
original article© The American Society of Gene & Cell Therapy

Molecular Therapy  vol. 21 no. 1, 49–56 jan. 2013� 49

Neuropathic pain is a chronic condition that is often 
refractory to treatment with available therapies and thus 
an unmet medical need. We have previously shown that 
the voltage-gated sodium channel Nav1.3 is upregulated 
in peripheral and central nervous system (CNS) of rats 
following nerve injury, and that it contributes to nocicep-
tive neuron hyperexcitability in neuropathic conditions. 
To evaluate the therapeutic potential of peripheral Nav1.3 
knockdown at a specific segmental level, we constructed 
adeno-associated viral (AAV) vector expressing small hair-
pin RNA against rat Nav1.3 and injected it into lumbar 
dorsal root ganglion (DRG) of rats with spared nerve 
injury (SNI). Our data show that direct DRG injection 
provides a model that can be used for proof-of-principle 
studies in chronic pain with respect to peripheral delivery 
route of gene transfer constructs, high transduction effi-
ciency, flexibility in terms of segmental localization, and 
limited behavioral effects of the surgical procedure. We 
show that knockdown of Nav1.3 in lumbar 4 (L4) DRG 
results in an attenuation of nerve injury-induced mechan-
ical allodynia in the SNI model. Taken together, our stud-
ies support the contribution of peripheral Nav1.3 to pain 
in adult rats with neuropathic pain, validate Nav1.3 as a 
target, and provide validation for this approach of AAV-
mediated peripheral gene therapy.
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Introduction
Neuropathic pain—pain initiated or caused by a lesion or disease 
of the somatosensory nervous system1—is a chronic condition 
that is often refractory to treatment with currently available thera-
pies and thus remains a major unmet medical need.2 Neuropathic 
pain, including pain associated with diabetic neuropathy, post her-
petic neuralgia (herpes zoster), and traumatic injuries, affects up 
to 17.9% of the general population3 (Institute of Medicine report, 
Relieving Pain in America, 2011). The lack of clear understanding 
of the molecular bases and mechanisms of neuropathic pain has 

hampered the development of new approaches and therapeutics 
for effective and safe treatment of chronic pain.4

Under normal conditions, nociceptive pain is adaptive, pro-
portional to the stimulus strength and ceases after the latter is 
withdrawn.5 However, under pathological conditions, for example 
following peripheral nerve injury, pain can be triggered by innocu-
ous stimuli (allodynia), noxious stimuli are amplified (hyperalgesia), 
and in many cases pain is spontaneous.5,6 These hallmarks of chronic 
pain can persist long after the initial injury, spread to neighboring 
uninjured areas (secondary hyperalgesia), and can have a substan-
tial impact on the patient’s quality of life, and retarding recovery and 
rehabilitation after injury.

A common motif of various neuropathic pain conditions is 
hyperexcitability and spontaneous firing by pain-signaling primary 
sensory neurons, whose cell bodies are located in dorsal root gan-
glia (DRG), even in the absence of a painful sensory stimulus. It is 
now well established that voltage-gated sodium channels are essen-
tial for this ectopic activity and are thus potential targets for pain 
therapy.7 Clinical use of existing sodium channel blockers, while 
showing some efficacy, is hampered by their nonselectivity, causing 
off-target cardiac and central nervous system (CNS) side-effects.8 
Studies from our laboratory and others have shed light on the con-
tribution of various sodium channels (Nav1.3, Nav1.7, Nav1.8, and 
Nav1.9) to DRG neuron hyperexcitability using in vitro neuronal 
cultures and in vivo animal models of pain, and in heritable human 
pain disorders.7,9 In particular, Nav1.3 is upregulated in DRG and 
dorsal spinal cord and thalamic neurons of adult rats with periph-
eral nervous system or CNS injuries,10–13 and accumulates at the 
axonal tips within peripheral human and animal neuromas which 
form after axotomy.14,15 The biophysical properties of Nav1.3 make 
it well-suited to support high firing frequencies16,17 and it is thus a 
potential target for development of novel pain therapies.

In the absence of isoform-selective, effective and safe small 
molecule sodium channel blockers for treatment of chronic pain, 
gene therapy in the nervous system offers several potential advan-
tages: (i) increased specificity (targeting one specific sodium chan-
nel isoform), (ii) reduced side-effects, (iii) prolonged therapeutic 
effect.18 Recent studies have shown significant success using nonvir-
ulent adeno-associated virus (AAV), with high affinity for sensory 
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neurons to deliver genes (gain of function) and RNA interference 
molecules (short hairpin RNA (shRNA) for gene knockdown) in 
rodents.19–22 In this study, we assessed the therapeutic potential of 
Nav1.3 knockdown via highly specific second-generation gene-
silencing shRNAmir23 technology, directly delivered to the DRG 
via an AAV vector, to assess the therapeutic potential of Nav1.3 
knockdown in a rat model of neuropathic pain.

Results
Design, selection, and validation of siRNA sequences 
against Nav1.3
Small interfering RNA (siRNA) mediates gene-specific silencing 
primarily via recognizing and inducing the degradation of mRNA 
of targeted genes, thus significantly reducing the gene product. 
siRNA molecules targeting different sites in a transcript can man-
ifest different potencies, and only a fraction of them are highly 
effective and can be successfully used in vivo. Sequence selection 
in the design of the siRNA based on stringent criteria is there-
fore crucial (reviewed in ref. 24). To this end, we used a recently 
developed computational algorithm (http://jura.wi.mit.edu/bioc/
siRNA) to narrow down a working list of siRNA sequences for 
Nav1.3.24 This bioinformatic analysis of Nav1.3 produced a short 
list of ten Nav1.3-specific and potentially effective molecules, as 
well as a scrambled control sequence, that were advanced for 
experimental validation.

The selected RNA interference molecules were cloned into 
expression vectors as shRNA driven by hU6 promoter. The vector 
also coexpressed a CMV promoter-driven enhanced green fluores-
cent protein (GFP) to mark infected neurons. shRNA sequences 

were tested individually for knockdown efficiency in cultured 
HEK293 cells that stably express rat Nav1.3 (HEK-Nav1.3).25 
Among the ten shRNA sequences, two molecules, shRNA-B and 
shRNA-C (Figure  1a), showed significant decrease in Nav1.3 
mRNA levels as measured by quantitative reverse transcription-
PCR (data not shown) when transfected into HEK-Nav1.3 cells. 
The remaining sequences, e.g., shRNA-A (Figure 1a), did not sig-
nificantly affect Nav1.3 expression. Nav1.3 protein levels were then 
examined by western blots and normalized to β-actin. Figure 1b 
and c shows that shRNA treatment significantly reduced Nav1.3 
protein levels by 53 and 76% when cells were transfected with 
shRNA-B and shRNA-C, respectively, but not when transfected by 
shRNA-A. Importantly, Nav1.3 protein level was not significantly 
altered by transfection of the HEK-Nav1.3 cell line with control 
scrambled sequence (shRNA-Sc), indicating that the observed 
decrease in Nav1.3 mRNA and protein levels was specific to the 
selected shRNA sequences (Figure 1b, c).

Selected siRNA sequences significantly reduce Nav1.3 
current in cultured cells
To examine whether knockdown of Nav1.3 transcripts reduces 
functional Nav1.3 channels in plasma membrane, whole-cell volt-
age-clamp recording was performed to measure Nav1.3 currents in 
HEK-Nav1.3 cells transiently transfected with plasmids producing 
shRNA-A, shRNA-B, shRNA-C, or shRNA-Sc. Figure  2a shows 
the representative sodium currents recorded from HEK-Nav1.3 
cells. HEK-Nav1.3 cells transfected with shRNA-Sc produced 
large sodium currents (749 ± 212 pA/pF, n = 8). Consistent with 
the western blot results (Figure 1b, c), shRNA-B and shRNA-C 
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shRNA-Sc: 5′-TGGTTTACATGTCGACTAA-3′

shRNA target sequences against Nav1.3 used in this study:

shRNA-A: 5′-CATTGACGATGAGAACAAA-3′
shRNA-B: 5′-GGAAGACAGTGTCAAACGA-3′
shRNA-C: 5′-GAGCAACGAAAGACGATCA-3′

Figure 1  shRNA-B and shRNA-C knockdown Nav1.3 protein levels in HEK-Nav1.3 cells. (a) List of the short hairpin RNA (shRNA) target sequences 
used in this study against Nav1.3. (b) Western blot analysis using pan-sodium channel antibody on HEK-Nav1.3 cells lysates treated as indicated. 
β-Actin antibody was used to normalize the signal. (c) Graph depicting the quantification of the Nav1.3 protein in the different treatments. Note 
that shRNA-B and shRNA-C, but not shRNA-A or shRNA-Sc (scrambled control), significantly reduce Nav1.3 protein (P < 0.05). Data are presented 
as means ± SEM.
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reduced sodium currents by several fold (shRNA-B: 147 ± 66 pA/
pF, n = 10, P < 0.01 versus shRNA-Sc; shRNA-C: 68 ± 16 pA/pF, 
n = 11, P < 0.01 versus shRNA-Sc), while shRNA-A had no effect 
on current density (819 ± 131, n = 10, P > 0.05 versus shRNA-Sc) 
(Figure 2b). Together, these results show that shRNA-B and shR-
NA-C effectively knockdown Nav1.3 mRNA, protein, and currents 
in HEK-Nav1.3 cells.

Efficient AAV-mediated gene delivery to L4 DRG 
neurons
With effective and experimentally validated shRNA molecules 
against Nav1.3 in hand, the next step was to test the efficacy of 
these sequences in vivo and assess the therapeutic potential 
of Nav1.3 knockdown in the DRG of rats with chronic pain. To 
achieve a persistent expression of shRNA after a single injection, 
we chose to use AAV vector as a delivery vehicle. Recently, AAV2 
serotype 5 was shown to efficiently and persistently infect DRG.21 
For increased transduction efficiency and tissue specificity, AAV 
was injected directly into DRG of adult rats. This delivery method 
has been recently adapted to viral vectors.21,26 Here, we extended 
the applicability of DRG injection to test the therapeutic potential 
of shRNAmir-Nav1.3 in a chronic pain model.

Direct AAV injection into rodent DRG results  
in robust infection rate
To confirm transduction efficiency following DRG injection in 
adult rats, we first used a control AAV2/5 virus-expressing GFP. 
Since pain threshold testing is conducted on the plantar area of 
the rat hindpaw, we injected the lumbar 4 (L4) DRG which inner-
vates this area of the foot. For each operated animal, one L4 DRG 
was injected. Based on results from previous time-course studies 
of GFP expression after DRG injection of AAV2/5,21–22,26 we col-
lected DRGs for GFP imaging at 3 weeks after injection. AAV2/5 
significantly transduced the injected (ipsilateral) DRG (Figure 3), 
but not the contralateral DRG (data not shown). Furthermore, we 
used NeuN/GFP double staining to determine the percentage of 
GFP+ neuronal profiles. On average, direct L4 DRG injection in 
adult rats resulted in infection of 45 ± 2% of total neuronal profiles 
within sections showing the entire ganglion.

Direct DRG injection produces transient peripheral 
sensitization
To determine the effect of shRNA-mediated knockdown of Nav1.3 
on pain thresholds after peripheral nerve injury, it was critical to 
first assess the pain behavioral consequences of DRG injections per 
se. We therefore tested the mechanical pain thresholds and ther-
mal latencies of rats injected with the AAV2/5-GFP (vector) over a 
time course of 25 days after injection. Five and ten days after DRG 
injection, rats exhibited a transient sensitization, with mechanical 
thresholds falling to 32 and 23% of baseline (from 19.8 ± 3.6 g to 
6.3 ± 1.5 g and 4.5 ± 0.9 g, respectively) (Figure 4a). This sensitiza-
tion, however, gradually resolved albeit partially at 15 days postin-
jection and persisted until the end of the experiment (P < 0.05). 
Thus, rats showed a two- to threefold recovery of their mechanical 
pain thresholds (up to 59% of baseline, 11.6 ± 0.6 g) at the end of 
the experiment compared to their day 10 thresholds (Figure 4a). 
Together, our results agree with previous reports.26 Importantly, 
DRG injections had a relatively small effect at day 20 and thereafter 
on mechanical allodynia when compared to the permanent reduc-
tion caused by spared nerve injury (SNI) model used in this study: 
a 1.7-fold versus 30-fold reduction in pain thresholds compared 
to presurgical baseline (DRG injection, from 19.8 ± 3.6 g to 11.6 ± 
0.6 g; SNI, from 22.1 ± 2.4 g to 0.7 ± 0.2 g) (Figure 4a).27

The thermal latency after exposure of ipsilateral hindpaws of 
injected rats to radiant heat did not show a significant reduction 
over the same time course, despite a trend for a mild transient 

shRNA-B

1,000

800

600

400

200

0
shRNA-Sc

C
ur

re
nt

 d
en

si
ty

 (
pA

/p
F

)

shRNA-A shRNA-B shRNA-C

shRNA-C

shRNA-Sc

2 nA
10 ms

shRNA-Aa

b

Figure 2  Introducing short hairpin RNA (shRNA)-B and shRNA-C 
into HEK-Nav1.3 cells effectively reduce voltage-gated sodium cur-
rents. (a) Representative sodium currents generated from HEK-Nav1.3 
cells transfected with plasmids producing shRNA-Sc, shRNA-A, shRNA-B, 
or shRNA-C. (b) Average sodium current densities of HEK-Nav1.3 cells 
transfected with plasmids producing shRNA-Sc, shRNA-A, shRNA-B, or 
shRNA-C. shRNA-A had no effect on sodium current density, while shR-
NA-B and shRNA-C significantly reduced current densities in HEK-Nav1.3 
cells. Data were presented as means ± SEM.
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Figure 3 D irect AAV-GFP injection into rat lumbar 4 (L4) dorsal root 
ganglion (DRG) results in robust transduction rate. Double immunos-
taining of green fluorescent protein (GFP) (green) and NeuN neuronal 
marker (red) on a representative transverse section of L4 DRG collected 
from an adult rat 3 weeks after AAV-GFP injection. Transduction rate (45 ± 
2%) was determined by counting neuronal profiles (NeuN-positive) that 
are also GFP-positive (n = 3 rats). AAV, adeno-associated virus.
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decrease 10–20 days after injection (Figure  4b). Similarly, as 
previously observed,27 SNI did not result in significant radiant 
heat sensitization over the time-course analysis. Taken together, 
these results show that direct DRG injection of AAV5/2 results in 
robust transduction of the targeted DRG, and the requisite sur-
gery for viral delivery to L4 DRG is accompanied by small tran-
sient mechanical and thermal sensitization. Taken together, these 
results demonstrate that direct DRG infection by AAV is suitable 
for gene and shRNA transfer for in vivo studies in chronic pain.

In vivo downregulation of Nav1.3 expression by  
AAV-shRNAmir
SNI is an established animal model for peripheral neuropathic pain.27 
A sharp decrease in mechanical thresholds develops as early as 3 days 
after the surgery and lasts for at least several months (Figure 3).27 We 
and others have previously shown that peripheral nerve injury results 
in an upregulation of Nav1.3 in DRG (see Introduction section). Our 
in vitro studies showed that two independent shRNA sequences, 
shRNA-B and shRNA-C, directed against different regions in Nav1.3 
cDNA resulted in robust reduction of Nav1.3 expression (Figures 1 
and 2). Thus, we chose those two sequences to study the contribu-
tion of Nav1.3 in DRG neurons in chronic pain.

In order to determine whether shRNA-B and -C delivered 
directly to L4 DRG of rats can achieve Nav1.3 knockdown in vivo, we 
conducted two experiments, in two groups of rats, each receiving: (i) 
shRNA-B versus shRNA-Sc (scrambled control shRNA sequence), 
or (ii) shRNA-C versus shRNA-Sc (Figure 5a). Injected DRG were 
collected 25 days postinjection and total RNA was extracted for rel-
ative quantification of Nav1.3 mRNA. In agreement with the results 
obtained in vitro, quantitative reverse transcription-PCR analysis 
showed that Nav1.3 mRNA decreased by 46 and 48% in DRG from 
SNI rats injected with shRNA-B and shRNA-C, respectively, when 
compared to DRG injected with the shRNA-Sc control (Figure 5b). 
It is important to note that in this analysis, cDNA was prepared from 
L4 DRG including both infected and noninfected cells. Therefore, 
the observed downregulation should be considered an underesti-
mation of the effect of the shRNA on a per-cell basis.28

Since Nav1.3 is a member of the voltage-gated sodium chan-
nel family, we used several approaches to achieve and confirm 
isoform-selectivity. We explored the potential crossover effect 
of shRNA-B and shRNA-C on other sodium channel isoforms. 
A BLAST sequence analysis detected 6–18 mismatches (out 
of 19 nucleotides) when the sequences of selected shRNA were 
compared to those of cDNA of other sodium channel isoforms 
that are expressed in DRG neurons (Nav1.6, Nav1.7, Nav1.8, and 
Nav1.9).29 Importantly, mismatches were found at the 5′ end of the 
guide shRNA sequences, minimizing potential off-target effects 
(data not shown). To empirically confirm the isoform-specificity 
of shRNA-B and shRNA-C in vivo, we conducted quantitative 
reverse transcription-PCR analysis for the expression of Nav1.6, 
Nav1.7, Nav1.8, and Nav1.9 in DRG of rats treated with shRNA-Sc 
versus shRNA-B and shRNA-C. In agreement with the bioinfor-
matic analysis, we did not detect off-target effects of shRNA-B and 
shRNA-C against these channels (Figure 5c).
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Figure 5 S hort hairpin RNA shRNA-B and shRNA-C specifically knock-
down Nav1.3 in vivo. (a) A schematic depicting the AAV-shRNA vector 
used in vivo. (b,c) Graphs showing the relative expression of the indicated 
Nav channels in lumbar 4 (L4) dorsal root ganglion (DRG) extracts from 
animals treated with shRNA-Sc (n = 7 animals) versus shRNA-B (n = 3 
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Taken together, these results clearly show that both shRNA-
B and shRNA-C are able to specifically knockdown Nav1.3 tran-
script levels in vivo, in comparison to a nontargeting scrambled 
control shRNAmir.

Partial attenuation of SNI-induced mechanical 
allodynia after Nav1.3 knockdown in L4 DRG neurons
To determine whether knockdown of peripheral nerve injury-in-
duced Nav1.3 upregulation can attenuate mechanical allodynia in 
the SNI model, we first injected two groups of rats with shRNA-B 
and shRNA-Sc, respectively on the day of the SNI surgery (day 0). 
We then measured their mechanical thresholds over a time course 
of 25 days (Figure 6a). Rats injected with shRNA-Sc exhibited a 
significant drop in their mechanical thresholds starting from 5 
days and lasting throughout the testing period (Figure 6a,b; P < 
0.05), similar to animals which underwent SNI without further 
treatment (Figure  4). Animals injected with shRNA-B exhibited 
mechanical allodynia at 5 days after injection/SNI similar to shR-
NA-Sc treated animals. However, starting on day 10, the mechani-
cal thresholds of animals injected with shRNA-B exhibited a 180% 
increase in mechanical pain threshold when compared to those of 
animals injected with shRNA-Sc (1.5 ± 0.3 g versus 0.5 ± 0.1 g, P 
< 0.05). This recovery of mechanical threshold persisted through-
out the rest of the period of assessment (Figure 6a, P < 0.05). At 
day 25, the shRNA-B treated animals displayed a 2.3-fold recov-
ery of their mechanical thresholds compared to control (1.0 ± 0.3 g 
versus 0.40 ± 0.04 g, P < 0.05). Importantly, treatment with the 
other shRNA sequence targeting Nav1.3, shRNA-C, also resulted 
in a significant attenuation of mechanical allodynia when com-
pared to treatment with shRNA-Sc control over the investigated 
time course (Figure 6b, P < 0.05). The restoration of mechanical 
thresholds in animals injected with shRNA-C started at day 20 and 
increased until the experimental endpoint of the time course at 25 
days where the animals showed a sixfold recovery of mechanical 
threshold; pain threshold changed from 2.5 to 15.2% of baseline 
when compared to control shRNA-Sc (P < 0.05).

To control for potential effects of the AAV vector on the 
mechanical thresholds, we injected a separate group of rats with 
AAV-GFP vector on the day of the SNI surgery as was done for 
shRNA-Sc, shRNA-B, and shRNA-C injected animals. The ani-
mals developed mechanical allodynia over the entire studied time 
course similar to shRNA-Sc injected animals (Figure 6, P > 0.05). 
Importantly, animals treated with shRNA-B and shRNA-C also 
showed significant recovery when compared to AAV-GFP vector-
treated animals (P < 0.05). In summary, our behavioral data show 
that knockdown of Nav1.3 in a single DRG by two independent 
shRNA sequences directed against Nav1.3 partially but signifi-
cantly attenuates SNI-induced mechanical allodynia.

Discussion
Blockade of aberrantly active sodium channel isoforms peripherally 
while sparing normal neuronal activity peripherally and centrally is 
considered a promising approach for pain therapy but, to date, most 
investigations have focused on small molecule channel blockers. 
Direct DRG injection offers a potential therapeutic approach that is 
unique in its ability to target specific spinal segments for gene ther-
apy. In the present study, we sought to confirm the contribution of 

Nav1.3 to injury-induced mechanical allodynia, and to explore the 
use of DRG-targeted AAV-mediated knockdown of Nav1.3 channel 
by shRNA as a proof-of-principle for pain therapy. Several poten-
tial shRNA molecules were identified by in silico analysis, and two 
sequences (shRNA-B and shRNA-C) were selected for functional 
assays in vivo after verification of a robust knockdown of Nav1.3 
at the protein and current levels in a stable cell line. We show that 
delivery of two independent shRNAs targeting Nav1.3 in vivo to a 
single sensory ganglion using an AAV2/5 virus platform amelio-
rates injury-induced mechanical allodynia.

Within DRG, Nav1.3 is predominantly expressed in embryonic 
and neonatal neurons, is not detectable in adult neurons, but is 
upregulated after nerve injury,10 and accumulates at injured axonal 
tips within neuromas,14,15 a site which is known to produce sponta-
neous firing.30 Several independent lines of evidence have correlated 
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Figure 6 N av1.3 knockdown in lumbar 4 (L4) dorsal root ganglion 
(DRG) neurons partially attenuates spared nerve injury (SNI)-induced 
mechanical allodynia. (a,b) Von Frey measurements of mechanical 
thresholds from hindpaws of SNI rats injected with (a) short hairpin RNA 
shRNA-Sc (n = 5) versus shRNA-B (n = 5), or (b) shRNA-Sc (n = 5) versus 
shRNA-C (n = 6) over the examined time course. SNI rats injected with 
AAV-GFP vector control (n = 5) are also shown (a,b). A partial but signifi-
cant attenuation of mechanical allodynia over the indicated time course 
is observed when animals injected with AAV-GFP or shRNA-Sc are com-
pared to those injected with (a) shRNA-B (P < 0.05), or (b) shRNA-C (P < 
0.05). No difference was noted between animals injected with AAV-GFP 
versus animals injected with shRNA-Sc (P > 0.05). Animals injected with 
shRNA-B showed significant restoration of mechanical threshold at D10, 
D20, and D25 when compared to those injected with shRNA-Sc (*P < 
0.05), or AAV-GFP (#P < 0.05). Animals injected with shRNA-C showed 
significant restoration of mechanical threshold at D20, and D25 when 
compared to those injected with shRNA-Sc (*P < 0.05), or AAV-GFP (#P < 
0.05). AAV, adeno-associated virus; GFP, green fluorescent protein.
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nerve injury-induced Nav1.3 upregulation with neuropathic pain 
in rats: (i) Nav1.3 drives a fast-recovering TTX-sensitive current 
capable of supporting high frequency firing of neurons,16,31 (ii) TTX 
concentrations that do not affect TTX-R channels or block action 
potential conduction reduce pain in injured animals,32,33 (iii) Nav1.3 
upregulation, enhanced repriming of TTX-S currents in DRG neu-
rons, and neuropathic pain behavior are reversed by administra-
tion of glial cell line-derived neurotrophic factor (GDNF) to rats,34 
and (iv) intrathecal AS-ODN treatment is reported to transiently 
abrogate Nav1.3 upregulation in dorsal spinal cord and alleviate 
mechanical allodynia for 3 days in rats after chronic constriction 
injury.12 It should be noted that one report using another AS-ODN 
sequence against Nav1.3 in DRG of neuropathic rats did not show 
significant restoration of pain thresholds despite a reported 50% 
reduction of Nav1.3 levels.13 This discrepancy could be due to the 
varying efficacies of ODN sequences. Additionally, ODN exhibit 
varying degrees of stability and in vivo uptake by cells.35 Thus, 
the utility of Nav1.3 knockdown for pain therapy has remained in 
question. To address this issue directly, we used second-generation 
shRNAmir driven by a U6 promoter from an AAV vector delivered 
directly to the DRG which innervates the area of the foot where 
pain thresholds are assessed. The combination of direct DRG injec-
tion and AAV-shRNA delivery platform offers long-lasting produc-
tion of shRNA sequences with greater potency and less off-target 
effects (Figures 5  and 6).23

The rationale behind injecting only one of the lumbar DRG 
was to address the specific contribution of peripheral Nav1.3 to 
nerve injury-induced pain in a proof-of-principle effort, while 
minimizing the effects of the surgical procedure. Previous studies 
have successfully injected multiple DRG but the pain thresholds 
following the surgery were not assessed.21 We show here that direct 
DRG injection of AAV2/5 achieves a 45% neuronal transduction 
rate in rats, similar to a recently published report.22 Interestingly, 
although the necessary surgical procedure transiently decreases 
pain thresholds of operated animals, this sensitization is minimal 
compared to that caused by SNI nerve injury, and therefore it is 
unlikely to impede studies on chronic pain using the SNI model 
(Figure 4). Using the above described tools, we show that Nav1.3 
expression in DRG neurons from injured rats is reduced by ~50% 
when treated with either of two independent shRNA sequences 
against Nav1.3 (shRNA-B and shRNA-C), thus increasing confi-
dence that behavioral effects are not caused by off-target effects 
of treatment. Importantly, this knockdown of Nav1.3 in a single 
DRG resulted in significant attenuation of nerve injury-induced 
mechanical allodynia. Taken together, our studies lend support to 
a contribution of peripheral Nav1.3 to pain in adult neuropathic 
rats, and to the concept that an isoform-specific therapeutic agent 
engaging a single target may be sufficient for pain relief.

Specific treatment of nerve-injured rats with shRNA targeting 
Nav1.3 in L4 DRG resulted in an up to sixfold recovery of mechani-
cal threshold (Figure 6b), offering a proof-of-principle that reducing 
peripheral Nav1.3 could be a potential target for neuropathic pain 
treatment. Despite a drastic reduction in Nav1.3 currents by shR-
NA-B and shRNA-C sequences in a cell culture assay (Figure 2), the 
use of these sequences in vivo resulted in 50% knockdown of total 
Nav1.3 expression in treated DRG of neuropathic animal (Figure 5). 
This partial knockdown does not necessarily reflect reduced efficacy 

of shRNA in vivo, but may reflect the 45% DRG transduction effi-
ciency of AAV2/5 virions obtained in this study. Thus, the observed 
incomplete resolution of mechanical allodynia could be due in part 
to the hyperexcitability of L4 DRG neurons which were not infected 
by the AAV2/5 virus, as well as neurons in other lumbar DRG inner-
vating the ipsilateral hindpaw. Finally, we have previously reported 
that after peripheral nerve injury, Nav1.3 is also upregulated in CNS 
pain circuitry centers (dorsal spinal cord and thalamus) where it 
can also contribute to neuropathic pain.12,36 Taken together, it is not 
surprising that AAV-shRNA injection into a single ganglion yielded 
significant but partial recovery of pain thresholds.

We have used two shRNA sequences directed against separate 
regions in the Nav1.3 cDNA and showed, in two independent sets 
of animals with independent, contemporaneous controls, that each 
of these shRNAs can attenuate nerve injury-induced mechanical 
allodynia. While demonstrating the effect of selective Nav1.3 knock-
down in DRG in our pain model, the two sequences (shRNA-B and 
shRNA-C) showed differences in the time-of-onset and extent of 
therapeutic effect. Treatment with shRNA-B increased mechani-
cal thresholds by twofold starting from day 10, whereas shRNA-C 
resulted in a sixfold increase in thresholds starting on day 20. This 
apparent difference could reflect experimental variability in shRNA 
efficacy in vivo.37 Our proof-of-principle study did not address this 
question. Future time-course studies correlating Nav1.3 downregu-
lation and the behavioral outcome might shed light on the dynam-
ics of U6 promoter-driven shRNA expression and effect in vivo, and 
inform the design of potential gene therapy treatment regimens.

A species-specific effect of Nav1.3 on neuropathic pain follow-
ing injury has also been reported. Global and sensory neuron-spe-
cific knockouts of Nav1.3 in mice did not show a neuropathic pain 
phenotype.38 The discrepancy between the results of Nassar et al., 
and Hains et al., and our present study may be due to differences 
between rats and mice. An apparent species-specific contribution of 
Nav1.8 to chronic pain has also been reported.39–41 Additional con-
founding factors might be related to developmental and perinatal 
genetic compensation for the loss of Nav1.3 in mice.4 Understanding 
the apparent species-specific difference requires future studies.

Pain gene therapy approaches have also used another viral vec-
tor, herpes simplex virus, to deliver various molecules to suppress 
pain.42,43 Herpes simplex virus-expressing human preproenkepha-
lin and delivered to the sensory nervous system via subcutaneous 
injection has now gone through a human phase I clinical trial for 
pain and showed promising results.44 Human clinical trials have 
also suggested safety and tolerability of recombinant AAV in gene 
therapy for several CNS disorders.45,46 Given AAV2 serotype 5′s 
high affinity for and efficient transduction within peripheral neu-
rons, its ability to drive long-term expression of transgenes,47 and 
its apparent lack of immunogenicity,19 it may prove to be an effec-
tive alternative vector for pain gene therapy.

In summary, our data provide molecular and behavioral evi-
dence for a contribution of Nav1.3 to SNI-induced neuropathic pain 
in rat, and demonstrate the efficacy of a gene therapy approach as 
a potential therapeutic option. AAV-mediated shRNAmir knock-
down offers the possibility of long-term tissue-specific delivery of 
a therapeutic molecule that could be effective for pain treatment, 
with limited side-effects that are usually associated with nonselec-
tive sodium channel blockers.19 More generally, we enhance and 
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validate a platform that is poised to provide a novel degree of flex-
ibility to the (i) conduction of proof-of-principle studies of pharma-
cogenetic therapies for chronic pain, and (ii) gene function studies 
in the adult peripheral nervous system at selected segmental levels.

Materials and Methods
Animals. Adult male Sprague–Dawley rats weighing 200–225 g (Harlan, 
IN) were used in this study. Animals were housed in groups of two per 
cage and were kept in a room at a constant temperature (22 °C) and relative 
humidity (60%) with alternating 12 hours light-dark cycle. All experiments 
were conducted during the light cycle. Food and water were supplied ad 
libitum. All experiments were in accordance with the National Institutes 
of Health Guidelines for the Care and Use of Laboratory Animals, and 
the protocols were approved by the VA Connecticut Healthcare System 
Institutional Animal Use Committee.

siRNA design, cloning, and viral vector use. siRNA sequences against Nav1.3 
were designed using an algorithm developed at MIT (http://jura.wi.mit.edu/
bioc/siRNA). For the experiments in cell culture, the indicated sequences were 
cloned as shRNA downstream of a U6 promoter in pSicoR vector (Addgene, 
Cambridge, MA). For in vivo experiments, shRNAmir backbone23 was used 
and the indicated sequences were cloned downstream of a human U6 pro-
moter in a pAAV2-CMV-GFP vector provided by the Gene Transfer Vector 
Core (Iowa University). Recombinant virus was produced using a Bacoluvirus 
system48 by the Gene Transfer Vector Core (Iowa University) and the pro-
vided titers were as follows: shRNA-Sc, 7.27 × 1013 vg/ml; shRNA-B, 1.35 × 
1013 vg/ml; shRNA-C, 7.05 × 1013 vg/ml. Before their use in the animals, viral 
solutions were desalted using Slide-A-Lyser mini dialysis (Thermo Scientific, 
Rockford, IL) for 1 hour at 4 °C according to the manufacturer’s protocol.

Cell culture. HEK293 cells stably expressing Nav1.3 were generated as 
previously described,25 and maintained in Dulbecco’s modified Eagle’s 
medium/F-12 (1:1) (Invitrogen, Grand Island, NY) supplemented with 
10% fetal bovine serum (Hyclone, Rockford, IL), penicillin (100 units/ml), 
and streptomycin (100 μg/ml) (Invitrogen).

Immunodetection methods. Western blots (Figure 1), as well as immuno
histochemistry on cryosections (Figure 3) were done as previously described.49 
The following primary antibodies were used: pan-sodium channel primary 
antibody was used at 1/10,000 dilution, rabbit anti-GFP (Invitrogen; 1/1,000), 
and mouse anti-NeuN (Millipore, Billerica, CA; 1/1,000).

Voltage-clamp recordings. HEK293 cells stably expressing wild-type 
NaV1.3 channels were transfected with plasmids expressing shRNA against 
NaV1.3 or scrambled sequence using Lipofectamine 2000 (Invitrogen). Cells 
were replated and seeded at low density on 12-mm coverslips 24 hour after 
transfection. Whole-cell voltage-clamp recordings were obtained 48 hr after 
transfection with an Axopatch 200B amplifier (Axon Instruments, Foster 
City, CA) at room temperature (20–22 °C). Fire-polished electrodes (0.6–
1.3 MΩ) were fabricated from 1.6-mm outer diameter borosilicate glass 
micropipettes (World Precision Instruments, Sarasota, FL). The pipette 
potential was adjusted to zero before seal formation, and liquid junction 
potential was not corrected. Capacity transients were cancelled and volt-
age errors were minimized with 80–90% series resistance compensation. 
Currents were acquired with Clampex 9.2, 5 min after establishing whole-
cell configuration, sampled at a rate of 100 kHz, and filtered at 5 kHz.

The pipette solution contained (in mmol/l): 140 CsF, 10 NaCl, 1 EGTA, 
10 dextrose, and 10 HEPES, pH 7.32 (adjusted with CsOH), and the 
osmolarity was adjusted to 308 mOsmol/l with sucrose. The extracellular 
bath solution for voltage-clamp contained (in mmol/l): 140 NaCl, 3 KCl, 
1 MgCl2, 1 CaCl2, 10 dextrose, 10 HEPES, pH 7.35 (adjusted with NaOH), 
and the osmolarity was adjusted to 315 mOsmol/l with sucrose.

To measure NaV1.3 currents, cells were held at –120 mV and stepped 
to a range of potentials (–80 to +60 mV in 5 mV increments) for 100 ms. 
Current density was obtained by normalizing maximal peak inward 

currents with cell capacitance. Data were analyzed using Clampfit 9.2 
(Molecular Devices, Sunnyvale, CA) and OriginPro 8 (Microcal Software, 
Northampton, MA), and presented as means ± SE. One-way ANOVA 
followed by Tukey post hoc test for multigroup analysis was used for 
statistical significance.

Surgical procedures
Direct DRG injection: Direct DRG injections were adapted from recent 
studies.21,26 Rats were anesthetized by exposure to isoflurane (1–3%) 
administered by a calibrated vaporizer. Each animal was then prepared 
for aseptic surgery by shaving the skin on the back around the lumbar 
area using an electric clipper. It was then placed on a sterile, disposable 
absorbent pad and the prepared area draped with fenestrated gauze pad. 
A 2–3 cm incision was made in the skin along the dorsal midline. The 
superficial muscular fascia was incised and the paraspinal muscles were 
separated by sharp and blunt dissection, exposing the lateral aspect of 
the left fourth (L4) lumbar vertebra, and the dorsal aspect of the medial 
portion of its transverse process. To expose the DRG, a partial laminectomy 
whereby the lateral process of the vertebra was clipped using a fine Rongeur 
(Fine Science Tools). To inject solutions into the DRG, we used a custom-
designed sharp glass micropipette (20–30 µm tip diameter) mounted on a 
10-µl Hamilton needle. The exposed epineurium or DRG capsule was then 
punctured and the solution injected via a pump (Harvard Apparatus) at a 
rate of 0.4 µl/min. Once the volume was dispensed, the micropipette was left 
in place for an additional 1–2 minutes to prevent backflow. We injected 2 × 
1 µl in two different sites for each DRG. The overlying muscle and skin were 
then closed in two layers using 4.0 monofilament nylon sutures.

SNI. The SNI model is a well-establish model of neuropathic pain in rats.27 
Briefly, animals were anesthetized by exposure to isoflurane (1–3%). The sur-
gical field (left leg) was shaved and disinfected. An incision (~2 cm) was made 
on the lateral mid-thigh and the underlying muscles separated to expose the 
sciatic nerve. The three branches of the sciatic (tibial, common peroneal, and 
sural) were then carefully separated. Efforts were made to minimize any con-
tact with the sural branch. The tibial and common peroneal were then indi-
vidually ligated with 6.0 sutures and cut distally 2–3 mm of each of tibial and 
common peroneal branches were removed distal of the ligation. The muscle 
and skin were closed in two layers using 4.0 monofilament nylon sutures. In 
Figure 6, SNI and direct DRG injections were performed on the same day 
(SNI first, followed immediately by direct DRG injection).

Pain behavioral assays. The experimenter was blinded to the treatment 
groups of the animals. All rats were acclimatized to the behavior room and 
testing apparatus in three to four habituation sessions. Baselines were then 
recorded one to two days prior to the surgery (considered as day 0), and 
then at defined intervals afterwards as indicated. For mechanical thresholds 
measurement, the rats were placed on an elevated wire grid and the lateral 
plantar surface of the left paw (ipsilateral to the surgery/injection) of each 
animal was presented with a series of calibrated Von Frey hairs (Stoeling, 
Wood Dale, IL). The 50% withdrawal threshold was determined using the 
“up-down” method.50 For thermal sensitivity, the plantar paw surface of ani-
mals was exposed to radiant heat pain using a Hargreaves apparatus (IITC, 
Woodland Hills, CA) according to the Hargreaves method.51 Paw with-
drawal latency was then measured (beam intensity was adjusted to result in 
a latency of 9–11 seconds for control baselines). The heat stimulation was 
repeated three times (at an interval of 5 minutes for each rat) and the aver-
age calculated. The heat source was automatically cut-off at 20.5 seconds to 
prevent tissue damage.

Quantitative real-time reverse transcription-PCR. L4 dorsal root ganglia 
from rats injected with virus were freshly dissected and immediately pro-
cessed individually for RNA extraction using RNasy Microkit (Qiagen, 
Valencia, CA) according to the manufacturer’s protocol. Three hun-
dred nanogram of total RNA from each rat L4 DRG was used to gener-
ate 1st strand cDNA using Superscript III (Invitrogen) according to the 
manufacturer’s protocol. Real-time Taqman PCR assays for rat: Nav1.3 
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(assay id: Rn01485332_m1), Nav1.6 (assay id: Rn00570506_m1), Nav1.7 
(Rn00591020_m1), Nav1.8 (Rn00568393_m1), Nav1.9 (Rn00570487_m1), 
and rat GAPDH (assay id: Rn01775763_g1) were purchased from Applied 
Biosystems and used with Universal Taqman PCR master mix (20×) 
(Applied Biosystems, Carlsbad, CA). One microliter of the cDNA was used 
as a template in a 20 µl and the reaction was run in duplicates for each 
animal (number of biological replicates here is the number of animals used 
per treatment group. shRNA-Sc, n = 7; shRNA-B, n = 3; shRNA-C, n = 5) 
according to the manufacturer’s instructions using the Eppendorf realplex 
(USA). Normalization and relative expression analysis of Nav1.3 mRNA 
were done using the 2–ΔΔCt method with GAPDH as the control.28

Statistical analyses. We used t-test to analyze significance of protein 
knockdown by shRNA sequences in Figure 1 (n = 4 for each of nontrans-
fected cells, shRNA-Sc, shRNA-A, and shRNA-B, shRNA-C). One-way 
repeated ANOVA followed by Bonferroni correction was used for anal-
yses of mechanical and thermal sensitivity over the studied time course 
within each treatment group. To compare mechanical and thermal sensi-
tivity between two treatment groups over the indicated time course, two-
way repeated ANOVA followed by Bonferroni correction was calculated. 
Mann–Whitney U-test was used to calculate the significance at specific 
time points when comparing treatment groups. Log scale was used to plot 
mechanical threshold. P < 0.05 was considered significant.
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