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INTRODUCTION
Diabetic neuropathic pain is a chronic

and often intractable condition with lim-
ited clinical treatment options and repre-
sents a major unmet medical need (1). A
large body of work demonstrates that ab-
normal sodium channel expression in
dorsal root ganglion (DRG) neurons pro-
duces hyperexcitability in these neurons
that underlies neuropathic pain (2,3).
Emerging evidence has demonstrated
that the voltage-gated sodium channel
isoform Nav1.3 has an important role in
the development and maintenance of

neuropathic pain (4–6). Nav1.3 is a
tetrodotoxin-sensitive (TTX-S) sodium
channel and produces sodium currents
with rapid repriming kinetics that can
contribute to neuronal hyperexcitability
and enhance repetitive firing characteris-
tics and ectopic firing in injured neurons
(7,8). Although Nav1.3 is normally unde-
tectable in adult DRG neurons, expres-
sion of this sodium channel subtype is
upregulated in these cells after axotomy
(that is, nerve transection) and chronic
constriction injury models of neuropathic
pain (4,6,7,9–11). Previous studies have

shown that levels of Nav1.3 increase in
DRG neurons of streptozotocin (STZ)-
 induced diabetic models of neuropathic
pain (12). Thus, it has been posited that
Nav1.3 upregulation within DRG neu-
rons in diabetes contributes to hyperac-
tivity of nociceptive circuits and neuro-
pathic pain (13). Here, we hypothesize
that knockdown of Nav1.3 will reduce
neuropathic pain in painful diabetic neu-
ropathy. Specific targeting of sodium
channel isoforms as a strategy for treat-
ing neuropathic pain has been particu-
larly difficult owing to the absence of
validated isoform-selective small-
 molecule inhibitors. The advent of gene
therapy has recently shown promise in
the treatment of neuropathic pain, partic-
ularly the use of viral-mediated delivery
of small-hairpin RNA (shRNA) con-
structs to knockdown target proteins
(5,14). In general, gene therapy offers
three major advantages: target specificity
(for example, blocking of specific sodium
channel isoforms), reduced incidence of
adverse events or side effects, and thera-
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peutic durability (15). We have previ-
ously demonstrated that direct injection
into DRG of adeno-associated virus
(AAV) vectors expressing shRNA against
Nav1.3 resulted in significant knock-
down of Nav1.3 expression and reduced
nerve injury–induced neuropathic tactile
allodynia (5). This direct-DRG injection
study demonstrated the proof of princi-
ple that a gene therapy approach to pain
can be used with high transduction effi-
ciency. Intra-DRG delivery of the knock-
down construct offers flexibility through
its limited segmental disease-modifying
effects on pain-associated behavior but is
less clinically relevant because of the in-
vasive method of delivery. In this study,
we assessed the translational potential of
Nav1.3 knockdown by viral-mediated
delivery of AAV-shRNA-Nav1.3 in dia-
betic neuropathic pain. We administered
the vector using a clinically relevant in-
trathecal injection approach, a minimally
invasive technique and a more applicable
delivery strategy compared with direct-
DRG injection. Three weeks following in-
trathecal injection in diabetic rats, we ob-

served robust viral infection of multiple
DRGs along the lumbar enlargement
without infection of spinal cord neurons,
reduced tactile allodynia, and a concomi-
tant decrease in nociceptive dorsal horn
neuron hyperexcitability. Together, these
findings demonstrate for the first time
the functional relevance of Nav1.3 misex-
pression in diabetic neuropathic pain
and provide groundwork for developing
targeted gene therapy to manage chronic
pain.

MATERIALS AND METHODS

Animals
All experiments were performed in ac-

cordance with the National Institutes of
Health Guidelines for the Care and Use
of Laboratory Animals. All animal proto-
cols were approved by the VA Connecti-
cut Healthcare System Institutional Ani-
mal Care and Use Committee. Adult
male Sprague Dawley rats (225–300 g;
Harlan) 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 humid-
ity (60%) with alternating 12-h light–dark
cycles. All experimental procedures were
performed during the light cycle. Food
and water were provided to animals ad
libitum.

STZ-Induced Diabetes
All animals were injected with STZ 

(50 mg/kg body weight, intraperitoneally
[IP]; Sigma-Aldrich), as described previ-
ously (16). STZ is a pancreatic β-cell toxin
that produces type I diabetes (17). Glu-
cose levels were measured from blood
samples drawn from the ventral tail vein
immediately at the end of the experiment,
that is, at an endpoint 3 wks after STZ in-
jection (OneTouch Ultra glucose monitor-
ing system; LifeScan). Diabetes mellitus
was defined as hyperglycemia with blood
glucose of 250 mg/dL or higher (12). All
animals included in our analyses devel-
oped significant hyperglycemia according
to these inclusion criteria. As expected
with this STZ-induced diabetes model, di-
abetic animals tended to lose body weight
over the 2-wk course of the experiment
(18). To maintain body mass, diabetic ani-
mals were provided with supplemental
liquid food on a routine basis and al-
lowed to feed ad libitum (Ensure, 150 mg
daily; Abbott Laboratories). Animals were
randomly assigned to two groups: those
animals injected intrathecally with control
AAV-shRNA-scrambled (-Sc) or with
AAV-shRNA-Nav1.3 (also see below). All
animals underwent blood glucose and be-
havioral testing. A subpopulation of ani-
mals was used for terminal electrophysio-
logical testing. Tissue was collected for
histological processing and analysis at the
end of all experiments.

siRNA Design, Cloning, and Viral
Vector

The siRNA design, sequence, cloning,
and viral vector used in this study have
been described previously (5) (also see
Figure 1A). TTX-S currents in DRG neu-
rons (in normal or diabetic animals) are a
composite of Nav1.1, -1.3, -1.6 and -1.7,
and physiological methods lack the reso-
lution to distinguish the effect on any

Figure 1. Intrathecal injection delivery of AAV vectors. (A) A diagram showing the AAV-
shRNA vector used to target Nav1.3 in vivo (adapted from Samad et al., 2013 [5]). (B) A
small laminectomy was performed between vertebral columns L5 and L6. AAV-vectors
were then injected into intrathecal space and resulted in vector transduction of DRGs
along the lumbar enlargement.
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single isoform within the composite cur-
rent in primary neurons. Thus, to verify
the specificity and efficacy of functional
Nav1.3 knockdown with the construct,
we measured sodium currents in cultured
HEK293 cells that stably expressed rat
Nav1.3 (5,13) and observed a several-fold
reduction in the Nav1.3 current (5). The
siRNA construct significantly decreased
Nav1.3 mRNA levels as measured by 
reverse transcriptase polymerase chain re-
action (RT-PCR) in DRG neurons and had
no off-target effects on other members of
the voltage-gated sodium channel family,
including Nav1.6, -1.7, -1.8, or -1.9 (5).

The viral titers used in this study were
as follows: AAV-shRNA-Sc, 7.27 × 1013

viral genomes (vg)/mL; AAV-shRNA-
Nav1.3, 7.05 × 1013 vg/mL (Gene Transfer
Vector Core, IA). Before the viral solu-
tions were injected into diabetic animals,
viral solutions were desalted using Slide-
A-Lyser minidialysis according to manu-
facturer’s instructions (Thermo Scien-
tific). Desalting was done for 1 h at 4˚C
immediately prior to intrathecal injec-
tions in animals.

Intrathecal Injection
Animals were anesthetized via expo-

sure to 1–3% isoflurane in oxygen. A
small laminectomy (~1 mm2) was per-
formed between lumbar levels L5 and L6
to expose the thecal sac (16,17) (Figure 1B).
This allowed visual confirmation that the
needle entered the intrathecal space with-
out damaging the spinal cord. To avoid
injury to the underlying spinal cord tis-
sue, the needle was kept at midline and
slowly inserted at a very shallow angle
(less than 30° to the surgical table) under-
neath the dura. Viral particles in a 5-uL
volume were injected using a 10-μL
Hamilton syringe with a 32-gauge needle.
After injection, the paraspinal muscles
and skin were sutured closed in layers
using 4.0 silk sutures.

Immunodetection Methods
Immunohistochemical analyses on

cryosections were performed as previ-
ously described (19) (Figure 2). Briefly,
rats were deeply anesthetized with 

ketamine/xylazine (75/5 mg/kg body
weight; IP) and transcardially perfused
with phosphate-buffered saline (PBS) 
followed by a 4% paraformaldehyde 
solution in 0.1 mol/L PBS. Rat spinal
cord and DRGs from L4–L5 were col-
lected. Sections were blocked with PBS
containing 5% fish skin gelatin (Sigma-
Aldrich), 6% normal donkey serum, 0.6%
Triton X-100 and 0.02% sodium azide for
1 h at room temperature. Subsequently,

slides were incubated individually or in
combination with primary antibodies.
The following primary antibodies were
used: rabbit anti–green fluorescent pro-
tein (GFP) (Invitrogen 1:1000) and mouse
anti-NeuN (Millipore 1:1000). Sections
were then incubated with secondary anti-
bodies, donkey anti-mouse IgG-488 Dy-
light (Jackson ImmunoResearch) and
donkey anti-rabbit IgG-Cy3 (Jackson Im-
munoReasearch).

Figure 2. Intrathecal injection of AAV infects lumbar DRG neurons. Following intrathecal in-
jections of AAV2/5 vectors (with GFP reporters). (A) DRG were stained with GFP and
NeuN. A merged image in the top panel in A shows that cell bodies immunopositive for
GFP (cells infected by vectors) colocalize with NeuN, as shown by yellow color. (B) A simi-
lar histological approach in spinal cord tissue from the same animals revealed no colo-
calization of GFP and NeuN, demonstrating that AAV vectors did not infect spinal cord
neurons (see merged bottom panel in B). As expected, some GFP-labeled afferent fibers
from infected DRGs appeared in the dorsal column white matter tracts and in the
deeper laminae of the dorsal horn gray matter (white arrowheads). (C) Normalized
Nav1.3 quantitative PCR from lumbar enlargement DRGs 3 wks after AAV intrathecal in-
jection demonstrate significant differences in Nav1.3 mRNA expression following shRNA-
Nav1.3 compared with scrambled AAV vector treatment.
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Pain Behavioral Assays
A blinded experimenter performed all

behavioral experiments. All rats were ac-
climatized to the behavioral testing room
in three to four habituation sessions.
Baseline behavioral data were recorded
1–2 d prior to STZ injection (considered 
d 0). Subsequent behavioral testing was
performed during wk 1 and at the experi-
mental endpoint at wk 3. For tactile with-
drawal threshold assessments, rats were
placed on an elevated wire grid and the
lateral plantar surface of the paw of each
animal was presented with a series of cal-
ibrated Von Frey filaments (Stoelting).
The withdrawal threshold (determined as
50% response rate) was determined using
the “up-down” method for rats (16,20).
For thermal sensitivity, the plantar sur-
face of the paw was exposed to a radiant
heat source using a Hargreaves apparatus
(ITC) (21). Paw withdrawal latency was
then measured (with initial beam inten-
sity adjusted for a baseline withdrawal
latency of 9–11 s). Thermal withdrawal
latency testing was performed 3 times
per animal (with a rest interval of at least
5 min). To prevent tissue damage, the ra-
diant heat source in the apparatus was
automatically cut off at 20.5 s. For all ani-
mals, tactile and heat threshold with-
drawal data were averaged within
groups and then compared across
groups.

Electrophysiology
Animals were anesthetized with

sodium pentobarbital (40 mg/kg, IP),
and a laminectomy was performed to ex-
pose the spinal lumbar enlargement. The
overlying dura was carefully excised and
warm mineral oil was applied over the
recording area. Core body temperature
was monitored with a rectal thermome-
ter and maintained (34°C ± 2°C) using a
circulating water heating pad. Record-
ings were obtained with a low-imped-
ance 5-mΩ tungsten-insulated microelec-
trode (A-M Systems) that was positioned
near the L4/L5 dorsal root entry zone.
Electrical signals were amplified, filtered
at 300–3,000 Hz, and processed by a data
collection system (CED 1401; Cambridge

Instruments). Stored recordings were an-
alyzed offline with Spike2 software (ver-
sion 7.02; Cambridge Electronic Design).
Extracellular single-unit recording meth-
ods and identification of wide dynamic
range (WDR) neurons have been de-
scribed previously (16,18). Briefly, WDR
neurons were first identified by their
general response to a range of low- and
high-threshold peripherally evoked stim-
uli (that is, light brushing with a cotton-
tipped swap and pinching with sharp
forceps) applied to each neuron’s cuta-
neous receptive field. Following WDR
neuron identification, we mapped the cu-
taneous receptive field surface area of
each neuron on an outline of the dorsal
surface of the rat hindquarters by lightly
brushing, pinching and probing with
von Frey filaments (18,22). The areas of
each receptive field were measured
using NIH ImageJ (free software avail-
able at http://rsbweb.nih.gov/ij/). An
arbitrary standard unit for area was as-
signed and used for quantitative com-
parison between treatment groups. The
following stimuli were then applied:
phasic brush (PB) stimulation of the skin
with a cotton applicator, compressive
pressure (144 g/ mm2), and increasing
force (0.04, 0.16, 0.4, 0.6, 1.0, 4.0, 6.0, 15.0,
26.0 g). These stimulus modalities are re-
flective of human nociceptive testing
(23,24). We confirmed that responses
were maximal by stimulating the pri-
mary receptive field of each unit and en-
sured that isolated units remained stable
during recording by using software wave
template matching routines. The activi-
ties of 4–6 WDR units/animal were re-
corded from the lumbar enlargement
(~500–800-μm deep), which yielded
15–16 units/treatment group.

Statistical Analyses
For analyses, an α value of p < 0.05 was

used to determine significance. One-way
repeated analysis of variance (ANOVA)
followed by Bonferroni post hoc correction
was used for analyses of tactile and heat
sensitivity over the studied time course.
Mann-Whitney U tests were used for
treatment group comparisons at specific

experimental time points. For electro-
physiological data, two-tailed analyses
using parametric or nonparametric tests
were used, as appropriate. We used re-
peated measures ANOVA or Kruskal-
Wallis one-way ANOVA on ranks, fol-
lowed by Bonferroni or Dunn post hoc
tests. Data management and statistical
analyses were performed using
SigmaPlot (version 12; Systat) and Mi-
crosoft Office Excel 2011. Data in the text
are described as mean ± standard devia-
tion (SD). All graphs were plotted as
mean ± standard error of the mean (SEM)
using SigmaPlot (version 12).

RESULTS

Intrathecal Injection Delivers AAV to
DRG Neurons without Infecting Spinal
Cord Dorsal Horn Neurons

We have previously designed and suc-
cessfully utilized the AAV2/5-shRNA-
Nav1.3 vector to specifically knock down
Nav1.3 expression in vivo by administer-
ing this AAV vector directly to DRG neu-
rons (that is, through an intraganglionic
injection technique) (5). To further extend
these studies using a minimally invasive,
clinically applicable delivery method, we
used an intrathecal injection approach
that others have described to allow AAV
to effectively transduce DRG neurons
without significantly affecting pain
thresholds (25,26). To confirm transduc-
tion efficiency and neuronal target speci-
ficity in our study, we analyzed spinal
cord and DRG tissue collected from ani-
mals at the experimental endpoint (3 wks
post-STZ injection). We quantified the
percentage of GFP-positive neuronal pro-
files in tissue sections of L4-L5 DRGs,
which contribute to the innervation of
the hindquarters and hindpaw der-
matomes. Using NeuN-immunopositive
staining as a neuronal colocalization
marker, we observed an average trans-
duction rate of 50.3 ± 3.1% of DRG neu-
rons (Figure 2A).To determine whether
AAV infection was restricted to periph-
eral DRG neurons, we also performed a
histological study of spinal cord tissues
collected from AAV-injected animals.
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Three weeks after AAV injection, spinal
cord tissue from the lumbar enlargement
L4–L6 was processed and examined for
NeuN-immunopositive cells that were
colabeled with GFP-expressing cells (Fig-
ure 2B). We did not detect any NeuN-
 immunopositive neurons with GFP ex-
pression, an indication that intrathecal
delivery of AAV2/5 did not lead to infec-
tion of neurons in the spinal cord dorsal
horn. Admittedly, we cannot exclude the
possibility that AAV delivered intrathe-
cally could have infected an undetectable
small number of spinal cord neurons
(26). Interestingly, we observed GFP-
 labeled primary afferents in several re-
gions of the spinal cord, distributed in a
fibrous pattern throughout the dorsal
columns, the dorsal horn, and into the
ventral horn (Figure 2B; white arrows).
In some tissue sections, GFP-labeled af-
ferents appeared within the dorsal root
nerve tissue (image not shown), demon-
strating that infected GFP-labeled DRGs
project axons into the spinal cord.

Intrathecal Injection of 
AAV2/5-shRNA-Nav1.3 Reduces
Nav1.3 mRNA Expression in Lumbar
DRGs

Nav1.3 mRNA and protein expression
increase in DRGs from STZ-induced dia-
betic rats. To determine whether
AAV2/5-shRNA-Nav1.3 delivered in-
trathecally can achieve Nav1.3 knock-
down in vivo, we collected DRG tissue
from a subpopulation of animals from
the two experimental diabetic groups
3 wks post-STZ injection (control
shRNA-scrambled [-Sc] or shRNA-
Nav1.3) (Figure 2C). Total RNA was ex-
tracted from L4–L5 DRGs for quantifica-
tion of Nav1.3 mRNA content (n = 8
ganglions/group). Relative Nav1.3
mRNA expression levels were calculated
from total RNA content. Nav1.3 mRNA
expression significantly decreased in
DRGs collected from animals adminis-
tered AAV-shRNA-Nav1.3 compared
with control shRNA-Sc (p < 0.05; 18.7%).
It is important to note that this analysis
used complementary DNA (cDNA) pre-
pared from whole dorsal root ganglion,

which includes both infected neurons
and noninfected cells (for example, non-
infected neurons and glia). Thus, the ob-
served reduction in mRNA expression is
an underestimation of the actual effect of
shRNA incorporation on an individual
neuronal level.

Nav1.3 Knockdown Reduces
Nociceptive Hyperexcitability
Associated with Diabetic Neuropathic
Pain

To test the peripherally evoked re-
sponse of WDR neurons in animals with
diabetic neuropathic pain, we sampled
units from dorsal horn laminae IV–V
(1,27). We identified WDR neurons by
their response to both low- and high-
threshold peripheral stimuli applied to
their cutaneous receptive fields (1,27). In

diabetic animals, peripheral stimulus
consisting of PB, press, and pinch pro-
duced mean spike frequencies between
35 and 40 Hz (PB, 33.9 ± 10.7 Hz; press,
25.6 ± 10.0 Hz; pinch, 35.8 ± 13.4 Hz)
(Figure 3A). In contrast, injection with
AAV-shRNA-Nav1.3 in diabetic animals
produced mean spike activities between
10% and 16% (PB, 15.2 ± 6.5 Hz; press,
10.8 ± 3.9 Hz; pinch, 13.1 ± 5.2 Hz),
which was a significant reduction in fir-
ing frequency across these modalities by
50% compared with control STZ animals
(p < 0.05; n = 16 cells/group). Similarly,
compared with STZ animals receiving
control shRNA-Sc, Nav1.3 knockdown
with AAV-shRNA-Nav1.3 intrathecal in-
jection resulted in a significant decrease
in evoked single-unit activity in response
to three Von Frey filament intensities (Fig-

Figure 3. Peripherally-evoked responses of wide–dynamic range units. (A) Application of
phasic brush, press, pinch, and (B) Von Frey filaments applied to cutaneous receptive
fields of WDR neurons evoked single-unit firing activity in diabetic animals. Viral-mediated
knockdown of NAV1.3 attenuated the responsiveness of diabetic WDR neurons (*p < 0.05;
n = 16 cells/group). (C) A representative peristimulus histogram shows the peripherally
evoked response of WDR single units to phasic brush (PB), compressive press (144 g/mm2),
and pinch (538 g/mm2). Graphs are mean ± SEM.
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ure 3B), which we applied to hind limb
cutaneous fields (p < 0.05; 0.04 g, 8.8 ±
3.2 versus 4.1 ± 3.07 Hz; 0.16 g, 7.9 ± 4.5
versus 4.5 ± 2.5 Hz; 0.6 g, 18.7 ± 9.2 ver-
sus 11.9 ± 4.8 Hz). A representative
 peristimulus histogram of WDR re-
sponses (spikes per 1-s bin) is shown in
Figure 3C for both STZ + Sc and STZ +
shRNA-Nav1.3 groups.

Our previous study demonstrated
that the receptive fields of dorsal horn
units expand in animal models of dia-
betic neuropathic pain (16). To test
whether Nav1.3 knockdown induces
changes in receptive fields of WDR neu-
rons (Figure 4), we mapped cutaneous
receptive fields of sampled neurons by
light brushing, pinching and probing
with Von Frey filaments (see Materials
and Methods). As shown in representa-
tive maps, the receptive field areas in di-
abetic animals demonstrated enlarged re-
ceptive fields (28) (Figure 4A). Injection
of AAV-shRNA-Nav1.3 resulted in a
qualitative reduction in these receptive
field sizes (Figure 4B). Quantification
demonstrated that AAV-shRNA-Nav1.3
injection in diabetic animals decreased
cutaneous receptive field areas compared
with control viral-injected STZ animals
(Figure 4B) (p < 0.05; 0.23 ± 0.11 versus
0.41 ± 0.22 pixel unit area; n = 16/group).

Nav1.3 Knockdown in DRG Neurons
Reduces Neuropathic Tactile
Allodynia in Diabetic Rats

Injection of STZ is an established model
for type I diabetes mellitus in adult rats
(16). We have previously demonstrated
that rats injected intraperitoneally with
STZ develop high blood glucose (hyper-
glycemia) as early as 4 d following injec-
tion (16,28). Moreover, these hyper-
glycemic rats exhibit a gradual reduction
in tactile pain thresholds within 1 wk fol-
lowing STZ injection, and by the third
week exhibit significant neuropathic tac-
tile allodynia that is characteristic of
painful diabetic neuropathy (16,17). In
this study, all animals developed signifi-
cant hyperglycemia by the experimental
endpoint at 3 wks after STZ injection
(blood glucose range, 293–600 mg/dL;
mean, 575.6 ± 16 mg/dL; n = 27 [also see
Materials and Methods]). All animals
gained body mass over the 3 wk experi-
mental time course, despite the develop-
ment of hyperglycemia (baseline versus
3 wks post-STZ injection: p < 0.05; 231.4 ±
12.6 versus 264.6 ± 44.0 g).

To determine whether knockdown of
Nav1.3 in rats with diabetes can attenu-
ate tactile allodynia, we injected rats
with either shRNA-Nav1.3 4 d after STZ-
induction (n = 14) or shRNA-Sc (n = 13).

We measured tactile withdrawal thresh-
olds of the ipsilateral hindpaw (for ex-
ample, AAV injected side) at three time
points: baseline (before any STZ induc-
tion), 1 wk and 3 wks post-STZ injection
(Figure 5A). Rats injected with control
shRNA-Sc exhibited a significant drop in
tactile withdrawal thresholds by 1 wk
after STZ injection compared with baseline
(p < 0.05; 10.4 ± 3.0 versus 20.1 ± 5.1 g),
which progressively worsened by wk 3
(p < 0.05; 4.1 ± 6.6 versus 20.1 ± 5.1 g).
STZ-animals injected with shRNA-
Nav1.3 demonstrated a comparable drop
in tactile withdrawal threshold 1 wk fol-
lowing STZ injection compared with
baseline (p < 0.05; 9.03 ± 3.3 versus 20.0 ±
5.1 g). However, by 3 wks, animals with
shRNA-Nav1.3 injection showed a signif-
icant reversal of tactile allodynia, with
the withdrawal threshold increasing by
nearly three-fold compared with control
shRNA-Sc–treated animals (p < 0.05; 
13.3 ± 5.9 versus 4.1 ± 6.6 g) (Figure 5A).
The delayed onset of the effect of AAV-
mediated Nav1.3 knockdown is likely
due to the 2–3-wk time course required
for neuronal expression of the vector, an
observation we have reported previously
(12).In agreement with our previous
study (18), heat threshold testing re-
vealed no significant effect of STZ-
 induced diabetes over the 3-wk time
course of the study (shRNA-Sc, p > 0.05;
11.7 ± 2.3 versus 8.1 ± 3.3 versus 10.6 ±
1.3 s; shRNA-Nav1.3, p > 0.05; 10.1 ± 2.9
versus 10.4 ± 2.6 versus 9.9 ± 1.7 s; n =
4–5/group) (Figure 5B).Together, these
behavioral assessments demonstrate that
intrathecal delivery of AAV-shRNA-
Nav1.3 results in knockdown of Nav1.3
misexpression in lumbar DRGs that is as-
sociated with significantly reduced dia-
betic neuropathic tactile allodynia.

DISCUSSION
Diabetes mellitus is a global epidemic,

affecting more than 50 million individu-
als (16). Neuropathic pain represents a
major complication of chronic diabetes,
and current medical treatments have had
limited effectiveness in managing dia-
betic neuropathic pain. Here, we sought

Figure 4. Cutaneous receptive fields of WDR units. (A) A representative map shows sam-
pled WDR neuron receptive fields from each group. (B) STZ-induced diabetic animals ex-
hibited enlarged receptive fields, as observed previously (41). Viral-mediated knockdown
of Nav1.3 (with shRNA-Nav1.3) reduced the size of the enlarged receptive field com-
pared with receptive fields in animals that received control, scrambled vectors (shRNA-
Sc) (*p < 0.05; n = 16). Graph is mean ± SEM.
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to further address the unmet medical
need of diabetic neuropathic pain using
gene therapy. We have shown that
Nav1.3 is upregulated within DRG neu-
rons of STZ-induced diabetic rats, sug-
gesting its mechanistic role in neuro-
pathic pain (16). As a result of its
biophysical properties, Nav1.3 increases
the excitability of cells in which it is ex-
pressed and has been previously shown
to contribute to neuropathic pain (29).
We hypothesized that a gene therapy ap-
proach to knockdown Nav1.3 expression
in DRG neurons would attenuate neuro-
pathic pain in diabetic rats. To this end,
we used our validated AAV-shRNA-
Nav1.3 vector, which was administered
to diabetic rats using a clinically applica-
ble intrathecal injection method (7,12).
Three weeks after injection, we observed
robust transduction of multiple DRG
neurons along the lumbar enlargement
without an effect on transduction of
spinal cord neurons. Functional testing
in postsynaptic neurons in the spinal
cord demonstrated a concomitant reduc-
tion in the excitability of the dorsal horn
neurons to which DRG neurons project,
and behavioral testing showed a de-
crease in neuropathic tactile allodynia.
Taken together, our findings support a
novel gene therapy strategy that specifi-
cally targets misexpressed sodium chan-
nels that contribute to diabetic neuro-
pathic pain.

Our results demonstrate that Nav1.3
sodium channels contribute to diabetic
neuropathic pain. Previous studies have
shown that there is a significant and per-
sistent increase in mRNA and protein
expression of Nav1.3 within DRG neu-
rons (25). Expression of the β3 sodium
channel subunit, which forms a complex
with Nav1.3, also increased in DRG neu-
rons of STZ-induced diabetic rats, an ob-
servation consistent with the insertion of
Nav1.3 into cellular membranes (5). Im-
portantly, Nav1.3 drives a fast-recover-
ing TTX-sensitive current (for example,
the channel rapidly recovers from inacti-
vation) and produces a “ramp response”
to small stimuli, properties that support
high-frequency repetitive firing in neu-

rons associated with neuropathic pain.
Despite emerging evidence that Nav1.3
may contribute to abnormal nociception,
no published study has directly reported
on the functional relevance of diabetic-
induced Nav1.3 misexpression. We ob-
served reduced neuronal excitability of
dorsal horn neurons and reduced behav-
ioral evidence of tactile allodynia in dia-
betic rats 3 wks following vector admin-
istration. These observations suggest
that DRG neurons infected with AAV-
shRNA-Nav1.3 had lower levels of func-
tional Nav1.3 channels than those that
received the control vector. AAV-
shRNA-sc. Nav1.3 is one of multiple
sodium channel isoforms expressed in
DRG neurons that are TTX-S. The TTX-S
sodium currents in DRG neurons, nor-
mal or diabetic, are a composite of
Nav1.1, -1.3, -1.6 and -1.7. Isoform-spe-
cific blockers are unavailable for single-

cell–level electrophysiology studies, and
because of the dilution effect of other
Nav isoforms, patch clamp studies re-
veal only changes in current density re-
quiring a very large number of cells and
do not identify the isoform that is
knocked down. Calcium imaging, or
voltage-sensitive dyes, have emerged as
powerful technologies in neurophysiol-
ogy, but this approach still fails to
achieve the resolution necessary to de-
tect the changes in functional expression
of specific Nav isoforms. A study on
Nav currents in axotomized DRG neu-
rons (12), while detailed, documented
changes in the functional expression of
sodium channels but did not discern
specific isoform changes, such as
Nav1.3. Taken together, physiological
methods lack sufficient resolution to de-
finitively identify Nav isoforms from
composite TTX-S currents in DRG neu-

Figure 5. Tactile and heat pain thresholds. A blinded observer performed pain behavioral
testing for (A) tactile allodynia and (B) heat hyperalgesia at baseline (prior to STZ induc-
tion of diabetes), and 1 and 3 wks after STZ induction. One week after STZ induction there
was a significant decrease in the tactile withdrawal threshold for all animals compared
with baseline (see results), demonstrating the presence of neuropathic tactile allodynia.
By 3 wks after STZ induction, administration of AAV-shRNA-Nav1.3 in diabetic animals re-
sulted in a partial attenuation of diabetic-induced tactile allodynia compared with ani-
mals that received control, scrambled vector (shRNA-Sc) (*p < 0.05). There was no effect
of STZ-induced diabetes or treatment on heat pain thresholds.
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rons. Thus, in our previous gene therapy
study we chose to verify the functional
efficacy of the Nav1.3 knockdown con-
struct in HEK293 cells, in which we de-
finitively attributed changes in current
density to the Nav1.3 isoform (13,30). In
the present study using the same con-
struct, we showed a decrease in Nav1.3
mRNA expression in DRG tissues fol-
lowing viral transduction of approxi-
mately 50% of L4–L5 DRG neurons and
concomitant reductions of both dorsal
horn neuron hyperexcitability and tactile
allodynia. Together, our results suggest
that these physiological changes in DRG
neurons and in tactile allodynia are at-
tributable, at least in part, to knockdown
of Nav1.3. We did not observe a signifi-
cant change in heat withdrawal sensitiv-
ity in STZ-induced diabetic animals.
This finding is in agreement with other
reports in the literature that have shown
that STZ-induced diabetic rats exhibit no
or little change in heat pain (5,13,31).
However, others have shown that STZ-
induced diabetes in rats can lead to the
development of heat hyperalgesia (32).
The discrepancy between these findings
might be explained by the multiple
pathological mechanisms that contribute
to the development of diabetic neuro-
pathic pain (for example, peripheral
nerve damage, secondary vascular dis-
ease, hypoxia), such that even small
changes in the pathogenesis of diabetes
could produce large variations in spe-
cific sensory modalities, such as heat de-
tection (16,33,34). For example, in stud-
ies that report normal thermal
sensitivity, small DRG neurons with
thinly myelinated Aδ fibers or unmyeli-
nated C-fiber afferents, which carry ther-
mal nociceptive information, may have
been minimally unaffected, whereas in
other cases of diabetes, C fibers may
have become more substantially affected
(35). Alternatively, the instrumentation
and assessment used to detect the nox-
ious heat threshold (for example, a radi-
ant heat stimuli was used in this study)
might have limited sensitivity in this
assay. The Hargreaves method cannot
assess subthreshold heat intensities or

responses to prolonged heat exposure
(36,37). Taken together, it is clear that
further studies are required to firmly es-
tablish whether heat hyperalgesia is af-
fected in an STZ model of diabetes.
Nav1.3 is preferentially upregulated in
larger DRG neurons that are responsible
for transmitting tactile sensory informa-
tion in our model of STZ-induced dia-
betic neuropathic pain (21,38). In agree-
ment with published reports (12), we
observed GFP-labeled afferent fibers
within the intermediate zone of the dor-
sal horn, dorsal columns and attached
nerve roots. In some cases, sparsely dis-
tributed GFP-labeled fibers were ob-
served in the ventral horn. Together,
these findings suggest that some of the
AAV-infected DRG neurons were of the
medium- and large-diameter range and
are cells that are generally considered to
carry nonnoxious, discriminatory and
proprioceptive information (16). Consis-
tent with this observation, we demon-
strate that targeted knockdown of
Nav1.3 expression results in reducing
tactile allodynia (for example, the pres-
ence of pain from typically nonpainful
stimuli).It is not surprising that AAV-
shRNA injection resulted in only a par-
tial recovery of tactile pain thresholds.
Expression of other sodium channel iso-
forms is upregulated in DRG neurons in
the STZ-induced diabetic model of pain,
for example, Nav1.7, Nav1.6 and Nav1.9
(26); these other channels may also con-
tribute to altering the intrinsic firing
properties of DRGs associated with neu-
ropathic pain. In addition, AAV trans-
duced only a subpopulation of DRG
neurons along the lumbar enlarge-
ment—the remaining uninfected DRG
cells would continue to display hyperex-
citability in vivo and contribute to ongo-
ing abnormal pain. Emerging evidence
also supports a central nervous system
(CNS) contribution to diabetic neuro-
pathic pain, with upregulation of Nav1.3
expression in other regions of the CNS
(for example, spinal cord dorsal horn
and thalamus) following peripheral
nerve or spinal cord injury (12,18,26,39).
In our study, administration of AAV ap-

peared to affect only DRG neurons, and
thus other CNS nociceptive systems
would continue to contribute to the pain
phenotype.

CONCLUSION
In summary, our results demonstrate

that intrathecal administration of AAV-
mediated gene therapy is a promising
therapeutic strategy. Although previous
studies have targeted sodium channels in
DRG neurons in models of diabetes, a
lack of Nav isoform specificity has lim-
ited these studies’ translational relevance
and limited their mechanistic insights
into neuropathic pain. In this regard, our
findings are novel, demonstrating a con-
tribution of Nav1.3 misexpression in dia-
betic neuropathic pain. Moreover, by
using a clinically feasible intrathecal de-
livery method, we have improved upon
our previous viral-delivery platform.
Compared with intraganglionic injec-
tions (40), the reported intrathecal injec-
tion method is rapid, less invasive, and
increases the bioavailability of the vector
to multiple DRG neurons, with no or
negligible infection of spinal cord tissue.
Importantly, our study demonstrates that
intrathecal administration of AAV-medi-
ated gene therapy is effective, which pro-
vides broad support for the utility of
viral-mediated strategies to address
other hyperexcitability disorders associ-
ated with chronic neuropathic diseases.
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