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In Vivo application of RNAI to study pain
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ABSTRACT

Chronic pain is associated with several disease conditions. The inadequacy of current analgesics to treat chronic pain is the result of a
lack of understanding of the mechanisms that mediate pain. RNA interference has emerged in recent years as a new way to evaluate the
roles of molecules involved in the pain response. Selective knockout of proteins has proven to be a powerful technique for target
validation, but has been limited as a potential therapeutic due to short-lived responses induced by RNAI. The short responses of RNAI
illustrate the need for better delivery techniques, which is being addressed by current work to induce RNAI through the cell's natural
mechanisms. In order to gain a better understanding of chronic pain, it will be necessary to evaluate the pain molecules that are
expressed as part of an injury induced pain response, which can be modeled by contusion spinal cord injury. RNAi will prove to be an
important technique in this work. The present minireview will summarize the work that has been done using RNAi in vivo to study pain
and discuss future directions for the use of RNAi to study chronic pain.
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Introduction

The development of chronic pain is a
common sequelae associated with several
diseases. The high prevalence of patients
suffering from chronic pain highlights the
need for effective analgesics therapies.
Currently, the two most effective
analgesic treatments available are non-
steroidal anti-inflammatory drugs
(NSAIDS) and opioids, both of which have
serious side effects and often relieve pain
only transiently. Pain research has
identified several molecules important in
mediating nociception that cannot be
targeted by conventional analgesics.
Recent advances in molecular biology
have enabled the selective knockdown or
suppression of these target gene products
in animal models. One of the most
promising molecular techniques to
emerge in pain research is RNA
interference (RNAI).

RNA interference is a mechanism through
which double stranded RNA (dsRNA) is
processed by the cell and used to interrupt
formation of gene products by degrading
mRNA or suppressing its translation.' RNAI
is a naturally occurring process in plants
and invertebrates, where it was originally
discovered and referred to as co-
suppression and quelling respectively”’.
The term RNA interference was coined by
Fire and Mello when they described this
process in Caenorha habditis elegans.

RNAi may be mediated by small interfering
RNA (siRNA), which leads to selective
mRNA degradation or by microRNA
(miRNA), which suppresses mRNA
translation.” RNAi can be induced in
mammals by dsRNA (>30 bp), expression
vectors leading to transcription of short
hairpin RNA (shRNA), or by administration
of siRNA directly.® The present review will
discuss different methods to induce RNAI
in vivo for application in pain research.

Mechanism of RNAI

RNAI degrades mRNA through a complex
of proteins known as the RNA-Induced
Silencing Complex (RISC). The first step in
forming the RISC is the production of
siRNA through the activity of the type llI
ribonuclease Dicer.” Dicer cleaves its
substrate to form double stranded siRNA
that is 21-23 nucleotides long with 3'
overhangs of 2-3 nucleotides on each
strand. Dicer substrates include dsRNA,
shRNA, or synthetic Dicer substrate siRNA
(DsiRNA). Dicer cleavage can be
circumvented by direct application of
synthetic siRNA that is already 21 bases
long (Figure 1). Following cleavage, Dicer
and 2171-nucleotide siRNA come into
contact with another enzyme, Argonaute
2 (Ago2), which along with HIV-
Transactivating Response RNA-Binding
Protein (TRBP) form the RISC-Loading
Complex (RLC). Ago2 cleaves the siRNA
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Fig. 1. Dicer substrates that induce RNAI.
1. 21-nucleotide siRNA can be delivered
directly to spinal cord in transfection agents
including cationic lipid, polyethyleneimine,
and nanoparticles. 2. Double stranded RNA
(usually >30 bp) can be cleaved by Dicer to
induce RNAi. 3. Dicer substrate siRNA
(DsiRNA) is a 27-nucletide sequence that can
induce RNAI. 4. Short hairpin RNA (shRNA)
can be delivered to cells using herpes simplex
virus or lentivirus. Once transcribed, shRNA is
transported out of the nucleus and can
become a Dicer substrate.

passenger strand and release it from the
RLC.**'* When only the guide strand of
siRNA remains, the RISC is formed. The
RISC binds mRNA that is complementary
to the siRNA guide strand and directs
MRNA breakdown.

Direct siRNA delivery

One of the biggest challenges in using
RNAI in pain research is delivery of siRNA
to the CNS in sufficient concentrations.
This obstacle exists because siRNA by itself
does not cross the blood brain barrier
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(BBB) and is degraded in the blood by
endonucleases. Intravenous or oral
administration is, therefore, inadequate
to achieve desired protein knockdown."*
The use of transfection agents and
intrathecal delivery has enhanced siRNA
uptake by target tissues in recent studies.

One of the earliest pain studies using
siRNA in vivo was targeted against the
P2X, receptor, an ATP-gated cation
channel which signals nociception."
Naked P2X, siRNA was delivered
intrathecally to L1 at a concentration of
400 g/day continuously for up to 7 days.
P2X, siRNA administration resulted in
lower agonist-induced mechanical
hyperaglesia and tactile allodynia than
vehicle and mismatch siRNA treated
controls. siRNA treated animals with
neuoropathic pain (partial sciatic ligation
model) also showed lower tactile
allodynia and mechanical hyperalgesia
than neuropathic control animals. These
behavioral effects were due to
knockdown of the P2X; receptor, which
was quantified as a 40% reduction in P2X,
mRNA in dorsal root ganglia (DRG) of non-
neuropathic siRNA treated animals. In
addition, P2X, siRNA was shown to be
more potent than P2X,
oligonucleotides (ASO). Antisense
oligonucleotides are synthetic single
strand stretches of oligonucleotides that
bind to complementary mRNA and
prevent translation.” The authors had
previously established that P2X3 ASO
were effective in reducing P2X, mRNA
levels and lowering mechanical
hyperalgesia but found in the current
study that an equivalent dose of siRNA
gave a stronger effect .”

antisense

In a subsequent study, siRNA was used to
target the delta opioid receptor (DOR),
which mediates antinocicpetion.” DOR
siRNA was delivered once daily for three
consecutive days to the lumbar region of
the spinal cord through an implanted
intrathecal catheter. siRNA was delivered
using a cationic lipid transfection agent (i-
Fect™, Neuromics), which enabled the use
of a much lower effective dose of siRNA
than used for naked siRNA delivery in the
previous study. 2g of DOR siRNA delivered
in 10 | of i-Fect™transfection agent proved
to be effective in reducing DOR mRNA
levels in the lumbar spinal cord (62%

reduction) and DRG (38% reduction). In
addition, agonist-induced anti-
nociception was reduced 24 hours
following the last dose of siRNA compared
to vehicle and mismatch controls.
However, 72 hours following the last
siRNA dose, there was no significant
difference in antinocicpetion between
groups illustrating the temporary effect of
RNAi using this delivery method.

The i-Fect™ transfection reagent was also
used in recent studies to evaluate the role
of ion channels in mediating neuropathic
pain. siRNA directed against Na,1.8, a Na
channel subtype that is insensitive to
tetrodotoxin was able to effectively
reduce Na,1.8 mRNA by 31 % in L4 and L5
DRG cells.” 100 | (concentration of. 2g
siRNA/ 1 1 of i-Fect™) of siRNA solution was
delivered once daily for four consecutive
days through an implanted epidural
catheter at L4 to target lumbar DRG cells.
By the third day of siRNA treatment,
animals that had previously undergone
chronic constriction injury had
significantly lower pain responses than
vehicle treated animals with the same
injury. This was measured as an increased
paw withdrawal time in a mechanical
allodynia assay, which peaked 24 hours
following the last bolus of siRNA.

In another ion channel study, siRNA was
directed against Ca,1.2, a voltage-gated
calcium channel upregulated after spinal
nerve ligation. siRNA directed against this
channel was effective in reducing
mechanical allodynia 24 hours following
the last dose of siRNA. Cav1.2 siRNA was
delivered intrathecally daily for 4 days just
above the lumbar region of the spinal cord
through an implanted catheter at a dose
of 2 g siRNA per 10| of i-Fect™."

In addition to the cationic lipid i-Fect™,
other transfection reagents have been
combined with siRNA to achieve effective
target knockdown using low doses of
siRNA. Tan and colleagues utilized the
cationic polymer polyethyleneimine (PEI)
to deliver siRNA directed against the
NMDA receptor subunit NR2B.” NMDA
receptor activation in the spinal cord
produces hyperalgesia, suggesting a role
for the receptor in pain signaling.” The
NR2B subunit was chosen for target
knockdown because of its previously
established localization in the dorsal horn

of the spinal cord).” NR2B siRNA was
delivered intathecally to the lumbar
region through an implanted catheterin a
ratio of. 18 | of PEl per 1 g of siRNA.
Maximal reduction of NR2B was achieved
three days following siRNA delivery with
84% inhibition of NR2B mRNA for a 5 g
siRNA dose. NR2B mRNA levels remained
significantly lower in siRNA treated
animals than controls 14 days following
siRNA delivery but were indistinguishable
from controls by 21 days post-delivery. To
assess pain, animals were given 1%
formalin injections, a model for
spontaneous pain. siRNA treated animals
showed lower pain responses than
controls 7 and 14 days following siRNA
delivery using the formalin assay. Pain
responses were not significantly different
3 days following treatments. These results
indicate that the RNA-polymer complex
used in this study had a longer latency for
target mRNA reduction than the cationic
lipid transfection agent i-Fect™ did for the
DOR (3 days vs 1 day). Effects also appear
to be longer lasting with this method as a
lower formalin-induced pain response
was seen 14 days following treatment,
whereas the antinociception response
mediated by the DOR was
indistinguishable between the siRNA
treated group and controls 3 days
following delivery.

Another effective method for intrathecal
delivery of siRNA is the use of
nanoparticles. To assess the function of
different muscarinic acetylcholine
receptors (mMAChRs) nanoparticles were
prepared from the linear polysaccharide
chitosin and complexed with siRNA
(nanoparticle preparation described
previously.” Three of the five different
subtypes of mMAChRs were targeted in the
study because of their location in the
dorsal horn established by prior work.”
Chitosan-siRNA nanoparticles were
prepared with siRNA sequences directed
against M2, M3, and M4 mAChR subtypes
at a concentration of 1 g siRNA per 1| of
chitosan solution. Intrathecal injection of
chitosan-siRNA nanoparticles to the
lumbar region was done once daily for 3
consecutive days through an implanted
catheter at a dose 5 g of siRNA.” 3 days
following the final injection, mRNA was
reduced in the lumbar DRG and spinal
cord for M2, M3 and, M4 subtypes (~50-
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60%). This demonstrates the effectiveness
of chitosan nanoparticles for siRNA
delivery in vivo. Thermal paw withdrawal
latencies were measured following
administration of the agonist muscarine
to assess the antinociception responses of
the receptors. Agonist-induced
antinocipetion was diminished 3 days
following the last siRNA injection for M2
and M4 subtypes suggesting that these
subtypes are important for the muscarine
analgesicresponse.

Dicer substrate siRNA

In all of the previous studies described,
RNAi was induced by delivery of siRNA
directly to the spinal cord. Substrate
cleavage by the Dicer endonuclease was
not necessary to induce RNAi because
21-nucleotide siRNA was already prepared
and delivered in isolation or in a
transfection agent. Recent work has
shown that delivery of a 27-nucleotide
sequence of siRNA may be a more potent
mechanism to induce RNAi in vivo. In this
study, a 27-nucleotide sequence of siRNA
that could act as a substrate for Dicer was
prepared to target the neurotensin
receptor-2 (NTS2).” NTS2 is a G protein-
coupled receptor expressed in the spinal
cord that results in analgesia when
stimulated.** NTS2 DsiRNA was injected
twice (24 hours between injections)
intrathecally between L5-L6 vertebrae at a
dose of 1 g of DsiRNA delivered in 10 | of
saline and i-Fect™ transfection agent. 24
hours after the last injection, DsiRNA
treated animals showed reduction in NTS2
MRNA in the lumbar DRG (82%) and
lumbar spinal cord (62%). Reduction in
NTS2 mRNA was accompanied with
expected behavioral responses using a tail
flick test. Vehicle treated animals as
expected showed an increase in tail flick
response latencies when treated with
the NTS2 agonist JMV-431. This
aninociceptive effect was lost in DsiRNA
treated animals 24 hours after the last
injection. This persisted up to 4 days after
the last dose of DsiRNA was delivered.
Although the effects of the present
delivery method were not sustained as
long as the PEl delivery technique
(14 days), using DsiRNA in the cationic
lipid i-Fect™ gave longer lasting effects
than siRNA delivered in i-Fect™ (4 days vs
less than 3 days).

In addition to the use of intrathecal
catheters to deliver siRNA to the spinal
cord, siRNA has been successfully
delivered through injection by a
transcutaneous approach. Miletic and
colleagues delivered siRNA directed
against Homer1 proteins, which are a class
of post-synaptic density proteins thought
to be important in the development of the
pain response.” 10 | of 1 M Homer1 siRNA
was injected into the spinal cord between
vertebral levels L5 and L6 using a 25G
needle. The needle was inserted using a
transcutaneous approach described in
previous work.?””?* Pretreatement of
Homer1 siRNA was effective in altering
Homer1 protein expression following
chronic constriction injury (CCl) of the
sciatic nerve. Both upregulation of the
Homer1a protein and downregulation of
Homer1b/c protein subclasses, which
normally follow CCl were inhibited by
Homer1 siRNA pretreatment. In addition
to altering Homer1 protein expression,
Homer1 siRNA treatment also attenuated
thermal hyperalgesia following CCI
providing behavioral evidence for the
importance of Homer1 proteins in
mediating the pain response. These
results confirm that the transcutaneous
approach is another effective technique
for siRNA delivery in vivo. The transc-
utaneous approach for siRNA delivery was
further validated by this group in a more
recent study in which they were able to
knock down Shank1 protein levels
(another PSD protein involved in
developing the pain response).”

Short hairpin RNA

Another molecule known to induce RNAI
is short hairpin RNA (shRNA). ShRNA is
double stranded RNA that contains a loop
of base pairs and is longer than 21-
nucelotide siRNA. ShRNA is transcribed in
the nucleus of the cell and subsequently
transported to the cytoplasm where it can
serve as a substrate for Dicer, which
cleaves out the hairpin loop and forms
siRNA that is 21-23 nucleotides long.’ One
drawback of using synthetic 21-
nucleotide siRNA to induce RNAI is that
the effects are short-lived. Providing
substrates for Dicer acts upstream of
direct siRNA delivery and is closer to the
cell's natural RNAi mechanism. New
efforts to induce RNAI in vivo have focused

on mimicking more of a natural response
in order to get a more potent effect as was
seen using DsiRNA.*

Two studies to date have used shRNA in
vivo to target pain molecules. The first
used a replication-defective Herpes
Simplex Virus (HSV-1) vector to deliver
shRNA.”' ShRNA sequences were designed
to target the transient receptor potential
vanilloid 1 (TRPV1) gene, known to play an
important role in nociceptive signaling.™
Up to 7 | of HSV-1 vector was injected into
the sciatic nerve using different promoter
systems to express TRPV1 shRNA. The
vector was successfully transfected into
lumbar DRG through retrograde
transport. One promoter system (HSV-
U6shTrpv1) effectively reduced TRPV1
mMRNA in L4 DRG by 53.6% as measured by
RT-PCR. Interestingly, the investigators
were also able to achieve TRPV1 protein
knockdown (59%) using a miRNA
promoter system (HSV-GFP-miR-TRPV1),
anoriginal result.

Transfection of shRNA was also achieved
using a lentivirus vector in a later study.
Lentivirus constructs were designed to
express shRNA directed against the
DREAM gene, which codes for a
multifunctional protein that has been
implicated in pain signaling. Intrathecal
administration of the lentivirus vector was
successful in reducing DREAM mRNA in
the lumbar spinal cord.” This study
provides another method for transfecting
shRNA to target pain molecules in vivo.

Conclusion

RNAi has proven to be a powerful
technique for target validation in recent
years. In the context of pain research, it
has provided a way to evaluate the roles of
several molecules that are involved in the
pain response that cannot be targeted by
conventional treatments. The biggest
obstacle in using RNAI technology in vivo
has been delivery to the CNS. Delivery has
been improved through the use of
transfection agents such as the cationic
lipid i-Fect™, polyethyleneimine, and
chitosan-nanoparticles. These agents have
enabled the delivery of siRNA directly to
the spinal cord through intrathecal
injection but the effects of direct delivery
have been relatively short-lived. Because
of this, recent work has focused on
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induction of RNAi through the use of Dicer
substrates such as DsiRNA and shRNA in
order to achieve longer lasting effects.
This work is still in its infancy however.

Behavioral responses assessed using RNAI
have been largely agonist-induced
responses or sciatic ligation model
responses. There has been little done to
assess how RNAi might affect pain
molecules that are differentially expressed
following spinal cord injury (SCI). In order
to better understand how chronic
neuropathic pain is mediated it will be
necessary to target pain molecules with
RNAi that are induced following SCl.
Neuropathic pain induced by contusion
spinal cord injury (cSCI) may provide a
good model system for evaluating this
issue. Several studies have shown
differential expression of proteins
following ¢SCl, which may be good
targets for RNAi.***** The best technique
to induce RNAI in a spinal cord injury
model remains to be determined.
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