silencing effect observed
with our nNOS shRNA vectors allows for long-term investigations into the role of NO signaling
in late neurogenic events including the generation and, possibly, differentiation of newborn
neurons. For example, it has been proposed that endogenous NO, produced in proximity to
neuronal precursors in the subventricular zone ( SVZ), rostral migratory stream (RMS), and
the olfactory bulb (OB), plays a regulatory role in adult neurogenesis by suppressing the
proliferation rate of undifferentiated precursors and by promoting neuronal differentiation
(Moreno-Lopez et al., 2000;Packer et al., 2003;Moreno-Lopez et al., 2004;Torroglosa et al.,
2007). In other studies, especially in the PNS, NO produced by nNOS may play protective
roles for peripheral sensory neurons (Thippeswamy et al., 2001) as well as interneurons and
motor neurons in the spinal cord after sciatic transections (Keilhoff et al., 2004).

One of the greatest potential applications of RNAi strategies is their use as therapies for
neurological diseases (Xia et al., 2004;Raoul et al., 2005;Harper et al., 2005;Singer et al.,
2005). The complex anatomical organization of the nervous system and the selective
vulnerability of specific subsets of neurons to particular pathogenic mechanisms and diseases
argue for regionally precise therapeutic interventions. Such interventions may include the
silencing of genes whose expression may have toxic effects in one site, but beneficial or neutral
effects in other sites. Retinal diseases may be prime examples of pathological events in small
neuronal networks accessible to RNAi nNOS interventions. For example, it has been recently
shown that both in the case of animal models of chronic glaucoma (Park et al., 2007) and
retinitis pigmentosa (Komeima et al., 2008) blocking nNOS may have protective effects on
injured retinal ganglion and photoreceptor cells, respectively. RNAi nNOS technologies that
allow effective and precisely targeted nNOS gene silencing may hold promise as therapeutic
strategies for retinal diseases and possibly other disorders of the nervous system with
significant involvement of nNOS-NO neurotoxic cascades.
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Figure 1.
Neuronal NOS shRNA design and expression from viral vectors.
(A) Schematic drawing of the pLL3.7 silencing vector for knocking down nNOS. The vector
encodes a stem loop sequence for nNOS shRNA driven by mouse U6 promoter and CMV-
driven EGFP (a fluorescent reporter gene) donwnstream. SIN-LTR, self-inactivating long term
repeat; Ψ, HIV packaging signal; cPPT, central polypurine track; MCS, multiple cloning site;
CMV, cytomegalovirus promoter; WRE, Woodchuck hepatitis virus response element.
(B) Sequence of the shRNA used in our study. The rat nNOS stem loop sequence is on top,
with sense bases identical to the target gene sequence indicated in red, sequence forming the
loop structure in blue, and antisense bases complementary to the sense bases in green; polyT
termination sequence for RNA Polymerase III is in black. The predicted stem-loop structure
(shRNA duplex) is at the bottom.
(C) Transduction efficiency of our nNOS silencing vector. HEK293 T cells were transduced
with the nNOS shRNA vector (MOI=1). The EGFP fluorescence (left panel) and the
corresponding phase-contrast image (right panel) are shown. GFP expression reveals high
transduction efficiency, with more than 90% of cells being transduced.
Scale bars : 50 μm
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Figure 2.
Validation of the nNOS shRNA (LVshnNOS) vector using a transient transfection assay (A)
and transduction of primary neuronal cultures (B-C).
(A) Western blot analysis of protein lysates from HEK293 T cells transfected with an
expression vector encoding rat nNOS alone (Lane 1) or in combination with a Lucipherase
shRNA plasmid (Lane 2) and an nNOS shRNA plasmid (Lane 3). Lane 3 shows a substantial
decrease in nNOS expression.
(B-C) Silencing of endogenous nNOS in primary rat neuronal cultures as demonstrated by real-
time PCR (B) and Western blot analysis (C). Control vectors (LVshLuc) contained an unrelated
Luciferase shRNA sequence. In (B), RNA was isolated 48 h after transduction; real-time PCR
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used primers for both GAPDH (internal control) and nNOS transcripts; expression in non-
transduced neurons was set as 100% and expression using silencing and control vectors was
configured accordingly (n=3 experiments). In (C); nNOS protein is nearly undetectable on
lysates from rat neurons transduced with the silencing vector (lane 3). Lanes 1 and 2 represent
luciferase-vector transduced and non-transduced neurons, respectively. Densitometric analysis
is presented as a histogram of relative density, with immunoreactive nNOS band density in
non-transduced neurons set as 100%. (n=3 experiments).
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Figure 3.
Lentiviral-mediating silencing of nNOS immunoreactivity in rat cortical neurons by ICC.
Primary rat E18 cortical neurons were transduced with shRNA vectors targeting either
Luciferase (A; LVshLuc) or nNOS (B; LVshnNOS). Transduction was assessed by EGFP
expression and nNOS immunoreactivity (red). Cultures were counterstained with DAPI (blue).
All neurons in both control and silencing cell preparations show robust transduction with
lentiviral vectors, but neurons infected with the silencing vector do not have detectable nNOS
immunoreactivity.
Scale bars : 25 μm
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Figure 4.
Lentiviral-mediated silencing of nNOS in vivo.
Piriform cortex was targeted because of the abundance of nNOS expression in layer I
interneurons (arrows), especially after bulb lesions. Silencing (nNOS shRNA) or control
(Luciferase shRNA) vectors that coexpress reporter GFP were stereotaxically injected into the
superficial piriform cortex. Prior to sacrifice, all rats were subjected to bulbotomy. Coronal
sections through the forebrain were processed for nNOS immunocytochemistry (red) and
numbers of nNOS (+) interneurons in layer I of piriform cortex were counted in nine serial
sections ipsilateral to vector injection.
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(A) Examination of nNOS-stained sections shows a substantial reduction of nNOS
immunoreactivity after nNOS shRNA vector injections (lower panel, arrows) compared to
control ones (upper panel, arrows). Adjacent sections visualized with a green emission filter
combination show numerous neurons in the piriform cortex that were GFP positive, i.e.
evidence of local infection with lentivirus (inset in lower panel). Scale bars : 25 μm
(B) Numbers of nNOS positive neurons on the injection side were compared between animals
injected with control vectors (LVshLuc, n = 6) and subjects injected with silencing vectors
(LVshnNOS, n = 6). Difference in cell numbers was significant by Student's t test (p < 0.05).
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