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Abstract
Introduction: Currently available medications for neuropathic pain are of limited efficacy. Moreover, they are administered
systemically and are associated with significant side effects. Ideally, one can circumvent systemic side effects if such treatment can
be administered by delivery of the therapeutic agent directly to the diseased neurons. Towards this end, we previously reported the
production of a recombinant helper-dependent adenovirus (HDAd) armed with a tissue-specific homing peptide to deliver
transgenes targeting sensory neurons with high efficacy.
Objectives: To develop an effective gene therapy for neuropathic pain by producing a dorsal root ganglion (DRG)-targeted HDAd
vector that specifically expresses glutamic acid decarboxylase (GAD) 67 (HDAd-DRG-GAD67).
Methods: We produced spinal nerve transection (SNT) mice as a neuropathic pain model and delivered HDAd-DRG-GAD67 by
injection into spinal nerve or intrathecally to these animals. We evaluated the therapeutic efficacy by measuring ion channel gene
expression and quantifying mechanical allodynia, a representative symptom of neuropathic pain, in treated animals.
Results: Glutamic acid decarboxylase expression by HDAd-DRG-GAD67 reduced allodynia significantly in SNT mice. In addition,
HDAd-DRG-GAD67 had a much greater transduction efficacy and expressed the therapeutic gene for a much longer time and at
a lower dose of viral particles than wild-type HDAd. We found that SNT induced the upregulation of Cav3.2 mRNA in the DRG and
GAD67 overexpression suppressed the elevation. Furthermore, the HDAd-DRG-GAD67–induced allodynia amelioration occurred
even when we delayed intrathecal delivery of the therapeutic vector to day 7 after SNT.
Conclusion:HDAd-mediated DRG-targeted gene therapy delivering GAD67 is an efficacious treatment for neuropathic pain in SNT
mice.
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1. Introduction

Neuropathic pain is defined as pain caused by a lesion or disease
in the somatosensory nervous system.34 Current treatments for

the condition remain unsatisfactory.2 Some types of neuropathic

pain are characterized by sensory abnormalities that range from

unpleasant abnormal sensations (dysesthesia), to an increased

response to painful stimuli (hyperalgesia), to pain in response to

a stimulus that does not normally provoke pain (allodynia).52

These chronic symptoms adversely impact the daily activities and

quality of life of affected patients.
In the pathogenesis of neuropathic pain, several ion channels,

eg, voltage-gated sodium channels Nav1.3 and 1.8, and voltage-

gated calcium channel Cav3.2, are upregulated in the dorsal root

ganglion (DRG), increasing the level of neuronal excitability in the

injured nerve.3,31,49,53 Neuropathic pain induced by nerve injury

can also result from increased chronic excitability in the spinal

dorsal horn,36 whereas the hypofunction of gamma-aminobutyric

acid (GABA)ergic neurons is involved in the pathogenesis of

allodynia.30 Gamma-aminobutyric acid, synthesized from
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glutamate by glutamic acid decarboxylase (GAD), is the principal
inhibitory neurotransmitter in the nervous system. There are 2 GAD
isoforms, GAD65 and GAD67, of which GAD67 is mainly
expressed in the cytosol of DRG neurons where it acts as the
rate-limiting enzyme of GABA synthesis.6,29 Previous studies
showed thatGAD knockoutmice develop induced pain,54 and that
GAD and GABA contribute to ameliorating hyperexcitability to pain
induced in neuropathic pain model animals.18,24 Although the
mechanism whereby the spinal GABAergic system suppresses
neuropathic pain remains poorly understood, a number of studies
showed that GAD expression in the DRG/spinal cord effectively
relieves neuropathic pain states.7,12,19,20,27,29,50 It is conceivable
that synaptic connections between DRG neurons and the spinal
dorsal horn modulate excitability of the GABAergic neurons. Thus,
the induced activation of GABAergic inhibition in the injured DRG/
spinal dorsal horn may constitute a promising treatment strategy.

The stability of neurotrophic polypeptides delivered to the DRG
remains challenging because of their susceptibility to proteolytic
degeneration, markedly limiting the duration of their therapeutic
effects. Although the direct delivery of GABA toDRGwas found to
reduce neuropathic pain,8,9 its application necessitated addi-
tional measures, such as implantation of a pump device for
continuous infusion to compensate for the short half-life of
exogenous GABA delivered in vivo.8 To circumvent this draw-
back, we developed an in vivo strategy that enabled the stable
induction of GABA expression in DRG using targeted gene
therapy. This approach offers the advantage of a reduction in the
number of injections needed, and thus the potential systemic side
effects associated with the treatment. We believe that the same
principle applies to the treatment of neuropathic pain. Recently,
we developed DRG-targeted helper-dependent adenoviral vec-
tors (HDAds) that display low toxicity and high transduction
efficiency.46 In this study, we tested the efficacy of using such
vectors for the treatment of neuropathic pain. Use of fiber-
modified HDAds enabling the DRG-specific overexpression of
GAD67 was found to be highly effective in the treatment of
allodynia in spinal nerve transection (SNT) mice, a widely used
neuropathic pain model.17,21

2. Materials and methods

2.1. Construction of the fiber-modified helper-dependent
adenoviral vector expressing GAD67 with a dorsal root
ganglion homing peptide (HDAd-DRG-GAD67/HDAd-
GAD67)

We prepared HDAd vector 293Cre cells and a fiber-modified
HDAd vector as described previously.38,39,46 To engineer HDAd-
expressing GAD67 with a modified fiber containing the DRG
homing peptide sequence (HDAd-DRG-GAD67), we cloned
mouse GAD67 cDNA (NM_008077.4) from mouse brain tissue
into pCR2.1-TOPO (Invitrogen, Carlsbad, CA) using reverse
transcriptase–polymerase chain reaction (PCR) with the following
primers: forward, 59-ATGGCATCTTCCACTCCTTC-39; reverse,
59-TTACAGATCCTGACCCAACCT-39. These cDNAs, which in-
cluded a Kozak sequence immediately preceding the ATG co-
don, were subcloned into pBOS vector that contains the
elongation factor-1 promoter and rabbit beta-globin polyadeny-
lation signal. The expression cassettes were excised by AscI
digestion and subcloned into pD28 vectors for producing HDAd
vectors (pD28-BOS-GAD67-pA). We then used the AdEasy
system (Stratagene) to generate fiber-modified helper virus (HV)
containing the DRG homing peptide (amino acids sequence:
SPGARAF) inserted into the BspEI site at the center of artificial

linker (GGSGGG) between amino acid number 542 and 543 in the
HI loop of the fiber protein (HV-DRG, in Ref. 46 and Fig. 1A, B).
Helper virus or HV-DRG are the first generation adenoviral vectors
containing the packaging signal (F) flanked by 2 loxP sites, beta-
geo gene, and nomotif or DRGmotif with a deleted E1 site, which
are amplified in 293 or 293fiber cells. These HV or HV-DRG
provide all the components necessary for replication and
packaging of the HDAd genome in trans but cannot be packaged
by itself on coinfection with HDAd to 293Cre cells because it lacks
an HV packaging signal (Fig. 1B).

The therapeutic gene cassette (pD28-BOS-GAD67-pA) was
transfected into 293Cre cells and followed infection of HV into
same cells to generate HDAd-GAD67. To generate HDAd-DRG-
GAD67, HDAd-GAD67 and HV-DRG were coinfected into
293Cre cells (Fig. 1C), and the vectors were purified and stored
at 280˚C until required. The vector titer was determined from
a purified DNA concentration using a NanoDrop ND-1000
spectrophotometer (ThermoFisher Scientific K.K., Tokyo, Japan).

2.2. Cell culture

We maintained 293Cre and 293fiber cells in a 5% CO2 incubator
at 37˚C and grew them in a-MEM medium (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) with 10% fetal bovine serum and
antibiotics: G418 (0.8 mg/mL) for 293Cre cells and puromycin (1
mg/mL) for 293fiber cells. Infection was performed in serum-free
medium (a-MEM; Wako Pure Chemical Industries, Ltd).

2.3. Animal studies

2.3.1. Ethics statement

All animal protocols were approved by the Institutional Animal
Care and Use Committee of Shiga University of Medical Science
(Approval Number: 2015-12-3). All procedureswere performed in
accordancewith the guidelines of the Research Center for Animal
Life Science of Shiga University of Medical Science.

2.3.2. Animals

We used 9- to 10-week-old male C57BL6 mice (Japan CLEA,
Osaka, Japan) weighing 19.0 to 22.0 g in this study. The mice
were housed in separate cages with free access to food and
water under a 12-hour:12-hour light–dark cycle.

2.3.3. Surgical procedures

We generated L4 SNT neuropathic pain model as described
previously.21,37,41 Briefly, we anesthetized mice by the intraper-
itoneal administration of sodium pentobarbital (5mg/kg). After the
midline incision of the mouse back skin, we removed the bilateral
L5 transverse processes of the lumbar spine, exposed the L4
spinal nerves bilaterally, which were the largest nerve connected
to sciatic nerve, and pinched and transected only the left nerve
(Fig. 1D). The right spinal nerve, as a control, was exposed
without transection.

2.3.4. Vector administration for the in vivo study

We used 2 different vector injection protocols in this study. In the
prevention protocol, we injected 1 mL of treatment vector or
vehicle (saline) into the proximal transected site of the left L4
spinal nerve using a Hamilton syringe (8001 1701LT; Hamilton
Co., Reno, NV) with a 30-G needle immediately after transecting

2 N. Ogawa et al.·3 (2018) e695 PAIN Reports®



the left L4 spinal nerve (on day 0 after SNT) (Fig. 1D). Briefly, we
gently pinched up the transected spinal nerve and touched the
epineurium of L4 spinal nerve with needle and then injected
vectors into the subepineurium during the SNT procedure,
incurring minimal additional nerve damage. We used 3 different
vector concentrations: 107 vp/mL, 108 vp/mL, and 109 vp/mL for
this study.

In the treatment study, we prepared SNT mice on day 0 and
administrated 3 mL of therapeutic vector vs vehicle control

intrathecally using a Hamilton syringe with a 30-G needle 7 days

after transecting the left L4 spinal nerve (day 7 after SNT).

2.3.5. Behavioral test

We evaluated the mechanical allodynia before injury (day-2)
and at 1, 3, 5, 7, 10, 12, and 14 days after SNT in the

prevention study. In the treatment study, we assessed

mechanical allodynia on day-2 and at 1, 3, 5, 7, 8, 10, 12,

and 14 days after SNT. In both studies, mechanical allodynia

was measured as the withdrawal threshold against the

response to mechanical stimuli by a dynamic plantar aesthesi-

ometer (Ugo Basil, Varese, Italy) as described previously.37

Briefly, we placed individual mice in polypropylene boxes with

Figure 1. Construction and administration of HDAd containing DRG-specific motif in the fiber. (A) DNA coding for DRG homing peptide (SPGARAF) was cloned
into the BspEI site present in the linker peptide (GGSGGG) between amino acid number 542 and 543 in the HI loop of adenoviral fiber protein. DNA sequence
coding for the peptide is shown under the amino acid sequence. Underline shows the BspEI site. A, alanine; F, phenylalanine; G, glycine; P, proline; R, arginine; S,
serine; T, threonine. (B) Schematic presentation for the construction of helper virus with a chimeric fiber containing DRG homing peptide (HV-DRG) and HDAd
expressing the glutamic acid decarboxylase (GAD) 67 gene (HDAd-GAD67). ITR, inverted terminal repeat; C, packaging signal; EF-1, elongation factor 1
promoter. (C) Schematic presentation of the final step in generating HDAd expressing GAD67 with DRG homing peptide (HDAd-DRG-GAD67). HDAd-DRG-
GAD67 was constructed in 293Cre cells by coinfecting HDAd-GAD67 and fiber-modified HV. Helper virus genome is not packaged into HDAd-DRG-GAD67
because the packaging signal (C) of HV is excised by Cre in 293Cre cells. Open circle indicates wild-type fiber; black circle indicates DRG fiber. (D) Schematic
presentation of neuropathic pain model of mouse induced by spinal nerve transection (SNT). Lumbar (L)4 SNT induces mechanical allodynia in the ipsilateral hind
paw. We administrated therapeutic vectors into the L4 spinal nerve immediately after SNT. Right panel shows an enlargement of the transection site. DRG, dorsal
root ganglion; HDAd, helper-dependent adenovirus; HV, helper virus.
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a metallic mesh floor and allowed them to acclimatize to the
testing environment for at least 1 hour. A stimulating filament
probe was then positioned under the hind paw, which was
gradually applied until the mouse withdrew its paw. The
pressure was increased at approximately 10 g/mm2/s. The test
was performed on both the intact right or neuropathic left hind
paw. The withdrawal threshold was determined as the mean of
3 trials. For the interval of each stimulus, sufficient time was
allowed to pass until mice become stable. The examiner was
blinded to the groups during the study period.

And, we also tested withdrawal latency from a radiant heat
source, for which no differences were noted (data not shown).
Therefore, quantification of mechanical allodynia was used as the
indicator of the treatment effects for neuropathic pain.

2.3.6. Reverse transcription–polymerase chain reaction and
quantitative reverse transcription polymerase chain reaction
analysis

We removed animal tissues under deep anesthesia and froze them
immediately in liquid nitrogen. Total RNAwas extracted from frozen
tissues using the RNeasy mini kit (Qiagen, Valencia, CA) with
DNase I (Rnase-free DNase set, Qiagen) treatment. Reverse
transcription was performed from 100 ng of total RNA using Prime
Script Perfect Real Time (Takara Bio Inc, Kusatsu, Shiga, Japan).
Reverse transcription PCR was performed with the following
primers: 59-AACGACCCCTTCATTGAC-39 and 59-TCCACGACA-
TACTCAGCAC-39 for mouse GAPDH, 59-CACAAACTCAGCGG-
CATAGA-39 and 59-CTGGAAGAGGTAGCCTGCAC-39 for mouse
GAD67, 59-GCTGTTTGGGAGGCTAGAAT-39 and 59-CGAAGGT-
GACGAAGTAGACG-39 for mouse Cav3.2, 59-ACGTGGGGTCT-
GAGAATGAC-39 and 59-TGGCTATGCTCATGGCTCTT-39 for
mouse Nav1.3, and 59-ATGTGGGTGCAGCGATAGAC-39 and
59-CCAAGGCAAAGACACTCAGG-39 for mouse Nav1.8. For the
quantification of each gene, real-time PCR was performed using
a LightCycler 480 (RocheDiagnostics,Mannheim, Germany) using
the SYBR Green method. Polymerase chain reaction parameters
were 95˚C for 3 minutes, followed by 50 cycles of denaturation at
95˚C for 30 seconds, annealing at 60˚C for 30 seconds, and
extension at 72˚C for 30 seconds. The emitted fluorescence for
each reaction was measured 3 times during the annealing
extension phase, and amplification plots were analyzed using
LightCycler 480 software, version 1.5 (Roche Diagnostics).
Potential genomic DNA contamination was controlled by the use
of intron-encompassing primers and DNase digestion. Normaliza-
tion and relative expression analysis of target genes were
performed by the 22DDCt method with GAPDH as a control.

2.3.7. Immunohistochemistry

We prepared tissues for immunohistochemistry with perfusion
fixation. Animals were anesthetized by the intraperitoneal
administration of sodium pentobarbital (50 mg/kg) and in-
tracardially perfused with 30 mL of phosphate-buffered saline
followed by a fixative containing 4% paraformaldehyde in 0.1M
phosphate buffer. After perfusion fixation, animal tissues were
kept in the same fixative at 4˚C overnight and permeated with
15% (wt/vol) sucrose buffer with agitation. The DRG or spinal
cord was embedded in Tissue-Tek O.C.T compound (Sakura,
Tokyo, Japan), frozenwith liquid nitrogen, and cut on a cryostat
into 8-mm sections that were collected on Matsunami
aggressive silane-coated glass slides. Sections were blocked
with 3% normal goat serum in phosphate-buffered saline at
room temperature for 15 minutes and processed for

immunohistochemistry. The following antibodies were used:
anti-GAD65 1 GAD67 primary antibody (ab49832, 1:100;
Abcam, Cambridge, United Kingdom) and AlexaFluor 594 (1:
1000; Abcam) secondary antibody for single staining of GAD
expression in the DRG or lumbar spinal cord. For double
staining with GAD and Cav3.2 in the DRG, mouse anti-GAD67
monoclonal antibody (MAB5406, 1:100; Millipore, Temecula,
CA) and rabbit anti-Cav3.2 antibody (C1868; Sigma, St. Louis,
MO) were used as primary antibodies. Then, each section was
incubated with species-matched secondary antibodies (Alex-
aFluor 555 anti-mouse IgG [1:1000; Abcam] and AlexaFluor
647 anti-rabbit IgG [1:1000; Abcam]). Nuclei were stained with
49,6-diamidino-2-phenylindole (DAPI). Fluorescent images
were captured and analyzed using a Nikon C1si system and
EZ-C1 software, version 3.90 (Nikon, Tokyo, Japan). We
prepared 3 consecutive sections (each 30-mm interval) from
mid of the L4 DRG per mouse and randomly selected over 3
neuron-rich/fiber-poor areas (100 3 100-mm square each),
regardless of proximal or distal including over 180 neurons.
The fluorescence intensity with anti-GAD antibody-positive
stain was determined by ImageJ software (National Institute of
Health, Bethesda, MD).43 To evaluate transduction efficacy
after administration of the therapeutic vectors, we counted the
number of GAD-positive neurons under pretreatment con-
ditions, and on day 7 and 14 after vector injection into the
spinal nerve. As with GAD-positive neurons, we measured
Cav3.2-positive neurons at pretreatment condition and on day
14 after vector injection. We analyzed approximately 300
neurons in consecutive sections (30-mm intervals) for each left
L4 DRG.

2.4. Statistical analysis

All analyses were performed by SPSS software 22.0 (Chicago,
IL). For behavioral tests through the entire period, the difference
in mechanical allodynia among the groups was examined by 1-
way repeated-measures ANOVA with post-hoc comparison
using the Tukey method. On each time point of behavioral tests,
1-way ANOVA followed by the Tukey test was conducted. For
the analysis of mRNA expression, cell counts, and fluorescence
intensity, the difference was determined by 1-way ANOVA
followed by the Tukey multiple comparison test among the
groups. Data were considered significant at P, 0.05. All results
are expressed as means 6SE.

3. Results

3.1. HDAd-mediated GAD67 gene delivery protects against
spinal nerve transection–induced neuropathic pain in
a dose-dependent manner

To examine whether HDAd-GAD67 could prevent neuro-
pathic pain induced by SNT, we evaluated the antiallodynic
effect in SNT mice by measuring the mechanical threshold on
day 2 2 as a control, and on days 1, 3, 5, 7, 10, 12, and 14
days after SNT as the allodynic state. We evaluated the
efficacy of HDAd-GAD67 treatment at 3 concentrations, 107

vp/mL, 108 vp/mL, and 109 vp/mL, and the same volume of
vehicle (control group). Each dose of HDAd-GAD67 was
administrated once into the proximal site of the injured spinal
nerve immediately after SNT. Although the mechanical
threshold was significantly reduced in the ipsilateral hind
paw in all groups, the threshold was much higher in the 108 vp
and 109 vp HDAd-GAD67 groups compared with the 107 vp
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HDAd-GAD67 and vehicle groups 14 days after SNT (Fig. 2).
In the contralateral hind paw, mechanical allodynia was
absent in all groups (Fig. 2). In addition, the mechanical
threshold in the ipsilateral hind paw was significantly higher in
the 109 vp HDAd-GAD67 group compared with the 108 vp
HDAd-GAD67 group on days 5 and 7 after SNT (Fig. 2).
However, on days 10, 12, and 14 after SNT, the mechanical
thresholds were not significantly different between the 108 vp
and 109 vp groups, although both these groups had a higher
mechanical threshold than the 107 vp and vehicle groups
(Fig. 2). These results indicate that HDAd-GAD67 prevented
severe mechanical allodynia in a dose-dependent manner.
Although HDAd-GAD67 produced a strong therapeutic effect
with a high dose of vector, the effect gradually disappeared
over the course of 7 to 14 days. The best therapeutic
response against neuropathic pain was obtained with a dose
of 109 vp of HDAd-GAD67.

3.2. Dose-dependent dorsal root ganglion–targeted HDAd-
mediated GAD67 gene delivery protects against spinal nerve
transection–induced neuropathic pain

We next determined whether the DRG-targeted HDAd vector,
HDAd-DRG-GAD67, could effectively reduce the neuropathic
pain induced by SNT.Wemeasured themechanical threshold on
day-2 as a pre-SNT condition and on days 1, 3, 5, 7, 10, 12, and
14 after SNT as for the HDAd-GAD67 vector, and tested 3
concentrations of HDAd-DRG-GAD67 (107 vp/mL, 108 vp/mL,
and 109 vp/mL), using vehicle as a control. The identical protocol
was used to deliver HDAd-DRG-GAD67 as for HDAd-GAD67 as
described above.

The mechanical threshold was reduced in the ipsilateral hind
paw in all groups but was markedly higher in 108 vp and 109 vp
HDAd-DRG-GAD67 groups compared with 107 vp HDAd-DRG-
GAD67 or with vehicle groups 14 days after SNT (Fig. 3). In the
contralateral hind paw, there was no evidence of mechanical
allodynia in any of the treatment groups (Fig. 3). Even on days 7 to
14 after SNT, the mechanical threshold in the ipsilateral hind paw
was much higher in the 108 vp and 109 vp groups, and therefore,
therewas no difference in the degree of allodynia between the 108

vp and 109 vp treatment groups (Fig. 3). These results indicate
that the administration of 108 vp HDAd-DRG-GAD67 produced
an antiallodynic effect that is as good as 109 vp, a response that
lasted at least 14 days.

3.3. Efficacy of 109 VP HDAd-GAD67 vs 108 VP HDAd-DRG-
GAD67 in preventing spinal nerve transection–induced
neuropathic pain

The above experiments indicate that both HDAd-GAD67 and
HDAD-DRG-GAD67 were efficacious in preventing SNT-induced
neuropathic pain in mice. Furthermore, to be effective, the doses
had to be.107 vp. For the HDAd-GAD67, a non–DRG-targeted
vector, 109 vp was the optimal dose used. By contrast, for the
DRG-targeted vector, HDAd-DRG-GAD67, a dose of 108 vp was
as effective as the higher dose of 109 vp. We next compared the
efficacy of 109 vp HDAd-GAD67 vs 108 vp HDAd-DRG-GAD67
against SNT-induced allodynia.We administered single injections
of HDAd-GAD67 (109 vp) and HDAd-DRG-GAD67 (108 vp) as
before and measured mechanical thresholds before and at
various times after vector administration. Significant treatment
benefits were observed in both treatment groups and continued
at a high level for 14 days without diminishing in the HDAd-DRG-
GAD67 group, which was markedly, and significantly, better than
in the HDAd-GAD67 group, especially on days 5 to 14 after SNT
(Fig. 4A). Therefore, use of the DRG-targeted HDAd-DRG-
GAD67 was substantially more effective than a 10-fold higher
dose of a non–DRG-targeted HDAd-GAD67 in protecting against
neuropathic pain in the SNT mouse model.

3.4. Vector-induced glutamic acid decarboxylase expression
in L4 dorsal root ganglion tissue after HDAd-GAD67 or
HDAd-DRG-GAD67 delivery in the prevention of
neuropathic pain

We used quantitative reverse transcription PCR of GAD67mRNA
and GAD protein immunohistochemistry to quantify GAD gene
expression in the ipsilateral L4 DRG after SNT. GAD67 mRNA
level was unchanged by SNT but was markedly increased after
the delivery of the 2 gene vector (Fig. 4B). In addition, the
expression of GAD67 mRNA was ;50% higher on day 7 and

Figure 2. The preventive gene therapywith HDAd-GAD67 for neuropathic pain
induced by spinal nerve transection (SNT). The mechanical threshold was
measured in the bilateral hind paw 14 days after SNT and treatment with
HDAd-GAD67 (n5 8 per each group) or vehicle (control, n5 6). ##P, 0.01,
#P, 0.05 compared with HDAd-GAD67 107 Vp or vehicle group, *P, 0.05.
Bars indicate mean 6SE. HDAd, helper-dependent adenovirus.
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;100% higher on day 14 after delivery of 108 vp of HDAd-DRG-
GAD67 compared with that of 109 vp of HDAd-GAD67 (Fig. 4B).

Similarly, the expression of GAD protein was very low and
unchanged by SNT in naive DRG and in the control group on days
22, 7, and 14 after SNT (Fig. 4C). However, GAD protein
expression in injured DRG was much higher in both treatment
groups than in the naive group (Fig. 4C). Relative GAD protein
expression increased significantly on days 7 and 14 after SNT in
both HDAd-GAD67 and HDAd-DRG-GAD67 groups compared
with the naive group (Fig. 4C). In particular, expression in the
HDAd-DRG-GAD67 group was significantly higher than that in
the HDAd-GAD67 group on days 7 and 14 (Fig. 4C). In addition,
we evaluated the transduction efficacy by counting the GAD-
positive neurons. Both treatments inducedGAD-positive neurons
in the DRGmuch greater number in DRG tissue on days 7 and 14

after SNT with treatment compared with the naive or vehicle
group. Furthermore, the number of such neurons was highest
with HDAd-DRG-GAD67 group in all groups on day 14 after SNT
(Fig. 4C).

These data suggest that HDAd-DRG-GAD67 induced a con-
tinuous high expression of GAD67 mRNA and GAD protein at
a lower dose of viral particles compared with the untargeted
HDAd-GAD67, consistent with a much higher transduction
efficiency for the DRG-targeted vector.

3.5. mRNA expression of ion channels related to neuropathic
pain in dorsal root ganglia after HDAd-GAD67 or HDAd-
DRG-GAD67 treatment

Previous reports suggested that several ion channels are
upregulated in DRG in a neuropathic state, and that they
individually play an important role in neuropathic pain.5,13

Specifically, Cav3.2,53 Nav1.3,26 and Nav1.823 are upregulated
in the DRG neurons of rodent models of neuropathic pain. We
therefore analyzed the level of expression of these mRNAs
expression in ipsilateral L4 DRG in SNT mice.

We measured the mRNA levels of Cav3.2 (Fig. 5A), Nav1.3
(Fig. 5B), and Nav1.8 (Fig. 5C) by quantitative PCR in DRG
tissues on days22, 7, and 14 after SNT.We found all 3mRNAs to
be significantly upregulated after SNT in ipsilateral L4 DRG tissue;
levels tended to be higher on day 7 than on day 14 (Fig. 5A–C).
However, the elevation of Cav3.2 mRNA expression was
markedly suppressed by the overexpression of GAD67 by
HDAd-GAD67 and HDAd-DRG-GAD67 on days 7 and 14 after
SNT (Fig. 5A). Cav3.2 mRNA suppression was achieved by
a lower dose of HDAd-DRG-GAD67 vector compared with
HDAd-GAD67; in fact, HDAd-DRG-GAD67 completely reversed
the Cav3.2 mRNA levels down to baseline (Fig. 5A). Nav1.3 and
Nav1.8mRNA expression upregulated by SNTwas unchanged in
the absence or presence of HDAd-GAD67 or HDAd-DRG-
GAD67 treatment (Fig. 5B, C). In immunohistochemical staining
with Cav3.2 andGAD67 in DRG,GAD-positive neurons displayed
less intense Cav3.2 staining in the HDAd-DRG-GAD67 group
(Fig. 5D). In quantitative evaluation of Cav3.2 staining, SNT
significantly upregulated the population of Cav3.2-positive
neurons in the L4 DRG from the vehicle group (Fig. 5D, bar
graph). In both HDAd-GAD67 andHDAd-DRG-GAD67 treatment
groups, their population was much lesser than that in the vehicle
group. Moreover, the population in the HDAd-DRG-GAD67
group was as low as the naive group (Fig. 5D, bar graph). These
data suggest that GAD67 gene transduction by HDAd-DRG-
GAD67 ameliorated neuropathic pain behavior at least in part by
suppressing Cav3.2 expression (Fig. 5E).

3.6. Treatment of neuropathic painwith intrathecal injections
of HDAd-GAD67 and HDAd-DRG-GAD67 in the late phase
injury after spinal nerve transection

We performed a treatment study by overexpressing GAD67
induced by a single intrathecal injection of HDAd-GAD67 or
HDAd-DRG-GAD67 against neuropathic pain induced by SNT
(Fig. 6A). We evaluated the treatment effect in SNT mice by
measuring themechanical threshold on day2 2 as a control state
of SNT, and on days 1, 3, 5, and 7 after SNT as a pretreatment
condition. After measuring themechanical threshold on day 7, we
injected 3mL of vehicle (as a control), HDAd-DRG-GAD67 108 vp/
mL, or HDAd-GAD67 at 108 vp/mL or 109 vp/mL to compare their
level of efficacy of treatment. After the injections, mechanical
stimuli measurements were continued on days 8, 10, 12, and 14

Figure 3. The preventive gene therapy with HDAd-DRG-GAD67 against
neuropathic pain induced by spinal nerve transection (SNT). The mechanical
threshold was measured in the bilateral hind paw 14 days after SNT and
treatment with 107 Vp (n5 6), 108 Vp (n5 8), and 109 Vp (n5 8) HDAd-DRG-
GAD67 groups, which were compared with the vehicle group (n 5 6). #P ,
0.01 compared with the HDAd-DRG-GAD67 107 Vp group and *P , 0.01
compared with the vehicle group. Bars indicate mean 6SE. DRG, dorsal root
ganglion; HDAd, helper-dependent adenovirus.
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(as a days 1, 3, 5, and 7 after treatment) (Fig. 6B). In all groups,
SNT induced mechanical allodynia in the left hind paw for 14
days, and there was no difference among the groups until day 7
after SNT.

After treatment on day 7, mechanical allodynia was signifi-
cantly reduced in the gene therapy groups compared with the

control group, with the highest antiallodynic effect observed in the
HDAd-DRG-GAD67 group (Fig. 6B). Treatment with HDAd-
DRG-GAD67 produced a better improvement at a lower dose
than HDAd-GAD67 treatment. Furthermore, the high dose (3 3
109 vp) group of HDAd-GAD67 showed an equivalent or slightly
inferior effect than the 33 108 vp HDAd-DRG-GAD67 group, but

Figure 4. The preventative effect of optimal dose of HDAd-GAD67 or HDAd-DRG-GAD67 against neuropathic pain. (A) The mechanical threshold was measured
in 109 Vp HDAd-GAD67 and 108 Vp HDAd-DRG-GAD67 groups, which were compared with the vehicle group for 14 days (n5 8 per group). (B) Relative GAD67
mRNA expression in L4 DRG tissues after SNT and injection of HDAd-GAD67 or HDAd-DRG-GAD67 (n5 6 per group) against the naive group (n5 4). Data were
standardized to GAPDHmRNA expression. (C) Immunohistochemistry with anti-GAD antibodies (red) and DAPI (blue) in the ipsilateral L4 DRG on day22, 7, and
14 after SNTwith HDAd-GAD67 or HDAd-DRG-GAD67. Left panels show immunostainings of anti-GAD, and right panels showmerged images of GAD and DAPI
staining. Bar graphs show relative intensities of GAD staining (n5 5 per each group) in the left side and the percentage of GAD-positive neurons in the L4DRG (n5
5 per each group) in the right side. #P, 0.01 compared with vehicle, *P, 0.05, **P, 0.01, ƚP, 0.01 compared with the naive group. Bars indicate mean6SE.
Scale bar 5 50 mm. DRG, dorsal root ganglion; GAD, glutamic acid decarboxylase; HDAd, helper-dependent adenovirus; SNT, spinal nerve transection.
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Figure 5. Relative mRNAs expression of ion channels and immunohistochemistry of GAD67 and Cav3.2 in the injured DRG after SNT and injection of the optimal
dose of HDAd-GAD67 orHDAd-DRG-GAD67. (A–C)Cav3.2, Nav1.3, andNav1.8mRNAexpression ratio in the ipsilateral L4DRGweremeasured on day 7 and 14
after SNT and treatment against the mRNA expression at day 2 2. Data were standardized to GAPDH mRNA expression (n 5 4–6 per each group). (D)
Immunohistochemistry with anti-GAD67 and anti-Cav3.2, and the population of Cav3.2-positive neurons in the injured L4 DRG on day 14 after SNT and treatment
(n5 4–5 per each group). Left panels show immunostaining of anti-GAD67 (red), middle panels show that of anti-Cav3.2 (Green), and right panels show merged
images in each group. Bar graphs show the percentage of the population of Cav3.2-positive neurons in the injured L4 DRG. (E) Schematic molecular mechanism
underlying neuropathic pain. HDAd-DRG-GAD67 efficiently induced GAD67 overexpression in targeted DRG. GAD67 promoted the conversion glutamic acid
(Glu) to g-aminobutyric acid (GABA). Gamma-aminobutyric acid decreases Cav3.2 upregulation and acts as an inhibitory neurotransmitter for adjacent neurons.
Regular icosahedron with black circle indicates HDAd-DRG-GAD67. *P, 0.05, **P, 0.01, and ƚP, 0.05 compared with the naive group. Bars indicate mean6
SE. Scale bar 5 50 mm. DRG, dorsal root ganglion; HDAd, helper-dependent adenovirus; SNT, spinal nerve transection.
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Figure 6.HDAd-DRG-GAD67 gene therapy ameliorates neuropathic pain induced by SNT. (A) Schematic presentation of treatment for SNT-induced neuropathic
pain. Spinal nerve transection was performed on day 0 and treatment vectors were administrated intrathecally on day 7. Regular icosahedron indicates HDAd-
DRG-GAD67. I.T., intrathecal injection. (B) Themechanical threshold on the bilateral hind pawwasmeasured on days22, 1, 3, 5, and 7 after SNT as pretreatment
condition and days 8, 10, 12, and 14 after SNT as posttreatment condition (n5 5 per vehicle or HDAd-GAD67 33 108 Vp group, n5 6 per HDAd-DRG-GAD67 3
3 108 Vp or HDAd-GAD67 33 109 Vp group). (C) Immunohistochemistry of GAD in the injured L4 DRG on day 14 after SNT (day 7 after intrathecal treatment) with
treatment. Upper panels show immunostainings of anti-GAD (red), and lower panels showmerged images with DAPI (blue) staining. #P, 0.01 compared with the
vehicle group, **P , 0.01, *P , 0.05 compared with the HDAd-GAD67 3 3 108 Vp group. Bars indicate mean 6 SE. Scale bar 5 50 mm. DRG, dorsal root
ganglion; GAD, glutamic acid decarboxylase; HDAd, helper-dependent adenovirus; SNT, spinal nerve transection.

3 (2018) e695 www.painreportsonline.com 9

www.painreportsonline.com


the low-dose (33 108 vp) HDAd-GAD67 group achieved a much
smaller and shorter antiallodynic effect (Fig. 6B). Spinal nerve
transection and vector administration did not induce allodynia in
the contralateral hind paw (Fig. 6B). We examined the expression
of GAD protein in the target DRG on day 14 after SNT (day 7 after
intrathecal injection of treatment vectors). As observed in the
prevention study with injection into the spinal nerve, the
expression of GAD was as low as in naive DRG and in treatment
with the vehicle group and in the treatment groupwith low dose of
HDAd-GAD67 groups on day 14 after SNT (Fig. 6C). However,
GADprotein expression in injured DRGwas very high in treatment
groupswith 3.03 108 vp of HDAD-DRG-GAD67 and high dose of
HDAd-GAD67.

These data suggest that HDAd-DRG-GAD67 induced GAD
protein at a lower dose of viral particles compared with HDAd-
GAD67 even administrated intrathecally. In addition, we tested
whether the GAD expression in the spinal cord was elevated by
intrathecal injection of the treatment vector. The mRNA and the
protein expression of GAD67 were not elevated by either
treatment in spinal dorsal horns at 14 days after SNT (supple-
mental Figure, available at http://links.lww.com/PR9/A33). These
results demonstrate that HDAd-DRG-GAD67 is a powerful gene
therapy tool against neuropathic pain in any phase of pain
development; as the vector seems to work even after the onset of
neuropathic pain in a mouse model, it may be a practical
therapeutic approach to this challenging clinical condition.

4. Discussion

In this study, we demonstrated a novel strategy for treating
neuropathic pain using fiber-modified HDAd to deliver GAD67 to
the DRG. Overexpression of GAD67 in the DRG suppressed the
SNT-induced elevation of Cav3.2 mRNA and Cav3.2-positive
neuron in the DRG. Our data suggested that GAD67 expression
in the DRG induced by DRG-targeted HDAd significantly and
more persistently reduced neuropathic pain compared with
nontargeted HDAd. In addition, DRG-targeted HDAd had amuch
greater transduction efficiency and expressed the therapeutic
gene at a lower dose and for a much longer time in the DRG
compared with treatment using HDAd with wild-type fibers.
Furthermore, DRG-targeted HDAd treatment was effective for
neuropathic pain both at the early and late phases after nerve
injury. Intrathecal administration is routinely used in clinical
practice, so our strategy of gene therapy against neuropathic
pain could have promising applications in the clinic.

4.1. Benefits of gene therapy with helper-dependent
adenoviral vector for neuropathic pain

In the clinical state, neuropathic pain is associated not only with
trauma but also systemic diseases such as autoimmune disease
(eg, rheumatoid arthritis, vasculitis, or Sjögren syndrome),
metabolic disease (diabetes mellitus), and neurological disease
of peripheral nerves, including small fiber neuropathy and
chemotherapy for cancer or HIV.1,10,22,44 Several medicines
such as antiepileptic drugs, antidepressants, and opioids have
been used to reduce neuropathic pain based on the pharmaco-
logical action of ion channel blocking. However, these agents
have limited efficacy and possess considerable unwanted side
effects on motor function, the central nervous system, and
cardiac function.14 Gene therapy could be a promising approach
to reduce systemic side effects; it could effect long-term
therapeutic transgene expression with a single administration
and could be used to deliver multiple and/or large genes to

sensory neurons.16 However, viral vector-mediated gene therapy
is associated with a number of problems including limited
transduction efficiency, relatively nonspecific targeting, and
safety.48 In addition, the clinical application of gene therapy is
limited by potential oncogenesis, mutations, host immune
response, and transduction efficacy.48 In response to these
concerns, HDAd offers the advantages of a high transduction
efficacy, the absence of a viral genome, a relatively low immune
response and toxicity, and the absence of induced oncogene-
sis.4,38,39,46 Furthermore, the fiber-modified HDAd developed in
our laboratory displays a highly selective tropism for target
organs, including neurons, which markedly reduces its toxicity in
nontargeted cells and tissues compared with wild-type HDAd.46

In this study, we demonstrate the power of DRG-targeted
HDAd in gene therapy for neuropathic pain. We believe that
tissue-targeted HDAd has potential applications in clinical trials.
Indeed, there are ongoing clinical trials using viral vectors for the
treatment of cancer45 and neurodegenerative diseases.32 Here,
we achieved a high transduction efficiency and long-term efficacy
of GAD67 overexpression by a single injection of tissue-targeted
HDAd against neuropathic pain, which could help prepare the
way towards clinical trials using this powerful vector.

4.2. Administration method

The safety of the administration method must be taken into
account in clinical applications. We demonstrated 2 administra-
tion approaches in this study: injection into the spinal nerve and
intrathecal injection. In both approaches, HDAd-DRG-GAD67
induced a high transduction efficacy from a single injection,
supporting our previous observation of high transduction efficacy
after the intrathecal injection of DRG-targeted HDAd.46

After spinal nerve injection, HDAd-DRG-GAD67 could poten-
tially access the injured DRG by direct infiltration and/or axonal
transport similar to that reported after injection into the
gastrocnemius muscle for motor neuron targeting.35 After
intrathecal injection, HDAd-DRG-GAD67 could directly access
the DRG through the cerebrospinal fluid. The intrathecal HDAd
delivery could deliver the therapeutic gene to multiple DRG by
a single intrathecal injection, even if multiple DRG were injured at
the same time, not only by trauma but also by systemic disease. In
addition, the routinely practiced intrathecal injection of DRG-
targeted HDAd offers advantages for clinical applications. Direct
injection of therapeutic vectors into the DRG would provide high
transduction efficacy.11 However, direct injection is a required
advanced technique and radiation facility compared with lumbar
puncture because of the pin-point injection to the DRG or spinal
nerve. And, the procedure is taken time and effort because the tip
of needle for injection should be checked by radiography or
fluoroscopy.40 It is noteworthy that DRG-targeted HDAd vectors
enable the high-level transduction of therapeutic gene compa-
rable with that of direct injection of nontargeted vectors. In this
study, intrathecal injection of HDAd-DRG showed high trans-
duction efficiency and significant relief of neuropathic pain, which
suggested that our strategy was superior at feasibility and
efficacy.

4.3. Gene therapy for neuropathic pain with GAD67

Several studies demonstrated the potential of alternative treat-
ment for neuropathic pain with the elevation of GAD67 in sensory
neurons.7,12,19,20,27,29,50 These studies also reported success of
treatment by gene therapeutic methods against the pain behavior
induced by spinal cord injury,27,29 streptozotocin-induced
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diabetes,50 and HIV drugs,19,20 whether GAD67 expression was
reduced in sensory neurons under those disease condition or not.
In this study, overexpression of GAD67 effectively relieved
neuropathic pain, although GAD expression did not change in
the untreated DRG after SNT. To express GAD67 in the DRG or
spinal dorsal horn, previous studies used recombinant herpes
simplex viral (HSV) vector19,20,27,50 or human foamy virus (HFV)
vector.29 These studies administrated the respective vectors
subcutaneously in the hind paw and achieved gene delivery to
DRG at the lumbar level and/or spinal dorsal horn. These vectors
are indeed quite promising, especially in the case of HSV-based
vector that displays fine tropism for sensory neurons and also has
the potential of axonal transport in general. However, wild-type
HSV itself causes neuropathic pain and encephalitis, so the safety
of recombinant HSV vectors using for neuropathic pain must be
thoroughly assess before its clinical use. In addition, the level of
HSV-mediated GAD67 expression 2 weeks after administration
of vector subcutaneously in hind paw appeared to be relatively
modest19; in comparison, the DRG-targeted HDAd vector
seemed to achieve substantial overexpression of GAD67 in
DRG even 14 days after vector administration. This high level of
transduction efficiency could be important for the treatment of
chronic pain. In HFV vectors, however, it was not reported the
relation to disease in naturally or experimentally infected animals
with HFV; further studies would be needed before the vector can
be considered for clinical application.28,29,33,42

The administration of treatment vectors subcutaneously was
the safety procedure for clinical use. The injection subcutane-
ously and the method we demonstrated the local injection into
injury site of nerve could be promising for delivering therapeutic
gene to the single DRG or DRG related to identifiable lesion of
injured sensory nerve located in specific anatomical regions. The
treatment target tissue against neuropathic pain was the multiple
or overall DRGwith several degree of injury in systemic disease. In
these conditions, taken together, it was not suitable to inject into
injury site of the sensory nerve, or subcutaneously, but intrathecal
HDAd-DRG-GAD67 could circumvent many of the toxicity of
systemic administration.

4.4. Molecular mechanism of neuropathic pain

Recent studies suggested that crosstalk between the immune
and nervous systems might underlie neuropathic pain.47 Indeed,
nerve injury–induced increases in neuronal excitability resulted in
the upregulation of several ion channels in the sensory nervous
system, such as some of voltage-gated Na1 and Ca21 channels
in the DRG and spinal dorsal horn.3,31,36,49,53 Here, we found that
the suppression of neuronal sensitization after induced GAD67
overexpression in the DRG that increased GABAergic trans-
mission. Our data indicate that GAD67 overexpression sup-
pressed the elevation of Cav3.2 expression in the DRG, but not
Na1 channels. We propose that complete remission for
neuropathic pain could be achieved by targeting the combination
of GABAergic and other neuronal systems that involved in pain
regulation.

GABAergic transmission appears to have less effect on the
immune system than the nervous system. Proinflammatory
mediators such as tumor necrosis factor a (TNF-a), interleukin
(IL)-1b, and IL-6 play a pivotal role in multiple neuropathic pain
pathways and are clear treatment targets.25,47,51 In this study, we
showed that SNT upregulate Nav1.3 and Nav1.8 mRNA
expression, and that GAD67 overexpression does not affect
Na1 channel expression. Both Nav1.3 andNav1.8 had previously
been shown to increase the current densities of tetrodotoxin-

sensitive and tetrodotoxin-resistant Na1 channels in DRG
neurons by TNF-a.15 In an earlier study, we reported the shRNA
silencing of TNF-a in the DRG using a lentiviral vector against
neuropathic pain.37 Because the immune system is associated
with the initiation and maintenance of neuropathic pain,25,47

a dual treatment approach targeting both the immune and
nervous systems might prove effective.

Furthermore, in the pain model induced by HIV chemotherapy,
it was reported that downregulation of GAD occurred in the DRG
and spine.19 By contrast, our data suggest that SNT was not
associated with downregulation of GAD in the DRG. The
difference could be related to the use of different animal species
or model. It was noted again overexpression of GAD67 in the
DRG is effective in alleviating neuropathic pain; it may also
suppress neuronal sensitization through downregulation of
expression of Cav3.2.

In conclusion, we presented a novel strategy for treating
neuropathic pain using DRG-targeted HDAd-expressing GAD67,
which suppressed the elevation of Cav3.2 mRNA expression and
significantly reduced mechanical allodynia. HDAd-DRG-GAD67
also provided long-term therapeutic effects after a single injection
and high transduction efficacies at a lower dose compared with
wild-type HDAd. Moreover, this treatment was successful,
although it started at a late phase after the onset of injury. Our
findings might facilitate the clinical application of gene therapy for
neuropathic pain.
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