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Abstract
NMDA receptors in the spinal cord dorsal horn (SCDH) mediate some inflammatory pain behaviors.
Here, we used rAAV vectors expressing an active small interfering RNA (siRNA) (vector 6) targeting
the essential NR1 subunit of the NMDA receptor or a mismatch siRNA (vector MM-6) sequence to
determine the consequences of RNAi-mediated knockdown of NR1 expression on NMDA receptor
levels and formalin-induced pain behaviors in adult rats. Three weeks following intraparenchymal
administration of the vector 6 into the right lumbar SCDH, NR1 mRNA and protein levels were
significantly reduced (P<0.01) in the ipsilateral SCDH compared to the contralateral SCDH, but not
in vector MM-6 or non-vector control animals. Formalin-induced phase 2 nociceptive response was
significantly reduced (P<0.05) in vector 6 animals compared to controls. While neither vectors
affected normal mechanical threshold, vector 6 provided protection from the mechanical allodynia
seen in controls at 24 hours following intraplantar formalin. Vector 6 also prevented the increase in
phosphorylated NR1 levels seen in the ipsilateral SCDH of control rats 45 minutes post-formalin.
These results indicate that vector-derived siRNAs can effectively produce spatial knockdown of NR1
gene expression and this knockdown selectively attenuates in vivo NMDA receptor-mediated
formalin behaviors and NR1 phosphorylation in the rat.

Perspective—This study reveals that a single administration of an siRNA-expressing viral vector
produces significant knockdown of the NR1 gene in the SCDH of adult rats. This pre-clinical study
demonstrates the use of RNAi to target the expression of genes mediating pain and the therapeutic
potential of this approach.

Keywords
Pain; formalin; siRNA; RNA interference; NR1; NMDA receptor

Introduction
The recently discovered RNA interference (RNAi) is an evolutionarily conserved mechanism
for silencing gene expression in which a targeted mRNA is degraded by a double stranded
RNA sequence known as a small interfering RNA (siRNA)16. siRNAs can be derived from a
longer double stranded RNA or short hairpin (sh) RNAs which can be expressed from plasmids
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or viral vectors31. RNAi offers several advantages over current approaches targeting genes by
homologous recombination, many of which were discussed in a previous study18. Two very
important advantages of this technique are, firstly, it is not limited to the mouse and secondly,
siRNAs can be expressed from viral vectors to produce a long-lasting stable knockdown of
target gene expression. To further probe into the first-mentioned advantage, we expanded on
our previous study by investigating the applicability of RNAi in adult rats. Previously, we
designed and evaluated the effects of siRNAs targeting the NR1 subunit gene in adult mice,
while here we specifically investigate whether the same approach can be used to knockdown
the NR1 gene in adult rats.

Functional NMDA receptors are tetramers composed of two NR1 subunits and two NR2
subunits. The NR1 subunit is required for the function of this ionotropic glutamatergic receptor
36; 26. It is well established from studies in both rats and mice that the NMDA receptor plays
a very critical role in mediating injury-induced pain behaviors. This role was characterized by
studies employing pharmacological antagonism (e.g. 33; 48, 4; 11, antisense oligos 39 and a
conditional knockout of NR1 gene 42. In addition, we confirmed the critical role of NMDA
receptors in mediating inflammatory pain by demonstrating that a viral vector expressing an
siRNA that knocked down NR1 mRNA and protein expression also protected the mice from
the development of CFA-induced mechanical allodynia18. Given the homology of the mouse
and rat genome, siRNA sequences that are complementary to both mouse and rat NR1 gene
were designed and used in the study. Having shown that viral delivery of siRNAs produces a
stable long-lasting knockdown of NR1 and disruption of the NMDA receptor function with
behavioral consequences in mice, we undertook this study to determine whether this technique
can reliably produce similar functional outcomes in adult rats.

Therefore, we investigated the effects of intraparenchymal administration of recombinant
adeno-associated viral vectors expressing an active NR1 siRNA or a scrambled siRNA
sequence into the spinal cord dorsal horn (SCDH) of adult rats on the expression levels of NR1
mRNA, total and phosphorylated NR1 protein expression levels and NMDA receptor function.
We focused on the effects of NR1 gene knockdown on the well-characterized formalin-induced
pain response and on the development of mechanical allodynia and thermal hyperalgesia.

Materials and Methods
All experimental procedures involving animals were approved by the Institutional Animal Care
and Use Committee (protocol #0508-392A) of Weill Cornell Medical College.

Design of siRNAs and shDNAs
The details of the design, screening and packaging of short hairpin DNA (shDNA) into a
recombinant adeno-associated virus (rAAV) serotype 2 vector are previously reported 18. Due
to the very high homology between the rat (Genbank, Accession Number NM_017010) and
mouse NR1 gene sequence (Genbank, Accession Number NM_008169), the siRNA sequences
selected in the previous study are 100% homologous to the corresponding rat NR1 sequence:
shDNA 6: GAATGTCCATCTACTCTGA TTCAAGAGA TCAGAGTAGATGGACATTC)
targets the rat NR1 gene at nucleotide position 636-654. MM-6:
GTATGACCATGTACTCTCA TTCAAGAGA TGAGAGTACATGGTCATAC is a randomly
scrambled sequence that contained the same nucleotides as found in shDNA 6.

Injection of viral vectors
rAAV expressing green fluorescent protein (GFP), a reporter gene and either the shRNA 6
(vector 6) or MM-6 (vector MM-6) sequence was injected into adult male Sprague Dawley rat
(∼250g; Taconic) SCDH as previously described for the adult mice 42; 18. The rats were briefly

Garraway et al. Page 2

J Pain. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anesthetized with isoflurane, followed by a ketamine-xylazine mixture given intraperitoneally
and the dorsal spinous processes T13 and L1 removed by laminectomy. The virus was injected
intraparenchymally (IPI) into the SCDH, targeting the lumbar enlargement. Four unilateral
(right side) injections of 1 μl each were administered 0.7–0.8 mm apart, at a depth of
approximately 0.5 mm from the dorsal border and 0.7 mm from the midline using a glass pipette
with a 40 micron diameter tip attached to a 10 μl Hamilton syringe. The syringe was mounted
on a microinjector (KOPF) attached to a stereotaxic unit (KOPF). After injection, the dorsal
musculature was sutured and the skin was closed. The animals were treated with the local
anesthetic, bupivacaine and a triple antibiotic ointment (bacitracin-neomycin-polymixin B)
topically, before being returned to their cages. Animals were carefully monitored post surgery
for any weight loss, infection or signs of discomfort. Only animals with none of the above or
no apparent motor deficits were used in the studies described below at least three weeks later.
The three week delay between the injection of the vector and experimental measures allowed
for maximal transcriptional activity of the vector in vivo (27; 42).

Post-injection evaluation of GFP and NR1 expression
At least 3 weeks following vector administration, the rats (∼350-400g) were anesthetized with
pentobarbital (50mg/kg) and transcardially perfused with phosphate buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) in PBS. The spinal cord was dissected and placed
in 4% PFA for 2 hours before being transferred to 30% sucrose for cryoprotection. Following
at least 72 hours in sucrose, the lumbar spinal cord was cut into four 4 mm sections and frozen
into a mold with optimal cutting temperature (OCT) compound. Twenty micron cryostat
(Leica) sections were prepared for immunohistochemistry and in situ hybridization. In some
animals, floating sections (50μm) were prepared using a freezing microtome.

Immunohistochemistry
Immunohistochemistry was used to evaluate the expression and spread of GFP and the effect
of the vectors on NR1 protein levels. The spinal cord sections were incubated in rabbit
polyclonal antibodies to NR1 (1:250, 07-362, #21353; Upstate, Lake Placid, NY) or with GFP
(1:1000; A11122; Molecular Probes Inc, Eugene, OR). The sections were then incubated in
appropriate biotinylated secondary antibodies (BA-1000 and BA-9200, 1:250; Vector
Laboratories, Burlingame, CA), and immunoreactivity was detected with the avidin-biotin-
peroxidase complex (ABC)-3,3-diaminobenzidinetetra-hydrochloride technique 25. As a
control, some slides were exposed to diluted normal goat serum instead of the primary antibody.

NR1 in situ hybridization
Both mounted and floating sections were used for in situ hybridization. The details of the
procedure using mounted sections are as reported previously 18, while the details for the
floating sections in situ hybridization are described by 44. The spinal cord tissue was hybridized
in Digoxigenin-labeled antisense ribroprobes. Sense ribroprobes were used for background
controls. The same concentrations of probes were used for both mounted and floating sections.
Quantification of NR1 mRNA for the entire SCDH was estimated using the Metamorph
software program (Universal Imaging, Downingtown, PA).

Western blot analysis
Knockdown of NR1 protein was also assessed using western blot analysis. Animals were
sacrificed at least three weeks following the IPI injection of the viral vector. Non-vector treated
animals of similar weights were used for controls. Animals were first anesthetized with
isoflurane. One centimeter of the lumbar SCDH was rapidly dissected and hemisected to
produce left (contralateral) and right (ipsilateral) tissue. The tissue was immediately
homogenized in ice-cold modified RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1%
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NP-40, 1 mM EDTA) containing a protease inhibitor (Sigma, St. Louis, MO), 2 mM PMSF
and phosphatase inhibitors (2 mM Na3VO4, 2 mM NaF). Homogenates were flash frozen in
liquid nitrogen, stored briefly at -80°C until dissections were completed, then defrosted and
sonicated on ice. Following the determination of protein concentrations using the DC Assay
kit (BioRad, Hercules, CA), samples were diluted in Laemmli sample buffer and stored at -80°
C. Equal amounts (25ug) of total protein were subjected to SDS-PAGE using 10% Tris-HCl
precast gels (BioRad, Hercules, CA) and then transferred to PVDF membranes (Millipore,
Bedford, MA), which were subsequently blocked in 5% blotting grade milk (BioRad, Hercules,
CA). Blots were incubated in primary antibody generated in mouse for NR1 (1:500;
NB300-118, #BW1006; Novus Biologicals, Littleton, CO) and mouse monoclonal primary
antibody for actin (1:80,000; A5441, #055K4854; Sigma, St. Louis, MO) overnight at 4°C.
HRP-conjugated goat anti-mouse secondary antibody (1:40,000 for NR1 and 1:120,000 for
actin; 31460, #JF11303808; Pierce, Rockford, IL) was added for 1 hour at room temperature.
The blots were developed with ECL (Pierce, Rockford, IL) and exposed to film (Kodak,
Rochester, NY) for various times. Exposures yielding signal intensity in the linear range were
used for densitometric analysis with Fluorchem 9900 (Alpha Innotech, San Leandro, CA).
Ratios of the intensity of the NR1 signal to actin (loading control) were calculated, normalized
to control (contralateral side of non-vector treated animals) and averaged for animals within
each group.

Behavioral testing
Formalin test—An automated nociceptive analyzer was used to determine the effect of
vector 6 and vector MM-6 on nociceptive behavior following intraplantar formalin
administration 49; 32. Prior to formalin injection, a soft metal band was placed on the right
hind-paw of ∼350-400g adult rats (non-vector treated or animals previously injected with a
viral vector) and placed inside the testing chamber for at least 30 minutes to acclimate. Fifty
μL of formalin solution (5% formaldehyde in 0.9% saline) was injected into the plantar surface
of the right hind-paw. Rats were then returned to the testing chamber and the number of flinches
or lifts per minute was automatically recorded for a total of 60 minutes.

Mechanical Stimulus Threshold—The effect of NR1 gene knockdown on formalin
induced mechanical allodynia was studied at 1 and 24 hours post formalin. The mechanical
stimulus threshold of each hind-paw of each rat was determined before and three weeks after
viral vector administration. Individual rats were placed in testing chambers with metal mesh
floor at least 15 minutes before testing for acclimation. Using calibrated von Frey hairs, the
50% g withdrawal threshold was determined using the up-down method of Dixon3. Starting
with a von Frey filament of 5.5g, filaments were applied perpendicularly against the midplantar
surface of the hind-paw in a sequential ascending or descending order until the threshold for
each rat was determined. The threshold value is calculated from six determinations 3. The
response to 15g was accepted as the maximum stimulus threshold. The establishment of
mechanical allodynia (demonstrated as a significant decrease in paw withdrawal threshold)
was assessed in both of the hind-paws of non-vector treated and vector-injected animals at 1
and 24 hours (hrs) post-formalin.

Thermal (Heat) Paw-Withdrawal latency—Next, we investigated the effect of NR1 gene
knockdown on the establishment of thermal hyperalgesia induced by formalin. The thermal
paw withdrawal latency was determined using a thermal nociceptive stimulus 22 in adult rats
before and at least three weeks post vector injection. Animals were placed in a Plexiglas cage
on a preheated glass plate maintained at 30°C and left to acclimate for 30 minutes. A radiant
thermal stimulus was focused on the midplantar surface of the hind-paw, and the latency in
seconds for the withdrawal of the paw from the heat source was determined automatically.
Each paw was evaluated separately. A maximal cutoff of 20 seconds was employed. The
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threshold value is the average of three determinations. The development of thermal
hyperalgesia (demonstrated as a significant decrease in the withdrawal latency) was also
assessed in both hind-paws of non-vector treated and vector injected animals at 1 and 24hrs
following formalin. Separate groups of animals were used for mechanical and thermal paw
withdrawal testing.

Phosphorylated NR1 subunit following intraplantar formalin—Previous studies
demonstrate that increases in pNR1 occur as a function of inflammatory or nociceptive pain
50; 1. Therefore, we investigated the effects of intraplantar formalin on phosphorylation of the
NR1 subunit of the NMDA receptor and the effect of vector MM-6 and vector 6 on pNR1
expression in the SCDH using western blot analysis. Non-vector treated and animals previously
injected with vector MM-6 or vector 6 were sacrificed 45 minutes following intraplantar
formalin in the right hind-paw. The lumbar SCDH was dissected to obtain right (ipsilateral)
and left (contralateral) samples and treated as detailed above (Western Blot analysis). Blots
were incubated in primary antibodies generated in rabbit for phospho-NMDA1 (pNR1) at the
protein kinase C-dependent Ser896 site (1:1000; 3384, #1; Cell signaling Technology # 3384,
Danvers, MA) overnight at 4°C. HRP-conjugated goat anti-rabbit secondary antibody (1:2000;
31460, #JF1144844; Pierce, Rockford, IL) was added for 1 hour at room temperature. Actin
was used as a loading control. Ratios of the intensity of the pNR1 signal to actin (loading
control) were calculated and normalized to control (contralateral side of non-vector treated
animals).

Statistics and Graphs—A two way ANOVA with repeated measures (treatment vs time
point) was followed by the Bonoferroni post hoc analysis using the Statview 4.5 software
program (SAS Institute, Inc). A one way ANOVA (multiple groups), the t test (two groups) or
the paired t test (before and after treatment) were used with the InStat v3 (GraphPad) program.
Graphs were made with Prizm v3 (GraphPad) and imported into Adobe Illustrator v10 (Adobe)
for final editing.

Results
Viral transduction in the SCDH measured by GFP labeling

Three weeks following IPI of vector 6 or MM-6, spinal cord sections were assessed for viral
transduction and NR1 knockdown. Adjacent spinal sections from an animal injected with
vector MM-6 are shown in figures 1A –C, while sections from a vector 6 animal are shown in
figures 1D-F. GFP expression was spatially localized to the ipsilateral SCDH in animals
injected with either vector (Figure 1A and D). The rostrocaudal extent of GFP labeling was
about 4 mm with most pronounced expression in the L4 and L5 segments. GFP expression
extended to the caudal part of L3 and rostral part of L6 segments, although with much less
prominence. GFP expression was seen in both cell bodies and neuropile.

NR1 mRNA and protein expression
In adjacent sections, NR1 mRNA labeling by in situ hybridization and NR1 protein labeling
by immunohistochemistry revealed an almost complete depletion of NR1 mRNA and protein
in the ipsilateral dorsal horn of animals injected with vector 6 compared to the contralateral
side (Figure 1E and F, respectively). This knockdown of expression at both the mRNA and
protein level followed the same spatial pattern as the expression of GFP and was localized to
just the ipsilateral SCDH (Figure 1). In contrast, vector MM-6 did not affect NR1 mRNA or
protein labeling, although the expression of GFP is spatially localized to the ipsilateral SCDH
and has the same distribution as seen after vector 6 (Figure 1B and C, respectively). Although
the assessment of mRNA and protein levels and behavior were done three weeks following
vector administration, observations from the mouse study showed that siRNA delivered by the
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rAAV used here can produce gene knockdown up to at least 6 months following a single
administration 18.

Quantification of NR1 mRNA and protein expression
As mentioned previously 18, to determine the extent of knockdown of NR1 mRNA levels, we
analyzed the in situ hybridization images using Metamorph software. Measuring the integrated
gray level per unit area (integrated optical density; OD) in the whole SCDH region of the
ipsilateral side and comparing to the corresponding contralateral side, estimated the changes
in the NR1 mRNA. Four spinal cord sections approximately 600 μm apart were averaged per
animal. Figure 2A shows that in the active vector 6 animals (n=6), there was a significant
reduction in NR1 mRNA (71%; P<0.01) in the ipsilateral SCDH compared to the contralateral
SCDH. In contrast, there was no significant change in the ipsilateral/contralateral OD ratio of
non-vector control (n=3) or vector MM-6 animals (n=6). Consistent with the observation of a
knockdown of both NR1 mRNA and protein expression by immunohistochemical labeling,
western blot analysis also revealed a reduction of NR1 protein in the ipsilateral (right) SCDH
of vector 6 injected animals compared to the contralateral (left) side. The level of NR1,
expressed as a ratio to actin, was compared in a total of six groups. As shown in Figure 2B,
the contralateral SCDH of non-vector treated animals (n = 8) was normalized to 1 and served
as the control group. In a total of 8 animals, there was a significant reduction (56%) in the
amount of NR1 protein in the ipsilateral SCDH of vector 6 injected animals, compared to the
control group (P<0.01). The magnitude of knockdown of NR1 protein levels using western
blot analysis may be somewhat less than the actual knockdown for the following reasons. First,
it may include NR1 subunits found on primary afferents and other pre-synaptic terminals,
which are not affected by the rAAV virus since the virus does not transduce retrogradely 42.
Second, the viral spread covered a much shorter rostrocaudal distance than the 1 cm of SCDH
tissue used for western blot analysis. In contrast, there was no significant difference (P>0.10)
in the expression level of NR1 in the contralateral SCDH of vector 6 injected animals, nor was
there any significant change in the NR1/actin ratio for the right SCDH of non-vector treated
animals or the ipsilateral (right) and contralateral (left) SCDH of vector MM-6 injected animals
(n=8). An example of the western blot is shown in Figure 2C.

Knockdown of NR1 decreased phase 2 of the formalin response
Twenty non-vector treated adult rats received an intraplantar injection of formalin into the right
hind-paw. These rats displayed the normal biphasic formalin response, with phase 1
characterized as 0-9 minute response and phase 2 as 10-60 minute post-injection response.
Between phase 1 and 2 was an interphase of decreased activity 9; 24. Twenty-six animals were
also injected with formalin (vector 6; n=12 and vector MM-6; n =14) at least three weeks
following viral injection. Both groups of animals displayed the biphasic formalin responses
(Figure 3A). Measurement of the area under the curve (AUC; Figure 3B) showed that the phase
1 formalin response was not significantly altered in both groups of injected animals (vector 6:
112 ±18 & vector MM-6: 147 ±17) compared to non-vector treated animals (145 ± 13).
However, the phase 2 formalin response was significantly reduced in vector 6 injected animals
(455 ± 65) compared to both non-vector treated (750 ± 74; P<0.05) and vector MM-6 injected
(725 ± 57; P<0.05) animals. There was no difference in the phase 2 response of non-vector
treated and vector MM-6 groups.

Mechanical allodynia following formalin
IPI injection of vector 6 (n=10) or vector MM-6 (n=9) into the SCDH did not affect the
mechanical threshold response to von Frey filaments (P = 0.8; Figure 4A), in agreement with
previous studies suggesting that the NMDA receptor does not mediate responses to innocuous
stimuli, consistent with observations in adult mice18. One hour following injection of the
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inflammatory agent formalin into the right hind-paw, vector 6, vector MM-6 as well the non-
vector treated (n=10) animals showed a significant reduction in mechanical threshold. A two
way ANOVA with repeated measures (treatment vs time point) indicated that, for the right
paw, a main effect of treatment F2,52 = 9.454; P<0.001, a main effect of time point F2,52 =
94.946; P<0.0001 and an interaction between the two, F4,52 = 4.057; P<0.01. The post hoc
analysis (Bonoferroni) revealed that the 1 hr time points for all 3 treatments were significantly
different than the corresponding groups at either the pre-formalin or 24 hr time points
(P<0.001). At 24 hrs the vector 6 group was not different than the corresponding vector 6 pre-
formalin group but was different from the each of the groups at 1 hr and from the non-vector
treated and vector MM-6 groups at the 24 hr time point (P<0.01). The decrease in mechanical
threshold response is consistent with the development of allodynia at 1hr post formalin
administration. Therefore, the vector 6 treatment protected the animals from mechanical
allodynia at 24 hrs after formalin. Although the reduction of mechanical threshold was most
significant in the right paw of all three groups, formalin's effect was bilateral. A two way
ANOVA with repeated measures (treatment vs time point) indicated that, for the left paw a
main effect of time point only F2,52 = 14.530; P<0,001. The post hoc analysis (Bonoferroni)
revealed that the 1 hr time points for all 3 treatments were significantly different from the
corresponding groups at the pre-formalin time point only (P<0.001) (Figure 4B).

Thermal hyperalgesia following formalin
We also investigated the development of thermal hyperalgesia post-formalin in non-vector
treated, vector 6 injected and vector MM-6 injected animals. As was observed with mechanical
threshold, injection of vector 6 (n=6) or vector MM-6 (n=8) had no effect on acute thermal
responses measured three weeks following injection (Figure 5A), again suggesting that
knockdown of NR1 has no effect on baseline thermal responses. A two way ANOVA with
repeated measures (treatment vs time point) indicated a main effect of treatment only for the
right paw responses, F2,38 = 24.971; p<0.001. The post hoc analysis (Bonoferroni) revealed
that the 1 hr time points for all 3 treatments were significantly different from the corresponding
groups at the pre-formalin and 24 hr time points (p<0.05). Unlike mechanical allodynia, where
bilateral effects are observed at 1hr following formalin, there was no evidence of thermal
hyperalgesia in the left hind-paw in any of the three groups of animals. This observation
suggests that formalin, but not the siRNA, exerts a differential effect on mechanoreceptors
compared to thermoreceptors.

We assessed the peripheral inflammatory response caused by formalin by measuring paw
diameter before, 1hr and 24hrs post formalin in 8 non-vector treated control animals. There
was a significant increase in the right hind-paw 1hr post formalin (from 6.2 ± 0.1 to 7.7 ± 0.2
mm; P<0.01), although by 24hrs the paw sizes had returned to pre-formalin values (6.5 ± 0.04
mm). There was no change in the diameter of the left hind-paw at any of the post formalin
time-points compared to before formalin (6.2 ± 0.05mm).

Phospho-NR1 expression following intraplantar formalin
Forty-five minutes following intraplantar formalin, there was a significant increase in the level
of phosphorylated (p)NR1 at the PKC dependent Ser896 site in the right SCDH of control
animals (n=5) by 76% (P<0.01) compared to the left side. A significant increase was also seen
in the right SCDH of vector MM-6 animals (n=5; 64%) following formalin (P<0.05), but not
the left SCDH (10%; P> 0.05). There was no significant increase in pNR1 in either ipsilateral
or contralateral SCDH of vector 6 treated animals (n=5; P> 0.05) despite displaying biphasic
nociceptive responses following formalin (Figure 6A). An example of the western blot is shown
in Figure 6B.
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Discussion
This study investigates the utility of a vector-based approach of RNAi to knockdown the NR1
subunit of the NMDA receptor in the SCDH of adult rats. Because of the homology in the rat
and mouse NR1 gene, we used siRNA sequences previously successful in adult mice 18. The
NR1 gene was selected because firstly, it is essential for NMDA receptor functions and
secondly, the NMDA receptor plays very critical roles in injury-induced pain and plasticity,
which makes it feasible to assess behaviorally the consequences of a decrease in NMDA
receptor function. An online paradigm from Whitehead Institute of Biomedical Research, MIT
was used to design potential siRNA sequences, which were subsequently screened using the
cell-based PsiCheck assay 18. This facile approach differentiates active and inactive siRNA
sequences in vitro before proceeding to in vivo applications.

Studies examining the consequences of NR1 knockdown on NMDA receptor functions used
antisense oligonucleotide 39 and a Cre-lox P conditional knockout technique 42 in mice.
Although these techniques produced significant NR1 knockdown (30-50% and 80-90%,
respectively), there are several advantages of RNAi. Firstly, a single administration of a vector
expressing an siRNA produces prolonged, spatially localized NR1 gene knockdown in adult
rats, as previously demonstrated in adult mice 18. Quantification of the in situ hybridization
images revealed about 70% knockdown in the ipsilateral SCDH mRNA levels of vector 6
animals. This magnitude of mRNA knockdown and the pattern of GFP transduction and spread
were very similar to that observed in mice 18. Similarly, western blot analysis revealed nearly
60% knockdown in NR1 protein levels in the ipsilateral SCDH of vector 6 animals compared
to the contralateral SCDH and to vector MM-6 and non-vector treated animals. This is unlike
antisense oligonucleotide, which requires repeated administration 39 or acute siRNA
approaches which yield transient gene knockdown 43. Secondly, unlike homologous
recombination, RNAi can be easily applied to the rat to target any gene. This is especially
advantageous since the rat has been widely used in many preclinical pain studies. Traditionally,
the more direct approach to studying receptor functions has been mainly confined to the use
of pharmacological antagonists, which can be limited both by selectivity and spatial
distribution. Thirdly, although RNAi produces incomplete gene knockdown, the behavioral
consequences are often comparable to complete or conditional knockout. However, it is less
expensive and can be used to study genes that are critical during development such as the
NMDA receptor, in which case, complete NR1 knockout produces neonatal lethality 17.
Overall, RNAi is a facile approach to selectively target gene expression in adults while
eliminating problems associated with developmental aberrations, viability or pharmacological
cross-reactivity.

Potential disadvantages of RNAi include off-target effects, where non-targeted genes can be
knocked down and activation of the interferon system, which can ultimately result in cell death.
In a previous study, nuclear staining with TO-PRO3 demonstrated normal number and
morphology of nuclei when vector-injected and non-injected SCDH were compared. We did
not observe any significant local cell loss or systemic toxicity up to 6 months following the
injection of vector 6 18. In that study and the present study, no differences were observed in
the levels of NR1 protein when the ipsilateral and contralateral SCDH of mice injected with
the control vector were compared. These observations, together with the direct demonstration
of a substantial loss of NR1 mRNA indicate that the decrease in NR1 expression resulted from
an RNAi-induced cleavage of NR1 mRNA and not as a result of non-specific secondary
changes in cellular processes.

Neither vector 6 (NR1 knockdown) nor vector MM-6 affected normal thermal and mechanical
thresholds. This is because these responses are not NMDA receptor-dependent, but involve
fast AMPA receptor-mediated transmission 46. This implies and validates previous work from
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this laboratory that the rAAV vector is safe and by itself does not affect acute mechanical or
thermal responses 42; 18. Although not measured in the present study, we found that a
conditional knockout of NR1 using the same vector does not affect the expression of the NR2A
or NR2B subunits 42.

In contrast, nociceptive behavior induced by intraplantar formalin 14 was altered in vector 6
animals, indicating that knockdown of NR1 gene disrupts NMDA receptor-mediated functions.
Specifically, the phase 2 formalin response, which may be attributed to spinal cord
sensitization, a phenomenon characterized by increased excitability of spinal neurons 12; 37,
was significantly reduced. Since the NMDA receptor is implicated in mediating central
sensitization 48; 42, a disruption in NMDA receptor function will affect this nociceptive
response. Phase 1 response which results from the initial activation of nociceptive afferents
34; 37, was not affected by NR1 knockdown. Phosphorylation of NR1 at a PKC dependent
site appears to be a critical requirement for phase 2 response 28; 50. In non-vector and vector
MM-6 animals, formalin robustly increased pNR1 levels in the ipsilateral SCDH but failed to
in vector 6 animals (see Figure 6), despite evoking a reduced biphasic nociceptive response.
It is understandable why PKC dependent phosphorylation of NR1 is vital to phase 2 response
i.e. central sensitization, since PKC activity increases the trafficking of NR1 subunits to the
synapse 29; 38 and reduces the Mg2+ block 8, rendering the NMDA receptor more accessible
and responsive. The NMDA receptor involvement in formalin-induced responses was
previously shown using antagonists 20; 10; 4; 15; 40, antisense 30; 39, the conditional knockout
42 and siRNAs targeting the NR2B subunit 43. It is evident that RNAi-mediated knockdown
of NR1 does not completely block phase 2 formalin response, a finding similar to that observed
with antisense 39 and conditional knockout 42. While the magnitude of knockdown may
somewhat parallel the reduction in phase 2 response, it is more likely that other systems such
as the non-NMDA glutamatergic receptors 6 and pro-nociceptive neuropeptides 5; 23 make
significant contributions to this nociceptive response. In contrast to the phase 2 formalin
response, mechanical allodynia occurring at 24hrs following intraplantar formalin is
completely blocked in vector 6 animals, suggesting that the maintenance of mechanical
allodynia is entirely NMDA-receptor dependent and as previously reported, centrally mediated
41; 47; 45. The involvement of the NMDA receptor in the establishment of inflammation-
induced mechanical allodynia is also observed with other inflammatory pain models. For
example, CFA-induced mechanical allodynia is maintained beyond 24hrs, but is prevented
with NR1 receptor knockdown 18 or antagonism 13; 21. An apparent discrepancy is the fact
that protection is seen only at 24hrs and not 1hr post-formalin. Furthermore, at 1hr post-
formalin, a lesser degree of mechanical allodynia is observed contralaterally. Several
possibilities may account for these observations. First, this immediate response results
primarily from peripheral, but not central, sensitization. At 1hr post-formalin, the injected paws
are still significantly swollen indicative of peripheral sensitization. Blocking peripheral
sensitization with topical lidocaine prevented CFA-induced phosphorylation of both NR1 and
GluR1 subunits in adult rats 19, suggesting that peripheral sensitization may initiate
nociceptive behaviors such as mechanical allodynia. Conversely, phosphorylated NMDA
receptors may be required to maintain mechanical allodynia at 24hrs when the inflammation
has subsided. Second, cytokines released from non-neuronal cells may be responsible for the
mechanical allodynia occurring at 1hr post-formalin and moreover may account for the bilateral
effects seen in all three groups of animals. In previous reports, bilateral mechanical allodynia
induced by peri-sciatic administration of a pro-inflammatory cytokine or zymosan 2; 35 was
blocked by pretreatment with fluorocitrate, a glial metabolic inhibitor or CNI-1493, a global
inhibitor of pro-inflammatory cytokines. In both cases, the unilateral peripheral injury led to
bilateral activation of glia and release of cytokines within the SCDH. In a similar manner,
formalin may activate SCDH glia to release cytokines thus mediating the short-lasting bilateral
mechanical allodynia in all three groups of animals. A greater release of cytokines ipsilaterally
may account for the more pronounced mechanical allodynia in the injected hind-paw.
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Formalin-induced thermal hyperalgesia observed only at 1hr in all three groups of animals was
unaffected by NR1 knockdown. It is unlikely that the siRNA had a differential effect on
thermoreceptors or mechanoreceptors. Instead, formalin may be less potent than other
inflammatory agents such as CFA 21 or bee-venom 7, which reliably induces maintained
thermal hyperalgesia in adult rats.

In this study, we show that a single administration of vector-based siRNAs can effectively
target gene expression in the adult rat, as was previously demonstrated in adult mice. The active
vector 6 was equally effective in attenuating CFA evoked mechanical allodynia in mice
(Garraway et al, 2007) as well as both the spontaneous phase 2 behaviors and the 24 hr evoked
allodynia after formalin in rats. Thus both spontaneous and evoked inflammatory pain, require
a functional NMDA receptor.

The potential of viral-based gene targeting is enormous and provides an essential alternative
to study injury-induced pain and other behaviors in mammalian systems where conventional
approaches such as constitutive gene deletion or pharmacology are not feasible. This pre-
clinical study demonstrates the use of RNAi to target the expression of genes mediating pain
and the therapeutic potential of this approach.
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Figure 1.
Active siRNA (vector 6) results in NR1 knockdown. Three weeks following intraparenchymal
injection of an rAAV vector expressing an active siRNA (vector 6), there is a spatially localized
expression of GFP (D) and knockdown of both NR1 mRNA (E) and protein expression (F) in
the spinal cord dorsal horn (SCDH) of adult rats. In contrast, injection of vector MM-6 produces
spatially localized GFP expression (A), but no knockdown of NR1 mRNA (B) or protein (C)
in the rat SCDH. Arrows indicate the ipsilateral (injected) side; scale bar is 500 μm.
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Figure 2.
Active siRNA vector 6 reduces NR1 mRNA and protein expression. (A) Vector 6 significantly
(**P<0.01) reduces the integrated optical density (OD) value of NR1 mRNA (by in situ
hybridization) in the ipsilateral spinal cord dorsal horn (SCDH) compared to the contralateral
side (expressed as a ratio) (n=6). In contrast, in both non-vector control and vector MM-6
animals, there is no significant reduction in the ratio of ipsilateral/contralateral OD, signifying
no reduction in NR1 mRNA levels in the ipsilateral SCDH of these two groups. B) Western
blot analysis measuring the NR1/actin ratio shows that injection of vector 6 results in a
significant reduction (**P<0.01) in NR1 protein in the SCDH of adult rats (n=8) compared to
controls (left SCDH of non-vector treated animals; n =8). The level of NR1 protein was also
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significantly different compared to the contralateral side of vector 6 injected animals. In
contrast, there were no significant differences in the expression level of NR1 protein in left or
right side of MM-6 injected animals (n = 8) compared to the control group. C) An example of
the western blot is shown for NR1 and actin expression in left and right SCDH for a non-vector
treated animal, a vector MM-6 injected and a vector 6 injected animal.
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Figure 3.
NR1 knockdown reduces phase 2 formalin response. Intraplantar administration of formalin
induces a biphasic formalin response (phase 1; 0-9 minutes and phase 2; 10-60 minutes) in all
three groups of animals (non-vector treated; n = 20, vector MM-6; n = 14 and vector 6 injected;
n = 12). However, in the active siRNA group (vector 6) the phase 2 response is reduced
compared to the other two groups. B) Quantitative measurement of the formalin response (area
under the curve; AUC) reveals that the phase 2 formalin response is significantly reduced in
the vector 6 injected animals compared to the MM-6 injected (*P<0.05) and non-vector treated
animals (*P<0.05). There was no difference in the MM-6 group compared to the non-vector
treated animals nor was there any difference in the phase 1 formalin response in any of the
three groups.
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Figure 4.
Spatial knockdown of NR1 in the spinal cord dorsal horn (SCDH) provides protection from
the establishment of mechanical allodynia 24hrs post formalin. A) Three weeks after the
intraparenchymal injection of vector 6 (n =10) or MM-6 (n =9) into the right SCDH, the
baseline mechanical responses to von Frey filaments are not altered. B) One hour post
intraplantar injection of formalin into the right hind-paw, all three treatments were significantly
different than the corresponding groups at either the preformalin or 24 hr time points
(***P<0.001). At 24 hrs the vector 6 group was not different than the corresponding vector 6
pre-formalin group but was different from the both the non-vector treated and vector MM-6
groups at the 1 hr time point (**P<0.01). In all three groups of animals, the effect of formalin
was bilateral causing a significant lowering of mechanical response in the left hind-paw at 1hr
post formalin (*P<0.05) compared to the pre-formalin threshold.
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Figure 5.
Spatial knockdown of NR1 does not affect the thermal withdrawal latency in adult rats. A)
Intraparenchymal injection of vector MM-6 (n =8) or vector 6 (n = 6) does not affect baseline
thermal withdrawal latencies measured three or four weeks following vector administration.
B) However, one hour post intraplantar formalin, for the right paw, all 3 treatments were
significantly different from the corresponding groups at the preformalin and 24 hr time points
(*P<0.05).
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Figure 6.
Formalin induces NR1 phosphorylation. A) Forty-five minutes following intraplantar formalin
in the right hind-paw, there is a significant increase in pNR1 levels in the ipsilateral spinal cord
dorsal horn (SCDH) of non-vector treated (n=5; 76%, **P<0.01) and vector MM-6 (n=5; 64%,
*P<0.05) animals compared to the contralateral sides. pNR1 levels are not increased in the
either sides of the SCDH of vector 6 treated animals (n=5). B) An example of the western blot
is shown for pNR1 and actin expression in left and right SCDH for a non-vector treated animal,
a vector MM-6 injected and a vector 6 injected animal.
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