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Intrathecal shRNA-AAV9 Inhibits Target Protein
Expression in the Spinal Cord
and Dorsal Root Ganglia of Adult Mice
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Abstract

Gene therapy for neurological diseases requires efficient gene delivery to target tissues in the central and pe-
ripheral nervous systems. Although adeno-associated virus is one of the most promising vectors for clinical use
against neurological diseases, it is difficult to get it across the blood-brain barrier. A clinically practical approach to
using a vector based on adeno-associated virus to decrease the expression of a specific gene in both the central and
the peripheral nervous system has yet to be established. Here, we analyzed whether upper lumbar intrathecal
administration of a therapeutic vector incorporating adeno-associated virus and short-hairpin RNA against su-
peroxide dismutase-1 bypassed the blood-brain barrier to target the spinal cord and dorsal root ganglia. The
therapeutic vector effectively suppressed mRNA and protein expression of endogenous superoxide dismutase-1 in
the lumbar spinal cord and dorsal root ganglia. Moreover, neither neurological side effects nor toxicity due to the
incorporated short-hairpin RNA occurred after the injection. We propose that this approach could be developed
into novel therapies for motor neuron diseases and chronic pain conditions, such as complex regional pain
syndrome, through silencing of the genes responsible for pathologies in the spinal cord and dorsal root ganglia.

Introduction

HE SPINAL CORD is an important organ for sensory and

motor signal processing and is an important anatomical
target for neurological disorders, including inflammatory and
demyelinating diseases, neurodegenerative diseases, traumatic
injury, and neuropathic pain. The delivery of drugs to the
spinal cord via systemic administration, such as oral ingestion,
intravenous injection, and dermal application, encounters
several challenges. Various types of gene therapy vectors have
been developed for targeting the central nervous system
(CNS). Intravenous injection of a vector based on adeno-asso-
ciated virus (AAV) can deliver target genes to multiple organs,
including the liver and skeletal and cardiac muscle (Mitchell
et al., 2000; Gregorevic et al., 2004; Bish et al., 2008). However,
delivery of systemically administered AAV to the CNS via the
blood-brain barrier has not yet been established, and to avoid
systemic side effects, selective administration to the brain or
spinal cord is required. Gene therapy trials for Parkinson’s

disease (Marks et al., 2008), Canavan (Janson et al., 2002), and
Batten disease (Worgall et al., 2008) have successfully involved
direct brain injection of AAV vectors, but such an invasive
method is limited in its application in common clinical practice.

RNA interference (RNAi) has emerged as a powerful tool
to induce loss-of-function phenotypes through the posttran-
scriptional silencing of gene expression (Fire ef al., 1998; Dorn
et al., 2004). The RNAIi pathway is initiated by the enzyme
Dicer, which cleaves long, double-stranded RNAs into short
(21- to 23-nucleotide) interfering RNA molecules (siRINAs)
that mediate sequence-specific gene silencing (Mikami and
Yang, 2005; Li et al., 2008). Intraventricular (Senn et al., 2005;
Senechal et al., 2007) and intrathecal administration (Luo
et al., 2005) of naked or lipid-encapsulated siRNA (Uno et al.,
2011) has been used to target the CNS. However, because
they still show low transduction efficiencies, insufficient in-
hibition of gene expression, and short duration of therapeutic
effects, these methods are unsuitable for treating chronic
neurological disorders (Hassani ef al., 2005). To address these
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problems, therefore, viral delivery of short-hairpin RNA
(shRNA) expression cassettes that support more efficient and
long-lasting transduction into the target CNS is expected to be
a promising delivery tool. Local administration methods, such
as intramuscular, intrastriatal, and subcutaneous injections,
for delivering the viral vector encoding the shRNA have been
reported to inhibit target gene expression in mice (Rodriguez-
Lebron et al., 2005; Towne et al., 2008; Fu et al., 2009). How-
ever, intrathecal injection of shRNA-encoding viral vectors
has not yet been documented to reduce the levels of mRNA
and protein in the spinal cord and dorsal root ganglia (DRG).
To this end, here we show that intrathecal delivery of the
AAV-based vector shRNA-AAV9 to mice efficiently inhibited
endogenous superoxide dismutase-1 (SOD1), which is ubig-
uitously expressed in neural tissues.

Materials and Methods

Construction, production, and titration of anti-SOD1
shRNA AAV9 vector

We prepared the anti-SOD1 shRNA cassette as previously
reported (Yokota ef al., 2004; Mayra et al., 2011). The anti-
SOD1 shRNA cassette was cloned downstream of the human
polymerase III (Pol III) U6 promoter in the AAV9 vector
plasmid (Stratagene, La Jolla, CA). The silencing efficiency of
the anti-SOD1 shRNA sequence was verified using several
cultured cell lines and transgenic mice expressing the anti-
SOD1 shRNA, as previously described (Federici et al., 2011).
A human growth hormone polyadenylation [hGH poly(A)]
cassette (Stratagene) was inserted downstream of the shRNA
sequence in the vector for vector titration by quantitative
real-time PCR (Fig. 1). The recombinant viral vector was
produced according to the three-plasmid transfection pro-
tocol and the calcium phosphate method, as previously re-
ported (Hermens et al., 1999).

Animals

All of the animal procedures were performed in accor-
dance with protocols approved by the Animal Experiment
Committee of Tokyo Medical and Dental University (Tokyo,

c A
u
GGUGAAAAUAAAGAAAUACU A

o CCACCUUUACUUCUUUCAUGA
NS G G

AAV Human U6 SOD1 SV40 AAV
ITR promoter shRNA Poly A ITR

FIG. 1. Construction of the anti-SOD1 shRNA AAV9 vec-
tor. The anti-SOD1 shRNA expression AAV9 vector, in-
cluding the anti-SOD1 shRNA sequence located between the
human polymerase III human U6 promoter and the hGH
poly(A) cassette, is shown. AAV, adeno-associated virus;
hGH, human growth hormone; ITR, inverted terminal re-
peat; shRNA, short-hairpin RNA; SODI, superoxide
dismutase-1; SV40, simian virus 40.
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Japan) (#81213). Eight-week-old female ICR mice weighing
25-35 g were given intrathecal injections. The animals were
divided into two groups: the AAV-treated group (AAV;
n=9) and the phosphate-buffered saline (PBS)-treated group
(PBS; n=9). After having been given intraperitoneal injec-
tions of chloral hydrate (0.5mg/g body weight) and keta-
mine hydrochloride (0.05mg/g body weight), mice from
both the AAV- and PBS-treated groups were placed in the
prone position, and a partial laminectomy of the caudal
portion of the second lumbar vertebra and the rostral portion
of the third lumbar vertebra was performed. The dural
matter was exposed and punctured with a 27-gauge needle.
Subsequently a PE-10 tube was connected to a 10-ul Ha-
milton syringe and caudally inserted into the subarachnoid
space between these two vertebrae. A volume of 10 ul
(6x 10" vector genome per microliter) of either the shRNA-
AAV9 vector targeting SOD1 or PBS was injected slowly
over a 2-min period. After removal of the catheter, the inci-
sion was sutured, and the mice were maintained in the head-
up position and allowed to recover on a heating pad. The
body weights of the mice were measured every week. At 2
and 4 weeks after the injection, all of the mice were killed,
and the lumbar spinal cord, lumbar DRG, cardiac muscle,
liver, and quadriceps muscle were harvested for analysis. All
animal experiments were performed in accordance with the
ethical and safety guidelines for animal experiments of the
Tokyo Medical and Dental University.

Measurement of mRNA reduction
by quantitative RT-PCR

Total RNA was extracted from the harvested tissues, in-
cluding the lumbar segment of the spinal cord, the lumbar
DRG, cardiac muscle, liver, and the quadriceps muscle, using
Isogen (Nippon Gene, Tokyo, Japan). The RNA samples
obtained from the lumbar spinal cord were collected from
the lumbar region located at the first to second vertebral
level. The RNA samples obtained from the DRG consisted of
three ganglia, including the fourth, fifth, and sixth lumbar
DRG. The DNase I-treated total RNA (0.5 ug) was reverse
transcribed, using SuperScript III reverse transcriptase (In-
vitrogen, Carlsbad, CA). The cDNA was amplified by the
quantitative TaqMan system with a LightCycler 480 real-
time PCR instrument (Roche, Basel, Switzerland), according
to the manufacturer’s protocol. The SODI mRINA expression
level in each tissue was measured with the following primers
and probe: forward primer, 5-GGTGCAGGGAACCATC-
CA-3; reverse primer, 5-CCCATGCTGGCCTTCAGT-3’;
and probe, 5-AGGCAAGCGGTGAACCAGTTGTGTTG-3".
Primers for mouse transthyretin (TTR) were designed by
Applied Biosystems (Foster City, CA). To normalize the RT-
PCR values, the cDNA was also quantitatively amplified
with the TagMan primer and probe sets for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Applied Biosystems,
Warrington, UK). The ratio of SODI mRNA expression to
that of GAPDH was calculated to estimate the shRNA si-
lencing efficiency.

Northern blotting analysis of shRNA

RINA was obtained from the lumbar segment of the spinal
cord and the lumbar DRG, which were harvested from the
bilateral third to sixth lumbar DRG using mirVana (Ambion,
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Austin, TX). Five micrograms of RNA derived from the
spinal cord and 1 ug of RNA from the DRG were separated
on 18% polyacrylamide-urea gels and transferred to
Hybond-N + membranes (GE Healthcare, Piscataway, UK).
The blots were hybridized with a probe against the antisense
sequence of the shRNA, and the probe sequence was 5'-
GGTGGAAATGAAGAAAGTAC-3'. The probe was labeled
with a DIG oligonucleotide 3’-end labeling 2nd generation
kit (Roche, Penzberg, Germany), and the signal was visual-
ized with a Gene Images CDP-Star detection kit (GE
Healthcare).

microRNA expression by quantitative RT-PCR

The expression levels of ubiquitous microRNAs (miRNAs)
were measured with miRNA sequence-specific primers
(Applied Biosystems, Foster City, CA) and RT-PCR-based
detection methodology. Briefly, 100ng of miRNA collected
from the lumbar DRG and spinal cord was reverse tran-
scribed, using PrimeScript RT master mix (Takara Bio, Shiga,
Japan) and subsequently amplified with a LightCycler 480
real-time PCR instrument (Roche, Basel, Switzerland). Small
nucleolar RNA U6 was used as an endogenous control. The
ratio of let-7 or miR-124 expression to that of U6 was cal-
culated to estimate the shRINA silencing efficiency.

Western blotting

A sample from the lumbar spinal cord was collected be-
tween the first and second vertebrae, and the DRG sample
was extracted from the third, fourth, and fifth lumbar DRG.
These tissues were homogenized in cold homogenization
buffer containing 0.1% sodium dodecyl sulfate (SDS), 1%
sodium deoxycholate, 1% Triton X-100, and 1mM phe-
nylmethylsulfonyl fluoride together with a protein inhibitor
cocktail (Roche, Penzberg, Germany). Five micrograms of
extracted protein from each sample was mixed with
Laemmli sample buffer (Bio-Rad, Hercules, CA), denatured
at 37°C for 60min, and separated on an SDS-15% poly-
acrylamide gel. The separated proteins were transferred to a
polyvinylidene difluoride membrane (Bio-Rad) and were
then incubated with specific primary antibodies, including a
rabbit anti-SOD1 antibody (Stressgen Biotechnologies, Vic-
toria, BC, Canada) and a mouse anti-GAPDH monoclonal
antibody (Biodesign, Saco, ME). After incubation, the mem-
branes were rinsed and incubated with a 0.1% solution of
the horseradish peroxidase (HRP)-conjugated secondary
antibodies, including goat anti-rabbit HRP IgG and goat
anti-mouse HRP IgG (Thermo Science, Rockford, IL). The
protein-antibody interactions were visualized with Super-
Signal West Femto maximum sensitivity substrate (Thermo
Science). The quantification of the band intensity was mea-
sured by Scion imaging (National Institutes of Health,
Bethesda, MD). We calculated the relative protein expression
levels in the lumbar spinal cord and DRG in the AAV-treated
group as compared with those in the PBS-treated group.

Histological examinations

Mice were killed by transcardiac perfusion of PBS for
5min at room temperature, followed by 4% paraformalde-
hyde (PFA) in PBS for 15min at 4°C. After perfusion, the
lumbar spinal cord and DRG were immediately removed
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and postfixed in 4% PFA in PBS at 4°C overnight. After
fixation, the samples were transferred to PBS containing 30%
sucrose and dehydrated for 3 days. The tissues were then
embedded in paraffin or low melting temperature agarose
(BM Equipment, Tokyo, Japan) in PBS. Ten-micron paraffin
sections of the lumbar spinal cord were processed for he-
matoxylin and eosin and Nissl staining. Frozen sections ap-
proximately 20 um thick from the fifth lumbar (L5) DRG and
the spinal cord at the first lumbar vertebral level from mice
in each group were incubated for 30 min at room tempera-
ture in a blocking solution (5% normal goat serum). The
sections were then incubated with a rabbit polyclonal anti-
SOD1 antibody (diluted 1:1000; Stressgen Biotechnologies)
for 24 hr at 4°C. After incubation, the sections were washed
and incubated for 30min at room temperature with the
biotinylated secondary antibody (diluted 1:200; Vector La-
boratories, Burlington, ON, Canada) in 0.5% horse serum.
The sections were then incubated with ABC reagent (Vector
Laboratories) for 30min, followed by incubation with per-
oxidase substrate solution for 2min. After washing, the tis-
sue sections were counterstained with hematoxylin for 1 min.

Rotarod test

The locomotive test was performed with an accelerating
Rotarod (Ugo Basile Biological Research Apparatus, Varese,
Italy). Mice from both groups were placed on 3-cm rods and
were subjected to four trials each day for 4 days. Each trial
lasted up to 10min, and the length of time that the animals
could balance on the rod without falling was recorded.

Sensory behavioral tests

The animals were placed in Plexiglas boxes, which were
9.5x21x25cm in size, to become acclimated to the testing
environment. These boxes were then placed on an elevated
perforated plastic surface for a minimum of 30 min before all
behavioral tests (Hargreaves et al., 1988). A blind observer
conducted the behavioral testing,.

Tactile threshold. Mechanical sensitivity was measured
by applying a series of calibrated von Frey filaments (0.02—
8 g) to the plantar aspect of the hind paw. Each filament was
applied once to each mouse. Beginning with the 1-g filament,
each filament was applied perpendicular to the hind paw for
4-6sec. A brisk withdrawal of the hind paw indicated a
positive response, and the lack of withdrawal indicated a
negative response. This filament testing was repeated
a maximum of two additional times, and at least two positive
responses in three to the filament indicated an overall posi-
tive response. If the mouse demonstrated an overall positive
response, the next lower force filament was applied as de-
scribed previously. If no overall positive response was ob-
served (zero or one response in three), the next greater
force filament was applied as described previously. Once the
crossover threshold could be determined (i.e., from re-
sponse to no response, or vice versa) the responses to the
next five filaments were recorded to determine the median
withdrawal threshold.

Response to acetone. Using a plastic tube connected to
a 1-ml syringe, and without touching the skin, 100 ul of ac-
etone was applied to the plantar surface of the foot. Acetone
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was applied five times to each paw at an interval of at least
30sec, and the number of brisk foot withdrawals in response
to the acetone application was recorded.

Response to noxious heat stimulus. Responses to nox-
ious radiant heat were determined by the Hargreaves
method and the Ugo Basile plantar test apparatus. Mice were
placed in a transparent plastic chamber on a glass floor and
were allowed to acclimate for 30 min. The radiant heat source
was placed under the glass floor directly beneath the hind
paw. The intensity of the heat stimulus was set to 60].
Withdrawal latencies were defined as the time between the
activation of the heat source and hind paw withdrawal.
Withdrawal resulted in the termination of the heat source. A
time limit of 15sec was used to prevent tissue damage. A 5-
min interval between consecutive stimulations of the same
hind paw was employed. Testing was performed five times
on each side, and the latencies for each side were averaged.

Statistical analyses

All data are presented as means*standard deviation (SD;
n=3-5). We performed the statistical analysis by Student ¢
test for comparisons between the two groups for all experi-
ments, with the exception of the Rotarod test. For the Ro-
tarod test, the average time of each group was calculated,
and statistical significance was assessed by one-way analysis
of variance. Significance was defined as p values less than
0.05.

Results

SOD1 mRNA and protein expression in the spinal
cord and DRG after lumbar intrathecal
administration of shRNA-AAV9

An shRNA-AAV9 vector targeting SOD1 was injected into
the subarachnoid space at the second lumbar vertebra of mice
to determine the ability of the vector to suppress the ex-
pression of SODL1 in the spinal cord and DRG. We first ana-
lyzed the efficiency with which SODI mRNA was silenced in
various tissues from mice in the AAV-treated group. Quan-
titative RT-PCR analysis showed that the expression of SOD1
mRNA in the quadriceps, cardiac muscles, and liver of ani-
mals in the AAV-treated group was similar to that of mice
that received PBS only (Fig. 2A). However, the level of SODI
mRNA in the lumbar spinal cord and DRG of mice in the
AAV-treated group was about 60% lower than that in PBS-
treated animals (Fig. 2B). These silencing effects in the lumbar
spinal cord and lumbar DRG persisted for at least 4 weeks
and tended to increase in a time-dependent manner (Fig. 2A).
The knockdown effect was specific for the target gene
(SOD1), given that the levels of other endogenous mRNAs, of
GAPDH and TTR, did not change (Fig. 2B), suggesting that
shRINA-AAV9 did not affect unrelated endogenous gene ex-
pression. Western blot analysis confirmed decreased SOD1
protein levels in the lumbar spinal cord and DRG of shRNA-
AAV9-treated mice (Fig. 2C). Four weeks after injection of
shRNA-AAV9, the mean level of SOD1 protein expression
was 72% lower in the lumbar spinal cord and 68% lower in
the lumbar DRG compared with the amounts in PBS-treated
mice (Fig. 2D). Immunohistochemical analysis with anti-
SOD1 antibody confirmed silencing of SOD1 within the
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lumbar spinal cord and DRG. The SOD1 immunoreactivity of
the lumbar spinal cord and DRG was much lower in the
AAV-treated group than in the PBS-treated group (Fig. 2E).

Robust delivery of shRNA-AAVS to the lumbar spinal
cord and DRG, and detection of siRNA derived from
shRNA encoded by AAVS9 in these tissues

To investigate whether shRNA-AAV9 was delivered to
the lumbar spinal cord and DRG, we used Northern blotting
to examine the expression of anti-50D1 shRNA in these
tissues. The 54-nucleotide intact shRINA was not present, but
a 21-nucleotide antisense strand of siRNA was detected in
both tissues (Fig. 2F). This finding clearly indicated that the
shRNA encoded by AAV9 was in fact delivered to the cy-
tosol of target cells and that the expressed anti-SOD1 shRNA
was almost completely processed by Dicer.

Endogenous miRNA expression in the lumbar
spinal cord and DRG after intrathecal
injection of shRNA-AAV9

Because both RNA forms share intracellular machinery for
their expression in mammalian cells, we sought to clarify
whether overexpression of sShRNA decreased the processing
of endogenous miRNA (Grimm et al., 2006; Rossi, 2008). To
this end, we used quantitative RT-PCR to evaluate the ex-
pression levels of representative miRNAs (let-7 and miR-124)
in the lumbar spinal cord and DRG. Expression levels of let-7
and miR-124 (Fig. 3A) were similar in PBS- and AAV-treated
mice. These results indicate that the endogenous miRINA
pathway was preserved in the lumbar spinal cord and DRG
after injection of shRNA-AAV9.

Histological evaluations of the lumbar
spinal cord and DRG

We histologically evaluated whether any anatomical ab-
normalities occurred in the lumbar spinal cord and DRG
after sShRNA-AAV9 injection. Hematoxylin and eosin stain-
ing of these tissues showed no inflammation, necrosis, or
degenerative lesion formation (Fig. 3B). In addition, Nissl
staining revealed no structural neuronal deterioration after
injection of sShRNA-AAV9 (Fig. 3B).

Body weight and locomotive and sensory functions

To assess the general health and motor and sensory
functions of the hind limbs of mice after injection of PBS or
shRNA-AAV9, we observed these animals for 2 to 4 weeks
after treatment. Body weights of the mice in the AAV-treated
group were similar to those in the PBS-treated group (Fig.
4A). In addition, accelerating Rotarod tests revealed no sig-
nificant differences in motor function between the PBS- and
AAV-treated mice (Fig. 4B). Furthermore, there were no
significant differences between groups, either before or after
treatment, according to the thermal (Fig. 4C), tactile (Fig.
4D), and acetone (Fig. 4E) tests.

Discussion

Successful neuronal transduction vectors targeting the
CNS have been developed (Fu et al., 2003, 2011; Puskovic
et al., 2004). Among the viral vectors used for gene transfer,
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FIG. 2. Expression of SOD1 mRNA in various tissues, reduction of SOD1 protein expression, and expression of SOD1
shRNA in the lumbar spinal cord and DRG of mice. (A) Quantitative RT-PCR analysis of SOD1 mRNA expression in cardiac
muscle, liver, quadriceps muscle, lumbar spinal cord, and lumbar DRG in mice 2 and 4 weeks after injection of PBS (control)
or the shRNA-AAV9 vector. SODT mRNA expression was significantly (*p <0.05) inhibited in the lumbar spinal cord and
DRG of the AAV-treated group 2 weeks after injection. In addition, expression was reduced in a time-dependent manner.
Data are presented as means+1 SD (n=4 or 5 mice per group). (B) Quantitative RT-PCR analysis of endogenous mRNAs (of
TTR and GAPDH) in the lumbar spinal cord and DRG (removed 4 weeks after injection) relative to total input RNA. Data are
presented as means+1 SD (n=4 or 5 mice per group; *p<0.05). (C and D) SOD1 protein levels of three mice, as assessed by
Western blot analysis 4 weeks after injection of PBS or shRNA-AAV9. Data are presented as means+1 SD (n=3 mice per
group; *p<0.05). (E) Expression of SOD1 based on immunohistochemical analysis in the lumbar spinal cord and lumbar
DRG. (F) Northern blotting analysis of total RNA derived from the lumbar spinal cord and DRG, 4 weeks after injection of
PBS or shRNA AAV9. The 21-nucleotide antisense bands indicative of functional siRNA were detected. DRG, dorsal root
ganglia; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SOD1, superoxide dismutase-1; TTR, transthyretin. Color
images available online at www liebertpub.com/hgtb

AAV vectors have the advantage of conferring stable, long-  2011). Among AAV serotypes, including AAV1, AAV6, and

term gene expression in the absence of an inflammatory re-
sponse (Kaemmerer et al., 2000). Therefore, AAV vectors
have been used for gene therapy targeting neurological dis-
orders, and the different transduction abilities of various
AAV vector serotypes have been investigated. The AAV9
vector has the highest infectivity for neural tissue in a rodent
model (Storek ef al., 2008; Bevan et al., 2011; Federici et al.,

AAVS, intrathecal injection of an AAV9 vector encoding
green fluorescent protein is the most effective for biodis-
tribution and transduction in the spinal cord and DRG of
mice (Storek et al., 2008; Snyder et al., 2011). We therefore
chose AAV9 as the vector for gene delivery to the spinal cord
and DRG and found that it stably expressed the transgene in
both tissues.
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We chose SOD1 as the target gene in the spinal cord, be-
cause siRNA targeting wild-type SODI halts familial
amyotrophic lateral sclerosis (ALS) caused by SODI muta-
tion by silencing the mutant gene in siRNA-expressing
transgenic mice, as we had previously demonstrated as proof
of principle (Saito ef al., 2005; Yokota et al., 2007). Moreover,
we think that SOD1 is an appropriate and effective endo-
genous gene for evaluating side effects due to AAV-associated
toxicity and overexpression of shRNA in the spinal neurons
and DRG, because SOD1 is ubiquitously expressed in the
CNS and because SOD1 knockout mice exhibit no neurologi-
cal phenotypes except for enhanced susceptibility to axonal
injury and cerebral ischemia (Reaume et al., 1996; Kawase et al.,
1999).

Our results demonstrated that intrathecal administration
of shRNA-AAV9 reduced the mRNA expression levels of the
targeted molecule by approximately 60% in both the spinal
cord and the DRG, and that this reduction persisted for at
least 4 weeks.

Although this reduction might not be considered robust, it
may be sufficient to alter an associated phenotype in mice.
Even partial reduction of SOD1 production in the spinal cord
is suggested to have a substantial therapeutic effect on the
ALS phenotype, because the copy number of the mutant
transcript (G93A SOD1) and the severity of the ALS pheno-
type are closely associated in SOD1G93A transgenic mice.
(Alexander et al., 2004) Similarly, in the DRG, partial knock-
down of transient receptor potential vanilloid-1 (TRPV1) by
about 75% in shRNA-transgenic mice decreases the devel-
opment of inflammatory thermal hyperalgesia after spinal
nerve ligation (Christoph et al., 2008). These results indicate
that even modest reduction of target gene expression may be
sufficient for effective gene therapy. Moreover, excess ex-
pression of shRNA, to the extent that target gene expression
is nearly completely suppressed, may outcompete miRNA or
pre-miRNAs and oversaturate components of the endoge-

FIG. 3. Lack of change in the
expression of endogenous
miRNAs in the lumbar spinal
cord and dorsal root ganglia
(DRG), and absence of histo-
logical abnormalities in these
structures, after sShRNA-AAV9
injection. (A) Quantification of
endogenous levels of the
miRNAs let-7 and miR-124 in
the lumbar spinal cord and
DRG, determined by quanti-
tative RT-PCR. Data are pre-
sented as means+1 SD (n=3
mice per group; *p<0.05). (B)
Hematoxylin-eosin (HE) and
Nissl staining were done to
demonstrate the absence of
abnormalities in either the
lumbar spinal cord or DRG.
Scale bars: 50 um.

nous miRNA processing machinery, such as exportin-5 and
Ago2, resulting in cellular damage due to miRNA deficiency
(Grimm et al., 2006; Rossi, 2008). In the current study, the
expression of endogenous miRNAs was unchanged after
administration of shRNA-AAV9, suggesting that the viral
dose we used might have been sufficient for a silencing effect
and might have fallen within the therapeutic window, where
toxicity does not occur.

One possible strategy for “tuning” the shRNA expression
level is the use of inducible promoters such as the tetracycline-
inducible promoter (Kappel et al, 2007). In this situation,
expression of the shRNA might be “switched on” temporarily
through the systemic addition of doxycycline but “switched
off” (e.g., when the silencing effect is excessive or shRNA
toxicity is observed) by withdrawal of doxycycline. Thus, the
silencing effect on the target gene after intrathecal injection of
shRNA-AAV9 might be adjusted on demand through the use
of an inducible promoter for shRNA expression.

Although we confirmed that the gene-silencing effect in
the spinal cord and DRG persisted for as long as 4 weeks in
our mice, we did not examine persistence beyond this time
point. The protein expression that is induced systemically
after AAV injection has been reported to reduce target gene
expression in humans for months, and this result likely
reflects immunological elimination of shRNA-AAV com-
plexes by CD8* memory T cells (Peden et al., 2004; Yokota
et al., 2004; Manno et al., 2006). However, AAV vector
constructs that are injected directly into the CNS are well
known to show prolonged expression of their transgenes
without the induction of an immune response (Janson et al.,
2002; Marks et al., 2008; Worgall ef al., 2008). In addition, we
previously demonstrated that shRNA-transgenic mice that
expressed the same shRNA as used in the present study
showed significant suppression of SOD1 for longer than 1
year (Saito et al., 2005). Accordingly, we believe that the
AAV vector we used here can stably express the transgene



