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Short Hairpin RNA–mediated Selective Knockdown of
NaV1.8 Tetrodotoxin-resistant Voltage-gated Sodium
Channel in Dorsal Root Ganglion Neurons
Maya Mikami, M.D.,* Jay Yang, M.D., Ph.D.†

Background: Voltage-gated sodium channels comprise a fam-
ily of closely related proteins, each subserving different physi-
ologic and pathologic functions. NaV1.8 is an isoform of volt-
age-gated sodium channel implicated in the pathogenesis of
inflammatory and neuropathic pain, but currently, there is no
isoform-specific inhibitor of any voltage-gated sodium chan-
nels. The authors explored the possibility of short hairpin RNA–
mediated selective knockdown of NaV1.8 expression.

Methods: DNA constructs designed to transcribe short hair-
pin RNA targeting NaV1.8 were created and incorporated into
recombinant lentiviruses. The virus-induced selective knock-
down of NaV1.8 was examined at the protein, messenger RNA,
and functional levels using Western blot, immunohistochemis-
try, reverse-transcription polymerase chain reaction, and patch
clamp electrophysiology.

Results: Transduction of HEK293 cells stably expressing
NaV1.8 or primary dorsal root ganglion neurons with lentivirus
expressing short hairpin RNA resulted in the knockdown of
NaV1.8 protein and messenger RNA concentrations. Whole cell
patch clamp recordings confirmed decrease in the NaV1.8-me-
diated current density without changes in other biophysical
properties.

Conclusions: A selective knockdown of NaV1.8 expression in
dorsal root ganglion neurons can be attained by short hairpin
RNA delivered with lentivirus. This method may provide a new
gene therapy approach to controlling neuronal hyperexcitabil-
ity and pathologic pain.

VOLTAGE-GATED sodium channels (VGSCs) play a crit-
ical role in determining excitability by supporting the
upstroke of the action potential in most excitable tis-
sues. All pore-forming � subunits of the VGSC share a
basic protein topology of four repetitive domains (DI–
DIV), each containing six transmembrane regions (S1–
S6). Thus far, 10 VGSC � subunits, NaV1.1–1.9 and Nax,
have been cloned.1

NaV1.8, formerly called the sensory neuron–specific or
the peripheral nerve sodium channel type 3 (PN3), is a
tetrodotoxin-resistant VGSC � subunit selectively ex-

pressed in the dorsal root ganglion (DRG) neurons.2 A
critical role of NaV1.8 in mediating pathologic pain has
been suggested by the observation that sensory neuron–
specific tetrodotoxin-resistant sodium channel �-subunit
knock out mice demonstrated pronounced analgesia to
noxious mechanical stimuli and delayed development of
inflammatory hyperalgesia while exhibiting generally nor-
mal behavior, viability, and fertility.3 Antisense oligonucle-
otide–mediated in vivo knockdown of NaV1.8 after intra-
thecal administration inhibited spinal nerve ligation–4 and
intrathecal N-methyl-D-aspartate administration–induced5

neuropathic and inflammatory pain, respectively, which is
thought to arise from redistribution of NaV1.8 sensitiz-
ing neurons to respond inappropriately to nonnoxious
stimuli. NaV1.8 knockout mice also showed deficit in
visceral pain and referred hyperalgesia in the intraco-
lonic capsaicin and mustard oil models, suggesting a role
of NaV1.8 in mediating spontaneous activity in sensi-
tized nociceptors.6 Therefore, inhibition of NaV1.8
emerges as an attractive mechanism-based therapy for
peripheral and visceral pain of neuropathic and inflam-
matory origin.

Pharmacologically, VGSCs can be broadly classified
into those that are blocked by tetrodotoxin (tetrodo-
toxin sensitive) and those that relatively insensitive (te-
trodotoxin resistant). The PIIIA fraction of �-conotoxin
allows a modest pharmacologic distinction between two
members of the tetrodotoxin-sensitive VGSCs as well.7

However, beyond these limited pharmacologic differ-
ences, VGSCs can not be distinguished by any other
known drugs. A systematic survey of the effect of drugs
commonly used in a clinical setting for treating neuro-
pathic pain on tetrodotoxin-resistant currents flowing
through the VGSC in DRG neurons indicated that there
are no drugs capable of preferentially blocking these
channels over the tetrodotoxin-sensitive channels,8 al-
though a depolarized membrane potential does increase
the sensitivity of the tetrodotoxin-resistant channels to
blockade by some drugs. The tetrodotoxin-resistant cur-
rents in DRG neurons are mostly carried by the NaV1.8
channels; therefore, a highly selective inhibitor of these
channels could be of tremendous clinical importance. In
general, a tool for selectively inhibiting the VGSC in an
isoform-specific manner will lead to a deeper under-
standing of the functional role of VGSC isoforms in pain
and other critical biologic processes.

RNA interference is a posttranscriptional gene silenc-
ing mechanism where a short double-stranded RNA
guides the recognition and cleavage of messenger RNA
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(mRNA; reviewed in Meister and Tuschl9). Short hairpin
RNA (shRNA) is a variant of this approach where a
pseudo–double-stranded RNA joined by a short linker
results from a hairpin folding of the RNA transcribed
from a DNA template.10 This method of DNA template–
based gene silencing is robust and overcomes a funda-
mental limitation of the transient nature of a true double-
stranded RNA–based gene silencing. Despite the flurry
of RNA interference work targeting various proteins
within the past several years, reports of successful
knockdown of ion channels are few.11–13 We explored
the use of this technology to determine whether an
isoform-selective knockdown of VGSC can be accom-
plished. In particular, we investigated whether the
NaV1.8 � subunit of the VGSC can be knocked down in
the DRG neurons.

Materials and Methods

Creation of shRNA-expressing Lentivirus
Nineteen–base pair (bp) targets for short interfering

RNA were identified within the coding sequence for rat
NaV1.8 according to the guidelines suggested by Greg-
ory J. Hannon, Ph.D. (Professor, Cold Spring Harbor
Laboratory, Cold Spring Harbor, New York), at the Han-
non Lab Web site.‡ Five NaV1.8 target sequences were
chosen corresponding to nucleotide positions (Acces-
sion No. 92184) 323–341, 1103–1121, 1500–1518,
3407–3425, and 6033–6051. In addition, a pan-tetrodo-
toxin–sensitive target designed against a sequence con-
served among NaV1.1, 1.2, 1.3, and 1.7 was provided by
Peter Shrager, Ph.D. (Professor, Department of Neurobi-
ology and Anatomy, University of Rochester, Rochester,
New York). Each target sequence was screened with
nucleotide BLAST to confirm that it were complimentary
only to the intended target. The sense and the antisense
target sequences linked by an 11-bp loop (a short hairpin
construct) were incorporated into an oligonucleotide
reverse primer designed to amplify the mouse U6 pro-
moter (fig. 1). This polymerase chain reaction (PCR)–
based strategy allowed easy incorporation of the shRNA
construct down stream of the U6 promoter compared
with the conventional subcloning strategy. The PCR
products were subcloned into Topo 2.1 vector (Invitro-
gen, Carlsbad, CA), sequenced to confirm the fidelity of
the product, and then restriction enzyme digested with
SpeI/NotI to put the U6-shRNA expression cassette into
the pLL3.7 lentivirus shuttle vector kindly provided by
Van Parijs, Ph.D. (Assistant Professor of Biology, Center
for Cancer Research, Massachusetts Institute of Technol-
ogy, Cambridge, Massachusetts).

Lentivirus was produced by a triple transfection of
shRNA-pLL3.7, p�8.9, and pVSVG as described.14 In
brief, pLL3.7 and packaging vectors were cotransfected
into HEK293FT cells using Lipofectamine 2000 (Invitro-
gen); supernatant was collected after 48 h and passed
thorough a 0.45-�m filter to remove debris. The virus
titer was increased approximately 20-fold by ultrafiltra-
tion (Amicon Ultra 100,000 MW cutoff; Millipore Corpo-
ration, Bedford, MA) of the supernatant. An approximate
viral titer was determined by infecting HEK293 cells
with serial dilutions of the final virus suspension and
counting the number of fluorescent cells 48 h after
infection. We typically obtained titers of 2–5 � 106

infectious units/ml starting from one 10-cm plate of
HEK293FT cells. Further information about the pLL3.7
vector and lentivirus creation can be found at Van Parijs
Lab Homepage.§

Rat Neonatal Dorsal Root Ganglia Culture
Dorsal root ganglia cultures were prepared as previ-

ously described.15 Dorsal root ganglia were dissected
from postnatal days 1–5 Sprague-Dawley rat pups and

‡ Available at: http://www.cshl.org/public/SCIENCE/hannon.html. Accessed
April 15, 2005.

§ Available at: http://csbi.mit.edu/rnai/vector. Accessed April 15, 2005.

Fig. 1. Creation of a U6 promoter–driven DNA construct de-
signed to express short hairpin RNA (shRNA). (A) A double-
stranded small interfering RNA (solid and dashed lines) de-
signed against a specific sequence of the target protein is joined
by a short loop and flanked by the AAAA transcription termi-
nation sequence. The nucleotide starts with a G immediately
after the U6 promoter, thus allowing the Pol III enzyme to
precisely initiate transcription at the first base of the sense
strand. The entire linear DNA sequence is incorporated into a
reverse primer and a complete U6-driven shRNA-expressing
construct amplified by polymerase chain reaction (PCR). (B) A
schematic representation of NaV1.8 (323)-targeting shRNA se-
quence with the sense sequence concatenated to the antisense
sequence by the loop linker. The actual reverse primer will be
complimentary to the shown sequence with an addition of
24–base pair (bp) 3= extension for priming off the 3= U6 se-
quence.
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digested with 0.25% collagenase and 0.25% trypsin
(37°C for 15 min) followed by 0.52 mg/ml soybean
trypsin inhibitor and 0.04 mg/ml DNase. After mechan-
ical trituration in Opti-MEM medium (Invitrogen), lenti-
virus was added to the cell suspension and plated on a
polyornithine and laminin–coated 35-mm plastic dish.
The medium was changed to Neurobasal (Invitrogen)
supplemented with 2% fetal bovine serum and 50 ng/ml
2.5S nerve growth factor 4 h after transduction and
maintained at 37°C in a humidified 95% air–5% CO2

incubator until used for experiments. Electrophysiologic
experiments were limited to cells in culture for less than
48 h to limit neurite extension and minimize problems
with poor spatial clamp. The animal usage protocol was
approved by the Institutional Animal Care and Use Com-
mittee of Columbia University (New York, New York).

Immunocytochemistry
Serum from rabbits immunized with N-terminal KLH-

conjugated peptide (C)EDEVAAKEGNSPGPQ16,17

(Genmed Synthesis Inc., San Francisco, CA) was column
affinity purified following the manufacturer’s recom-
mended protocol (Pierce Biotechnology, Rockford, IL).
Cryostat sections (10 �m) of 4% paraformaldehyde fixed,
20% sucrose cryoprotected, and embedding compound
(O.C.T.; Sakura Finetek U.S.A. Inc., Torrance, CA)–
mounted frozen adult or neonatal DRG neurons were
blocked in 10% normal goat serum–phosphate buffered
saline with 0.2% Triton X-100, exposed to anti-NaV1.8
affinity purified antibody (1:100) in 2% normal goat se-
rum–phosphate buffered saline with 0.2% Triton X-100
overnight at 4°C, washed, and reacted with Alexa Fluor
528 conjugated goat anti-rabbit secondary antibody
(1:500; Molecular Probes, Eugene, OR) for 1 h at room
temperature. For cultured DRG, the medium was aspi-
rated, washed with phosphate buffered saline, fixed in
4% paraformaldehyde for 15 min, and processed as de-
scribed above for DRG sections, except primary anti-
body exposure was for 2 h at room temperature.

The immunofluorescent images were captured on an
Olympus IX50 inverted microscope (Olympus, Melville,
NY) using a Cooke SensiCam cooled charge-coupled
device camera (Cooke Corporation, Romulus, MI) driven
by IP Lab software (Scanalytics Inc., Fairfax, VA). The
quantification of the immunoreactive fluorescent signals
was achieved through a calibration curve for fluores-
cence intensity detected by the camera versus true flu-
orescence signal created using 505/515-nm and 580/
605-nm fluorescent bead standards (InSpeck; Molecular
Probes).18 Images from the experiments were captured
adjusting the shutter duration to assure nonsaturation of
the pixels but maximally utilizing the full dynamic range
of the digitizer. Finally, the actual fluorescence intensity
detected by the camera was corrected by the calibration
curve. For clearer presentation, pseudocoloring and con-

trast enhancement of the images were accomplished in
Adobe Photoshop (Adobe Systems Inc., San Jose, CA).

Western Blot
Cells were harvested in ice-cold phosphate-buffered

saline, and cell pellets were immediately processed in
ice-cold lysis buffer (1% Nonidet P40, 10 mM Tris pH 7.6,
50 mM NaCl, 30 mM NaPPi, 50 mM NaF, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl-sulfate) contain-
ing freshly added protease inhibitor (Complete; Roche
Applied Science, Indianapolis, IN) for 30 min on ice.
Lysed samples were centrifuged at 5,000g for 15 min.
The supernatant was combined with sodium dodecyl-
sulfate sample buffer and incubated at 100°C for 5 min
before loading on a 6% or 10% sodium dodecyl-sulfate-
polyacrylamide gel. After electrophoresis and transfer to
a nitrocellulose membrane (BioRad, Hercules, CA), the
membrane was probed with an affinity purified poly-
clonal anti-NaV1.8 primary antibody, reacted with the
horseradish peroxidase–conjugated anti-rabbit second-
ary antibody, and visualized after reaction with Western
Lightning chemiluminescence reagent (NEN Life Science
Products, Boston, MA).

Reverse-transcription PCR
Total RNA from cultured DRG neurons 48 h after

lentiviral infection or isolated DRG neurons from neona-
tal rats was extracted using TRIzol Reagent (Invitrogen)
and treated with Amplification Grade DNAse I (Invitro-
gen) to remove genomic DNA contamination. NaV1.8
and NaV1.9 primers used for reverse-transcription PCR
(RT-PCR) were described previously.19,20 Neuron-spe-
cific enolase was used as an internal control of input
RNA from neurons. Rat neuron-specific enolase forward
(5=-TTGGACTCCCGTGGGAATCC-3=) and reverse (5=-
ACAGAGAGGCCTGAGCTGATG-3=) primers amplified a
218-bp product that corresponds to nucleotides 167–
364 (Accession No. NM139325). Enhanced green fluo-
rescence protein (EGFP) served as a lentiviral expression
control. A 400-bp EGFP RT-PCR product corresponding to
nucleotides 3820–4200 of the pLL3.7 vector was amplified
using forward (5=-ATGCCACCTACGGCAAGCTGA-3=) and
reverse (5=-GTGGCGGATCTTGAAGTTCAC-3=) primers.

The SuperScript One-Step RT-PCR (Invitrogen) was
used, and PCR conditions for each primer pair were
optimized empirically. For example, amplification con-
dition for NaV1.8 using the Stratagene Robocycler ther-
mocycler (Stratagene, La Jolla, CA) was reverse transcrip-
tion at 55°C for 30 min followed by heat inactivation of
the reverse-transcriptase enzyme at 94°C for 5 min, de-
naturation at 94°C for 30 s, annealing at 59°C for 60 s,
and extension at 72°C for 60 s. Amplification was per-
formed for 40 cycles and the final 72°C extension for an
additional 10 min. We chose a protocol that allowed
robust nonsaturating amplification from 50 ng of starting
total RNA because the amount of RNA isolated from DRG
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cultures was limited. Amplification products were sepa-
rated on an agarose gel, and images were digitized and
quantified by densitometry using the LabWorks 4.0 soft-
ware (UVP BioImaging Systems, Upland, CA).

Electrophysiology
Whole cell patch clamp recordings were obtained

from cultured DRG (24–48 h after plating) using 1.5-mm
(OD) glass patch electrodes filled with 140 mM CsFl, 10 mM

NaCl, 1 mM EGTA, 10 mM HEPES, and 2 mM Na2-adenosine
triphosphate, pH 7.3. The extracellular solution consisted
of 100 mM choline-Cl, 40 mM NaCl, 2.8 mM KCl, 10 mM

tetraethylammonium-Cl, 3 mM CaCl2, 1 mM MgCl2, 0.5 mM

CdCl2, 1 mM 4-aminopyridine, and 10 mM glucose, pH 7.4
with 1 �M tetrodotoxin. The theoretical ENa was �23.5 mV
(assuming [Na]o activity coefficient of 0.88),21 and the
decreased Na�-driving force greatly enhanced our ability
to obtain satisfactory spatial clamp. An Axopatch 200B
amplifier controlled by the pClamp Version 9.0 software
(Axon Instruments Inc., Union City, CA) was used. Cells
were held at �120 mV and prepulsed to �50 mV for 500
ms before stepping to the test voltages (�60 to �60 mV).
The prepulse protocol taking advantage of the difference
in the rate of inactivation largely eliminated the NaV1.9
contribution to the tetrodotoxin-resistant current.22 The
cell capacitance and the series resistance were compen-
sated electronically, and the residual uncompensated
transient current was subtracted using the P/4 protocol.
Cells were selected based on the completeness of data
availability, adequacy of voltage clamp, and access resis-
tance.

The peak current magnitudes were measured from the
family of current traces and plotted as the current–
voltage curve. The normalized conductance–voltage
curve for each cell was constructed from the measured
current magnitudes, cell input capacitance, and the ex-
perimentally determined reversal potential. The final
curve was fit (Origin Version 6.0; Microcal Software Inc.,
Northampton, MA) with a standard two-state Boltzmann
equation:

g�V� � gmax/�1 � exp��V � V1/ 2�/slope��,

where g(V) is the voltage-dependent conductance, gmax

is maximal conductance, V is membrane voltage, V1/2 is
half-activation voltage, and slope is a measure of the
voltage sensitivity.

Statistical Tests
The two-tailed Mann–Whitney U test was used for

comparison of the means (immunocytochemistry fluo-
rescence intensity and electrophysiologic parameters).
The tests were considered significant at P 	 0.05.

Results

ShRNA constructs targeting different VGSC � subunits
were created as outlined in figure 1. Two of the con-

structs targeted tetrodotoxin-sensitive � subunits,
whereas the others targeted NaV1.8 differing in the ex-
act nucleotide targeted within the coding sequence for
this gene. The nomenclature given to the shRNA con-
structs created and the respective targeted nucleotides
are listed in table 1. All constructs were designed to
express the shRNA from the U6 promoter and a coex-
pression of the EGFP reporter protein from a second
cytomegalovirus promoter–driven expression cassette.

First, we sought to demonstrate a selective knock-
down of the NaV1.8 protein. To this end, we created a
stable cell line expressing the NaV1.8 protein by trans-
fection followed by G418 selection. Figure 2 is an
immunocytochemical (A1) and a Western blot (A2) con-
firmation of the proper expression of NaV1.8 immuno-
reactive protein of the expected molecular mass (
 260
kd) in the NaV1.8-HEK293 cell line. Infection of this cell
line with the shRNA/EGFP-expressing lentivirus resulted
in a decrease in the anti-NaV1.8 antibody immunoreac-
tive band detected by a Western blot. As expected,
lentivirus only expressing the EGFP reporter or the pan-
tetrodotoxin–sensitive shRNA designed to knock down
the tetrodotoxin-sensitive � subunits did not inhibit the
NaV1.8 protein expression. Of the five shRNA/EGFP
constructs targeting the NaV1.8, all demonstrated signif-
icant reduction in the immunoreactive protein band ex-
cept for the NaV1.8 (1103) construct (fig. 2B). The GFP
immunoreactivity (fig. 2B, bottom) served as the protein
loading control. The protein knockdown was time-de-
pendent, requiring 24 h for a maximal decrease in the
anti-NaV1.8 antibody immunoreactive band intensity, al-
though evidence of a target knockdown could be ob-
served as early as 12 h after viral transduction (fig. 2C),
even before a significant level of the EGFP reporter
expression could be detected. This observation could
indicate a different time course of expression of the
shRNA from the U6 promoter and the EGFP protein
expression from the cytomegalovirus promoter or sim-
ply a reflection of the fact that the shRNA transcription
product exerts target inhibition before the EGFP trans-

Table 1. Short Hairpin RNA Constructs Created and Their
Nomenclature

Name Accession No. Nucleotides Targets

Pan-TTXs X03639 5622 NaV1.1, 1.2, 1.3, 1.7
NaV1.2 X03639 3358 NaV1.2
NaV1.8 (323) X92184 323 NaV1.8
NaV1.8 (1103) X92184 1103 NaV1.8
NaV1.8 (1500) X92184 1500 NaV1.8
NaV1.8 (3425) X92184 3425 NaV1.8
NaV1.8 (6033) X92184 6033 NaV1.8

The short hairpin RNA target sequences were chosen corresponding to the
nucleotide numbers of the denoted complementary DNA Accession numbers.
The individual constructs are denoted by the nomenclature used in the text
and figures.

Pan-TTXs � pan-tetrodotoxin sensitive.
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lation product expression. These results were consistent
with the hypothesis that shRNA constructs targeting
NaV1.8 inhibited the expression of NaV1.8 protein.

Having confirmed that the shRNA/EGFP constructs
knocked down the intended target in a cell line, we
investigated NaV1.8 knockdown in DRG neurons. The
NaV1.8 protein is preferentially distributed in small-di-
ameter DRG neurons in adult and neonatal rats;23,24

however, the distribution of the NaV1.8 in cultured
neonatal DRG neurons is unknown.25 Anti-NaV1.8 anti-

body staining of adult (fig. 3A) and neonatal (data not
shown) DRG sections confirmed the expected preferen-
tial distribution of the immunoreactivity to small-diame-
ter neurons. Negative-control experiments with the
preimmune serum did not show significant immunore-
activity (fig. 3B). In contrast, dissociated neonatal DRG
neurons exhibited anti-NaV1.8 immunoreactivity, with
no specific neuronal size preference (figs. 3C–E). A po-
tential bias in our analysis of immunoreactivity in cul-
tured neurons could arise if there were a selective loss of
large-diameter neurons; however, the observed size dis-
tribution of cultured DRG clustering around the smaller
cells is consistent with the known predominance of small
neurons in adult DRG.26 More likely is the possibility that
NaV1.8 up-regulation in cultured DRG neurons reflects the
effect of nerve growth factor in the culture medium
because increased concentrations of nerve growth factor
are known to increase NaV1.8 expression.25

The shRNA/EGFP constructs targeting NaV1.8,
NaV1.2, pan-tetrodotoxin–sensitive, or a control con-
struct only expressing the EGFP reporter were ex-
pressed in cultured neonatal DRG, and 48 h later,
NaV1.8 immunoreactivity was examined by immunocy-
tochemistry (fig. 4A). Neurons expressing the constructs
were readily identified by the green fluorescence from
the EGFP reporter expression and the relative fluores-

Fig. 2. Time and construct-dependent knockdown of NaV1.8 in
an HEK293-NaV1.8 stable cell line. (A1) Anti-NaV1.8 immunore-
activity in control wild-type and HEK293 cells stably expressing
NaV1.8. (A2) Western blot of wild-type HEK293 transiently
transfected with NaV1.8-pIRES/neo (lane 1), nontransfected
wild-type HEK293 (lane 2), and HEK293-NaV1.8 stable cell line
(lane 3). Protein concentrations of the lysates were determined
and the lane loading normalized. (B) Western blot of cell lysates
from HEK293-NaV1.8 cell line 48 h after infection with lentivi-
rus expressing the designated short hairpin RNA/enhanced
green fluorescence protein (EGFP) or EGFP alone. The EGFP
band serves as a loading and infection efficiency control. Den-
sitometric quantification from six experiments from four sep-
arate HEK293-NaV1.8 preparations was performed, and the rel-
ative intensities are denoted as numbers (mean � SEM) below
the Western blot. Note the difference in NaV1.8 protein knock-
down between different short hairpin RNAs. Pan-TTXs � pan-
tetrodotoxin sensitive. (C) HEK293-NaV1.8 cell line infected
with lentivirus expressing NaV1.8 (6033)-short hairpin RNA/
EGFP and harvested at the noted times after infection. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) serves as a pro-
tein loading control. A time-related decrease of NaV1.8
immunoreactivity is concordant with increase of EGFP immu-
noreactivity that reflects lentiviral expression (however, see
Discussion). A significant knockdown was observed 12–24 h
after infection.

Fig. 3. NaV1.8 immunoreactivity in adult, neonatal and cultured
neonatal dorsal root ganglion (DRG) neurons. (A) NaV1.8 im-
munoreactivity in adult DRG section shows preferential distri-
bution in small diameter neurons. Arrows indicate the large-
diameter DRG neurons. Scale bar � 100 �m for all panels. (B)
Preimmune serum shows no reactivity. (C) NaV1.8 immunore-
activity in cultured neonatal DRG is present in all neurons. (D)
Cell size versus immunoreactivity intensity distribution plot
confirming no correlation between cell size and immunoreac-
tivity in cultured neonatal DRG. (E) Bar plot of immunoreactiv-
ity intensity of anti-NaV1.8 antibody-treated (78.7 � 28.2) and
preimmune serum-treated (33.1 � 6.5) DRG neurons (mean �
SD) (* significant difference). There was no significant differ-
ence in immunoreactivity intensity within the anti-NaV anti-
body treated group when data were separated into cells with
areas smaller or larger than 700 �m2. Data from eight dishes
from two separate cultures.
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cence intensity of anti-NaV1.8 antibody immunoreactiv-
ity quantified (fig. 4B). Neurons expressing the EGFP
reporter alone, pan-tetrodotoxin–sensitive-shRNA/EGFP,
or NaV1.2-shRNA/EGFP exhibited the same intensity of
anti-NaV1.8 immunoreactivity compared with the non-
green (i.e., nontransduced) cells in the same dish. In
contrast, there was a significant reduction in the fluores-
cence intensity in neurons expressing NaV1.8-shRNA/
EGFP. We were unable to perform the reciprocal exper-
iment examining for the level of NaV1.2 protein

expression in DRG neurons because we were unable to
obtain a selective antibody against NaV1.2 that worked.

We next sought reciprocal evidence for a selective
target knockdown by examining whether the NaV1.8-
shRNA/EGFP constructs nonspecifically inhibited ex-
pression of other VGSC � subunits. Because VGSC sub-
type-specific antibodies were not available commercially
at this time, it was not possible to do the study at the
protein level. However, study of the mRNAs encoding
sodium channels by RT-PCR provided information on
whether the corresponding mRNAs were effectively de-
creased by shRNA. We tested mRNA concentrations for
NaV1.3, NaV1.8, and NaV1.9 after shRNA/EGFP lentivi-
rus transduction of DRG cultures. For this experiment,
three NaV1.8 shRNA constructs were used, shNaV1.8
(1103), which demonstrated poor protein down-regula-
tion, and shNaV1.8 (3425) and shNaV1.8 (6033), with
effective protein knockdown. Figure 4C demonstrates
that two NaV1.8-shRNA/EGFPs selectively diminished
the NaV1.8 mRNA concentration in accord with the
protein concentration study while leaving the mRNA
for nontargeted NaVs intact. In contrast, the pan-tetro-
dotoxin–sensitive-shRNA/EGFP expression decreased
NaV1.3 mRNA. The RT-PCR product for neuron-specific
enolase served as a control for the relative amount of
nerve cells present in the particular culture dish and the
EGFP control for the relative efficiency of lentivirus
transduction.

Last, we examined for evidence of knockdown of func-
tional NaV1.8 � subunit by recording sodium currents in
cultured DRG neurons. Whole cell patch clamp record-
ings were obtained from DRG neurons expressing the
control EGFP or NaV1.8-shRNA/EGFP constructs with
the presence of the green fluorescence again used as
evidence for successful transduction. The NaV1.8 (6033)
was used for these experiments because this target best
reduced NaV1.8 protein and mRNA concentrations
among the five constructs tested. The electrophysiologic
assay was limited to 48 h after plating the DRG culture to
assure adequate spatial clamp because longer time in
culture resulted in long neurite extension and poor volt-
age clamp despite reduction in the Na� driving force.
Figure 5A shows representative current traces from
EGFP– (left) and NaV1.8-shRNA/EGFP–expressing
(right) neurons elicited by voltage steps to �60 to
�60 mV from a holding potential of �120 mV. In the
presence of tetrodotoxin, the resulting family of currents
represents tetrodotoxin-resistant current flowing mostly
through the NaV1.8 channels. The current–voltage plot
(fig. 5B) demonstrated no difference in the voltage de-
pendence of current activation between the large cur-
rents from the control neuron and the small residual
currents in NaV1.8-shRNA/EGFP–expressing neuron.
Further analysis of the currents by quantification of the
conductance–voltage plot confirmed this impression
(fig. 5C and table 2). The distribution of tetrodotoxin-

Fig. 4. NaV1.8 immunoreactivity and messenger RNA concentra-
tion are decreased only in dorsal root ganglion (DRG) neurons
expressing NaV1.8–short hairpin RNA (shRNA)/enhanced
green fluorescence protein (EGFP). (A) Representative images
of DRG cultures expressing the designated constructs. Number
of preparations: 18 dishes from 6 separate cultures for EGFP, 6
dishes from 3 cultures for NaV1.8-shRNA/EGFP, and pan-tetro-
dotoxin–sensitive (Pan-TTXs)–shRNA/EGFP. The images are
phase contrast and fluorescent views of EGFP and NaV1.8 im-
munoreactivity of the same field. The white arrow indicates
neurons expressing the construct recognized by the green flu-
orescence (middle column). Scale bar � 100 �m. (B) A bar plot
summary (mean � SEM) of NaV1.8 immunoreactivity intensity
of neurons expressing the denoted constructs (green) or con-
trol neurons (nongreen). * Significant difference in mean im-
munoreactivity intensities from n � 50 nongreen and n � 23
green neurons. (C) Reverse-transcription polymerase chain re-
action (RT-PCR) determination of the denoted messenger RNA
abundance in DRG cultures infected by the designated shRNA/
EGFP- or only EGFP-expressing lentivirus (lanes 2–6). Lane 1
from acutely isolated neonatal DRG serves as a positive control
for the sizes of RT-PCR products. Numbers below the NaV1.8
lane are of relative intensities (mean � SEM from 7 RT-PCR
amplifications from 3 separate DRG preparations) of the RT-
PCR products after normalization with respective neuron-spe-
cific enolase (NSE) bands. The signal intensity of the EGFP-
transduced dish was taken as 1.00.

833SELECTIVE KNOCKDOWN OF NaV1.8

Anesthesiology, V 103, No 4, Oct 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/103/4/828/360966/0000542-200510000-00022.pdf by guest on 18 April 2024



resistant current density was significantly decreased in
NaV1.8-shRNA/EGFP–expressing neurons (fig. 5D).
Thus, we demonstrated a successful shRNA-mediated
knockdown of the NaV1.8 � subunit in primary DRG
neurons by immunohistochemical, RT-PCR, and patch
clamp techniques.

Discussion

Our results demonstrated a successful shRNA-mediated
selective knockdown of NaV1.8 protein in a cell line
expressing the NaV1.8 protein and also in cultured pri-
mary neonatal DRG neurons. To our knowledge, this is
the first report of shRNA-mediated knockdown of a
VGSC and confirms that this technology enables a highly
selective knockdown of a given member of this protein
family with high homology not distinguishable by avail-
able toxins and pharmacologic agents. Four of the five
NaV1.8-shRNAs demonstrated adequate knockdown,
whereas one construct did not do so. All five constructs
were created following the general guidelines, and it is
not clear why one of the five constructs did not exhibit
target knockdown. Several factors that may influence the
efficiency of RNA interference have been reported,27,28

e.g., the choice of target site and secondary structure.
However, a reliable guideline for constructing the best
shRNA has not been established yet. Our limited expe-
rience supports the general notion that the RNA inter-
ference approach to a target knockdown is more robust
and easily attainable with little trial and error compared
with the antisense oligonucleotide method.29 Further
experiments with base-mismatched shRNAs are neces-
sary to precisely define the tolerance and fidelity of RNA
interference–mediated VGSC knockdown.

Our whole cell patch clamp data from DRG neurons
confirmed the reduction in tetrodotoxin-resistant cur-
rent density in NaV1.8-shRNA/EGFP–expressing neu-
rons. Two methodologic points merit discussion: first,
whether the residual current remaining in theNaV1.8-
shRNA transduced cells was mediated by the remaining
NaV1.8 channels or whether the current could be a
contaminating current mediated by the NaV1.9 chan-
nels, and second, whether a complete elimination of the
functional NaV1.8 protein can be attained.

It is now well recognized that NaV1.9 mediates tetro-
dotoxin-resistant current in mouse DRG neurons,30,31 in
addition to the NaV1.8. These two channels are encoded
by different VGSC genes, but tetrodotoxin alone can not
distinguish currents flowing through these distinct chan-
nels. However, the two channels exhibit a marked dif-
ference in their biophysical properties such as the acti-
vation voltage (more depolarized for NaV1.8),
inactivation (more positive for NaV1.8), and the recov-

Fig. 5. Electrophysiologic evidence for a knockdown of func-
tional NaV1.8 channels. (A) Representative currents activated by
a family of depolarizing steps (�60 to �60 mV) in enhanced
green fluorescence protein (EGFP; left)– and NaV1.8 (3425)-
short hairpin RNA (shRNA)/EGFP (right)–expressing dorsal
root ganglion neurons. (B) Current–voltage and (C) conduc-
tance–voltage plots of the same cells. The fitted parameters
were as follows: EGFP (gray circles): gmax � 5.9 nS, V1/2 � �16.7
mV, slope � 3.7; NaV1.8-shRNA/EGFP (black squares): gmax �
49 nS, V1/2 � �19.0 mV, slope � 3.5. (D) A bar plot of the mean
normalized peak tetrodotoxin-resistant current density for
NaV1.8-shRNA/EGFP–expressing (n � 5), EGFP-expressing (n �
13), and noninfected control (n � 7) dorsal root ganglion neu-
rons. Error bar represents SE. * Statistical significance at P <
0.05 (Mann–Whitney U test). NS � not significant.

Table 2. Electrophysiologic Parameters Describing the Tetrodotoxin-resistant Sodium Current in Dorsal Root Ganglion Neurons

DRG Neurons n Vm at Peak Na Current, mV V1/2 Potential, mV Reversal Density Factor, mV Current, pA/pF Slope, mV

NaV1.8 shRNA/EGFP 5 �23.0 � 6.4 �20.4 � 8.3 6.7 � 7.0 20.4 � 5.9* 6.4 � 1.9
EGFP 13 �30.0 � 2.9 �23.2 � 2.6 17.3 � 3.6 67.6 � 10.4 5.3 � 0.6
No infection control 7 �27.9 � 3.3 �24.1 � 2.5 19.8 � 2.4 79.9 � 17.2 4.9 � 1.1

Data are expressed as mean � SEM.

* Statistically significant difference between the groups (P 	 0.05).

DRG � dorsal root ganglion; EGFP � enhanced green fluorescence protein; shRNA � short hairpin RNA; V1/2 � half-activation voltage; Vm � membrane voltage.
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ery from inactivation (slower for NaV1.8).31 We used a
prepulse to �50 mV for 500 ms before stepping to the
respective activation voltages, as described by Tyrrell et
al.,22 in an effort to minimize the contamination of the
elicited tetrodotoxin-resistant current by NaV1.9. Given
the documented current activation in the range of �20
to �10 mV in our cells, we believe the observed current
was largely due to NaV1.8. Likewise, the residual tetro-
dotoxin-resistant current seen in NaV1.8-shRNA–ex-
pressing cells was not due to contaminating NaV1.9 but
rather reflects current flowing through the remaining
NaV1.8 because activation voltage remained very posi-
tive, with a V1/2 of �20 to �10 mV range, whereas this
parameter for NaV1.9 V1/2 should have been closer to
�60 mV.

Can total inhibition of NaV1.8 be attained? Our elec-
trophysiologic assay was limited to 48 h after plating the
DRG neurons because of the technical difficulty of ob-
taining a satisfactory voltage clamp. However, our West-
ern blot data on NaV1.8-HEK293 cell line demonstrated
a complete elimination of the NaV1.8 protein by 24 h
after infection with lentivirus expressing the NaV1.8-
shRNA constructs. Therefore, at 48 h, the shRNA should
have exerted its maximal knockdown, and our inability
to electrophysiologically study the neurons at a later
time point should not have been a limitation, assuming
that the NaV1.8 protein half-life was comparable in the
two systems. NaV1.2 expressed in the brain is known to
associate with accessory proteins such as contactin,32

and this association prolongs the protein half-life.
NaV1.8 has been demonstrated to interact with the an-
nexin accessory protein, which also prolongs the pro-
tein half-life, and increase the channel expression.33 Al-
though simply waiting longer for the NaV1.8-shRNA to
exert its full knockdown may be sufficient to totally
inhibit the tetrodotoxin-resistant current in DRG neu-
rons, an alternative strategy to enhance the target knock-
down is to simultaneously target the accessory protein.

Although this work focused on NaV1.8 as the target for
knockdown based on its likely role in inflammatory and
neuropathic pain, it is unlikely that this � subunit is the
only VGSC involved in the generation of pathologic pain.
A recent study indicates that a peripheral nerve injury
resulted in the increased expression of NaV1.3 in DRG
and second-order spinal neurons.34 Isoform selective
knockdown of NaV1.3 by shRNA may be a viable ap-
proach to preventing central sensitization and neuro-
pathic pain. In fact, a systematic use of the shRNA-based
technology that allows a selective knockdown of the
homologous � subunits of VGSC, one at a time or in
combination, may allow us to decipher the complex
interaction between different VGSCs in mediating patho-
logic pain.

The major advantage of shRNA-mediated knockdown
is the fact that the pseudo–double-stranded hairpin RNA
is transcribed from a DNA construct allowing for the

potential for a prolonged RNA inhibition and knock-
down of the target protein. However, plasmid-based
shRNA expression has limitations in cases where trans-
fection efficiency is low, especially in mitotically ar-
rested neurons. To solve this problem, we used recom-
binant lentivirus because they effectively transduce
nondividing cells. In vivo injection of the shRNA-ex-
pressing lentivirus should allow a selective knockdown
of the pathogenic target protein, restoring normal excit-
ability in sensitized neurons. Furthermore, lentivirus in-
tegration into the host genome should result in a local-
ized perpetual knockdown of the target protein in the
infected cells, opening up the exciting possibility of a
shRNA-mediated viral vector-based in vivo gene therapy
for the currently difficult to treat chronic pain of neuro-
pathic and inflammatory origin.

The authors thank Sarah Giardina, Ph.D. (Postdoctoral Research Scientist,
Columbia University Department of Anesthesiology, New York, New York), for
her comments on the manuscript.
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