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Recently, we demonstrated that the administration of GAD65-expressing rAAV2 to DRG attenuates
peripheral neuropathy by inducing GABA release in the spinal cord. However, the direct injection to
DRG is invasive and may therefore cause nerve injury and other side effects.

To circumvent this surgical intervention, we explored the potential of a much simpler and less invasive
route of sciatic nerve administration. Using a neuropathic pain model, we introduced rAAV2-GADG65
through sciatic nerve and examined its therapeutic potency in pain-related behavior tests. Both GFP
and GADG65 expression indicated that effective transgene delivery to the DRG can be accomplished via

2%\;/625 sciatic nerve administration. Equally importantly, the GABA concentration in the spinal cord increased
GABA significantly after GAD65 introduction, and pain symptoms were dramatically reduced and persistently
controlled. The implication is that the sciatic nerve is a highly promising route for delivering rAAV2 to

the DRG, and thus represents a much less invasive, clinically viable gene therapy option.
© 2009 Elsevier Inc. All rights reserved.
Introduction cord and plays a crucial role in modulating synaptic circuits [6].

Neuropathic pain is a chronic pain syndrome that can be caused
by various diseases, drugs, or damage to sensory neurons within
the peripheral nervous system [1]. Peripheral neuropathic pain
occurs as a result of aberrantly increased excitability of primary sen-
sory afferents and central sensitization of nociceptive circuits in the
ipsilateral dorsal horn [1-3]. There have been a number of recent ad-
vances in the development of therapeutic agents and techniques for
treating chronic pain [4,5]. Nevertheless, nearly half of all neuro-
pathic pain patients do not respond to currently available treatment
options.

Encouraging results have come from animal studies, where sub-
stantial advances in establishing representative animal models for
neuropathic pain have allowed novel therapeutic strategies to be
validated. Animal studies employing various neuropathic pain mod-
els have provided solid evidence that gene-based therapy may be a
promising alternative for patients. Gamma-aminobutyric acid
(GABA), the product by glutamic acid decarboxylase (GAD), is a prin-
cipal inhibitory neurotransmitter in the dorsal horn of the spinal
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There are two isoforms of mammalian GAD encoded by two distinct
genes [7]. GADG5 is present as a membrane-associated form in the
synapses and is involved in producing a synaptic GABA for vesicular
release [8,9]. Another isoform, GAD67, is generally distributed
throughout the cell body and is primarily responsible for cytosolic
GABA release through a non-vesicular mechanism [8-10]. GABA
hypo-function, caused by the selective loss of GAD65-producing
GABAergic neurons in the ipsilateral dorsal horn, has been well doc-
umented in various pain models [11,12]. Moreover, exogenous
introduction of the GAD gene to the dorsal root ganglia (DRG) has
been shown to increase GABA concentrations in the spinal dorsal
horn, leading to attenuation of pain symptom [13].

Recombinant adeno-associated viral vector (rAAV), particularly
serotype 2 (rAAV2), offers a number of advantages as a gene delivery
vehicle, and has thus been widely utilized to treat central nervous
system (CNS)-related chronic diseases [14-16]. rAAV2 is non-path-
ogenic, transduces post-mitotic neural cells, and provides long-term
transgene expression. Recently, we showed that the delivery of
GADG65 via rAAV2 enhanced GAD65 expression to the subthalamic
nucleus and significantly reduced Parkinsonian symptoms in a rat
model of the disease [17]. Using a neuropathic pain model, we also
provided evidence that direct infection of rAAV2-GAD65 to DRG
induces constitutive GABA production, resulting in persistent
attenuation of pain symptoms [18].
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However, direct injection into DRG is invasive, requiring a sur-
gical operation that could cause nerve injury and other side effects.
To resolve this limitation, we attempted to express GAD65 in DRG
by administrating rAAV2 via the much simpler and less invasive
sciatic nerve route. After introducing rAAV2-GADG5 via the sciatic
nerve in a rat pain model, we characterized the expression of the
GADG5 transgene and examined its therapeutic potency. The re-
sults demonstrate that pain symptoms are sharply reduced follow-
ing the increase in GAD65 and GABA expression, suggesting that
the sciatic nerve is an effective route for delivering transgene to
the DRG.

Materials and methods

rAAV-GADG5 preparation. rAAVs were constructed and produced
using the AAV helper-free system obtained from Stratagene (Kirk-
land, WA, USA). The viruses were produced as previously described
in detail [17]. The numbers of total and infectious virus particles
were estimated using an ELISA kit (Progen Inc., Heidelberg, Ger-
many) and immunocytochemistry for GADG65 (Chemicon, CA,
USA), respectively.

Animal care, surgical procedures and behavioral test. All animal
experiments were conducted according to the guidelines of the
Ethical Committee of International Association for the Study of
pain [19] and the Institution Animal Care and Use Committee of
Yonsei University. Male Sprague-Dawley rats weighing 180 g were
used to generate the neuropathic pain rat model. Under pentobar-
bital sodium solution (50 mg/kg), the left tibial and sural nerves
were carefully and tightly ligated with suture silk and then com-
pletely transected [20]. Two weeks after the surgical operation,
rAAV2-GADG65 (3 pl) was injected into the left sciatic nerve [21].
Behavioral testing was performed before and after rAAV2 injection
[18,20,22].

Immuno-based analysis. Inmunohistochemistry was performed
as described previously [18]. For immunoblotting analysis, the dor-
sal quadrant of the L1 to L2 of the spinal cord was homogenized
(Intronbio, Korea) and centrifuged for 10 min at 12,000 rpm. Pro-
tein concentrations in supernatants were measured using the
BCA protein assay reagent kit (Pierce, Rockford, IL, USA). Superna-
tant proteins were separated by 12% SDS-PAGE and transferred to
membranes. After blocking, membranes were incubated with pri-
mary anti-GAD65/67 (1:8000; Chemicon, Temecula, CA, USA) and
anti-actin (1:10,000; Sigma, St. Louis, MS, USA) antibodies, fol-
lowed by HRP-conjugated secondary antibodies (1:2000; Serotec,
Oxford, UK). Immunoreactive proteins were detected using ECL
system (Pierce, Rockford, IL, USA), and the intensity of each band
was determined by densitometric analysis (TINA, Japan).

HPLC analysis. The amount of in vivo GABA release per dorsal
horn of the spinal cord was determined by HPLC, following micro-

dialysis. Microdialysis and HPLC analysis was performed as de-
scribed previously [18].

Statistical analysis. Data are presented as mean + SEM. Statistical
analyses were performed using a Kruskal-Wallis one way analysis
of variance, followed by a Mann-Whitney U-test to compare the
behavioral data from each group. P-values less than 0.05 were con-
sidered statistically significant. All statistical analyses were per-
formed using SPSS software (version 15.0; SPSS Inc., Chicago, IL,
USA).

Results

Effective gene transfer by administering rAAV2 to the DRG through the
sciatic nerve

A neuropathic pain model (the TST model) was generated by
tight ligation and transection of the tibial and sural nerves, leaving
common peroneal nerves intact [20]. A previous study suggested
that neuropathic pain consistently develops following TST surgery,
based on von Frey and pinprick mechanical paintests conducted
over 3 months. To test the sciatic nerve as a route for delivering
transgenes to the DRG, we first injected a green fluorescence pro-
tein (GFP)-expressing rAAV2 reporter construct (rAAV2-GFP) into
the left sciatic nerve of the pain model rats (n = 3) and monitored
GFP expression following cryo-preparation of the ipsilateral L4/L5
DRG. GFP was first observed within 1 week after injection (data
not shown) and was heavily expressed in both DRG neurons at
3 weeks, as evidenced by bright green fluorescence accumulation
(Fig. 1). This data thus implies that rAAV2 can mediate efficient
gene expression in the DRG after being administered into the sci-
atic nerve.

Attenuation of pain symptoms after rAAV2-GAD65 administration in a
rat neuropathic pain model

To investigate the possible beneficial effects of injecting GAD65-
expressing rAAV2 into the sciatic nerve, we tested pain-related
mechanical behaviors under blinded conditions, performing pin-
prick and von Frey tests for mechanical hyperalgesia and allodynia,
respectively. Two weeks after surgery when pain symptoms were
obvious, rAAV2-GAD65 was introduced into the sciatic nerve
(n=6). Surgery groups tested with saline (n=3) or rAAV2-GFP
(n=3) served as pain control groups, and a non-surgical group
(n=3)was included as a normal control (Fig. 2). Both tests showed
that rAAV2-GADG65 treatment sharply alleviated pain symptom.
Two weeks after surgery, pain control groups responded positively
to 8 of 10 stimuli in the allodynia test, and no responses were re-
corded for the normal control group (Fig. 2B). rAAV2-GADG65 intro-
duction sharply subdued pain symptoms within 1 week, reducing

rAAV-GFP

Fig. 1. rAAV2-mediated transgene expression in the DRG. After generating the pain model, 3 ul rAAV2-GFP (1.3 x 107 infectious particles/ml) was administrated through the
sciatic nerve using a glass micropipette. Three weeks later, GFP expression in L4 and L5 ipsilateral DRG was determined by fluorescence microscopy following cryo-sectioning.
GFP expressions were clearly detected in the rAAV2-GFP group, but not in the na group. (Original magnification: 200x; Scale bar: 50 pm).
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Fig. 2. Therapeutic effects of sciatic nerve-administered rAAV2-GADG65 determined
by behavioral testing. Both mechanical hyperalgesia (A) and mechanical allodynia
(B) were assessed following virus administration in the TST pain model. Rats were
either unoperated (), or administered rAAV2-GFP (A) or rAAV2-GADG5 (@) via the
sciatic nerve 2 weeks after neuropathic surgery. Three microliters of rAAV2
(1.3 x 107 infectious particles/ml) was introduced. Data is expressed as mean # -
SEM. Asterisks indicate significant differences between the rAAV2-GADG65 pain-test
group and the rAAV2-GFP injected control group ('P<0.05, P <0.01).

the number of positive responses to the allodynia test to 4.5+ 0.3
responses (P < 0.05). Reduced allodynia persisted throughout the
experimental period (>3 months). A similar pattern of improve-
ment in hyperalgesia tests was evident in the GAD65-administered
pain-test group (Fig. 2A). Behavior tests thus imply that pain symp-
toms can be effectively eased by administration of rAAV2-GAD65
through the sciatic nerve.

GAD positive cells(%)

Increased GADG65 expression and GABA levels following rAAV2-GADG5
injection into the sciatic nerve

To examine whether GAD65 was exogenously expressed in ipsi-
lateral DRG following rAAV2-GAD65 administration, we assessed
GADG65 transgene expression in DRG neurons after completion of
behavioral testing (14 weeks post-injection). A representative
example of GAD65-specific immunostaining is shown in Fig. 3A.
A quantitative analysis of immunostained images indicated that
GADG65 expression was significantly increased after rAAV2-
GADG65 administration compared to that in pain control groups
(Fig. 3B). Western blot analysis of spinal cord extracts showed that
GAD levels in pain control groups were significantly decreased
(50.0% + 0.2%) compared to those in the normal control group
(Fig. 4A and B), a phenomena that has been well documented fol-
lowing pain surgery. In the rAAV2-GAD65-administered group,
there was a consistent and significant increase in GAD, which
recovered to levels up to 120.0% + 0.2% of those in the normal
group. HPLC analysis was also carried out to evaluate GABA levels
in the spinal dorsal horn in the DRG. Fig. 4C shows that GABA levels
increased dramatically in the rAAV2-GADG65-injected group, reach-
ing a concentration of 0.523 +0.033 pmol compared to only
0.314 + 0.065 pmol in the GFP-pain control group. Taken together,
these results suggest that the introduction of rAAV2-GADG5 leads
to a significant recovery in GAD65 expression in both ipsilateral
DRG and the spinal cord which subsequently leads to a subsequent
restoration of GABA levels in the dorsal horn.

Reduced c-fos activation in the rAAV2-GAD65-administered pain-test
group

c-fos expression is anindirect biological marker of nociceptive pro-
cesses [23].In pain model, fos-like immunoreactivity in the ipsilateral
lumbar segment of the spinal cord has been found to significantly in-
crease [24]. An immunohistochemical examination showed
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Fig. 3. Expression of GAD65 in the DRG. Immunohistochemical detection of GAD65 in the DRG after injection with rAAV2 vectors (A). Significant intensification of GAD65
expression was noticed in the DRG from pain model with rAAV2-GADG65 (B). Three microliters of rAAV2-GAD65 (6.2 x 107/ml; infectious particles) was injected to each L4, L5
DRG through the sciatic nerve injection (P < 0.05; Original magnification: 200x; Scale bar: 100 pm).
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Fig. 4. GAD expression (4A,B), GABA secretion (C) and c-fos detection(D) in spinal dorsal horn. Animals were sacrificed immediately after completing the final behavioral
tests; ipsilateral spinal dorsal horns were harvested and analyzed by Western blotting. (A) Representative Western blot. (B) Relative GAD expression. A substantial increase in
GAD expression was observed in the rAAV2-GAD65-administered group. (C) GABA released from nerve terminals in the spinal dorsal horn was extracted in vivo from the CSF
by microdialysis. The concentration of GABA in microdialysates was determined by HPLC 8 weeks post-surgery. GABA levels increased substantially in the rAAV2-GAD65-
treated group in comparison to sham controls. (D) Immunohistochemical detection of c-fos-positive neurons in the ipsilateral lumbar segment after injection of rAAV2-
GADG5. c-fos expression decreased significantly in the ipsilateral lumbar spinal cord from the rAAV2-GAD65 pain-test group (P < 0.05, P < 0.01; Original magnification:

200x; Scale bar: 100 pm).

substantial, unambiguous differences in the number of fos-positive
cells among the pain control group, sham, and rAAV2-GADG5 injected
pain group (Fig. 4D). Numerous c-fos-positive cells were observed in
the pain control group, while only a few c-fos-positive cells were evi-
dent in GAD65-administered and normal groups. Additionally, there
was no increase in c-fos expressing cells in the contralateral dorsal
horn, regardless of experimental groups (data not shown).

Discussion

Neuropathic pain is a chronic neurodegenerative disease caused
by diverse neural system dysfunctions caused by multiple etiolog-
ical factors [1,2]. In the face of this heterogeneity, genetic therapy
has emerged as a potentially more powerful approach to resolving
pain symptoms than conventional pain-mitigating strategies. Here,
we used a rat neuropathic pain model to show that (i) the thera-
peutically significant GAD65 gene can be effectively delivered to
the DRG via the sciatic nerve as an rAAV2-GADG65 construct, (ii)
GABA concentrations in the spinal cord significantly increase as a
result of GAD65 delivery, (iii) pain symptoms are dramatically
and persistently lessened concomitant with GABA increase, and
(iv) c-fos activation, a biochemical nociceptive marker, sharply de-
creases in the GAD65-treated pain group.

A wide variety of vector systems, of both viral and non-viral ori-
gin, are currently available [25,26]. Among these, rAAV vector has
been shown to very effectively transport therapeutic genes into the
CNS and is considered one of the most appropriate tools for CNS-
related gene therapy [27]. It also benefits from a set of extraordi-
nary characteristics, including long-term gene expression, absence
of vector-associated toxicity or substantial immune response, and
physical stability of virus particles [27-30]. The clinical potential
of rAAV is currently under investigation in human trials designed
to validate the potency of this system against several neurodegen-
erative diseases, including Parkinson’s disease [31]. Herpes sim-
plex virus (HSV)-based vectors have also been explored in
various pain models for their potential usefulness in delivering var-
ious therapeutic genes [24,32-35]. In these experiments, HSV is
typically administrated to the subcutaneous footpad of experimen-
tal animals [36]. Therefore, HSV exhibits retrograde transport to
the DRG within 1 week, and ultimately exerts effective therapeutic
effects. One limitation of HSV-based treatment is the relatively
short duration of the pain-killing effect, which requires repeated
(i.e., at least every 2 months) HSV administration [13,24]. In con-
trast, rAAV-mediated gene expression is much more persistent:
in our study, a single dose allowed consistent transgene expres-
sion, with no evidence of a decrease in transgene expression during
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the experimental period [37-40]. Our study results are in good
agreement with previous studies demonstrating the persistence
of transgene expression by rAAV (over several months) in multiple
CNS compartments.

In focused gene therapy, therapeutic genes are directly intro-
duced into target cells, making gene products exclusively available
within a specific target tissue in a regionally concentrated manner.
Continuous focal expression of the transgene not only maximizes
therapeutic effects, but also minimizes off-target effects. Multiple
reports have described attempts to achieve local gene expression
in the DRG/dorsal horn by various routes [17,40]. The most direct
technique is administration of the vector into the DRG. This tech-
nique, however, requires invasive surgery that typically involves
removing part of a spinal vertebra. Intrathecal administration is
an alternative route that reduces dose requirements and off-target
adverse events [14,39], but it is less effective than direct introduc-
tion. In contrast, sciatic nerve injection is an attractive strategy for
local delivery of transgene to the DRG/spinal dorsal horn. Adminis-
tration to the sciatic nerve is not as invasive as direct injection into
the DRG, and is readily applicable to clinical situations [21]. Taken
together with previous reports, our study also suggests that
rAAV2-mediated gene delivery via the sciatic nerve effectively dis-
tributes the transgene to the DRG and the corresponding spinal
cord. Thus, the sciatic nerve is an excellent route for local treat-
ment of the DRG/spinal dorsal horn by an rAAV vector.

Even though neuropathic pain models have shown a selective
loss of GADG65 expression, not GAD67-production, in GABAergic
neurons of the ipsilateral dorsal horn [12,24], introduction of either
GADG65 or GAD67 to the DRG has been implied to effectively relieve
pain symptoms [13,24]. Both genes are capable of utilizing glu-
tamic acid to generate GABA, a major inhibitory neurotransmitter
in the spinal dorsal horn [9]. Therefore, these positive therapeutic
outcomes may suggest that the recovery of GABA levels by either
enzyme is sufficient to subdue pain symptoms caused by the loss
of GAD65 neurons. However, because the experimental details,
including gene delivery constructs, were quite differed in these re-
ports, this conclusion remains tentative. Until these two isoforms
are tested under identical condition, it remains possible that differ-
ences exist in the therapeutic potency (or other effects) associated
with the administration of GAD65 or GADG7. Currently, Fink et al.
are conducting a phase I trial with patients experiencing pain from
terminal cancer using HSV-GADG67 [41]. Hopefully, this clinical trial
will offer practical guidance for assessing the potential of GAD as a
therapeutic gene.

In conclusion, this study demonstrates that the administration
of rAAV2 containing GAD65 to the sciatic nerve greatly relieves
neuropathic pain symptoms in a partially ligated/transected sciatic
nerve rat model. Pain relief was accomplished within 1 week
through increased levels of both GAD65 and GABA in the DRG
and ipsilateral spinal dorsal horn, respectively. A single injection
of rAAV2-GADG65 effectively attenuated pain symptoms for several
months without any indication of loss in therapeutic efficacy. Thus,
the present study provides clear evidence that the delivery of
rAAV2-transgene constructs via the sciatic nerve holds promise
as a much less invasive and clinically applicable gene therapy
strategy for the management of neuropathic pain.
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