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Abstract

Peripheral neuropathic pain is one of the most common and debilitating complications of diabetes.
Several genes have been shown to be effective in reducing neuropathic pain in animal models of
diabetes after transfer to the dorsal root ganglion using replication-defective herpes simplex virus
(HSV)1-based vectors, yet there has never been a comparative analysis of their efficacy. We
compared four different HSV1-based vectors engineered to produce one of two opioid receptor
agonists (enkephalin or endomorphin), or one of two isoforms of glutamic acid decarboxylase
(GADG65 or GAD67), alone and in combination, in the streptozotocin-induced diabetic rat and
mouse models. Our results indicate that a single subcutaneous hindpaw inoculation of vectors
expressing GAD65 or GADG7 reduced diabetes-induced mechanical allodynia to a degree that was
greater than daily injections of gabapentin in rats. Diabetic mice that developed thermal
hyperalgesia also responded to GADG65 or endomorphin gene delivery. The results suggest that
either GADG65 or GADG67 vectors are the most effective in the treatment of diabetic pain. The
vector combinations, GAD67 + endomorphin, GAD67 + enkephalin or endomorphin + enkephalin
also produced a significant antinociceptive effect but the combination did not appear to be superior
to single gene treatment. These findings provide further justification for the clinical development
of antinociceptive gene therapies for the treatment of diabetic peripheral neuropathies.
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INTRODUCTION

Neuropathic pain is the most common complication of diabetes and is recognized as one of
the most difficult types of pain to treat.! Conventional analgesics, tricyclic antidepressants,
anticonvulsants, such as pregabalin and gabapentin, selective serotonin/noradrenaline
reuptake inhibitors, channel blockers and opioids are partially effective or even ineffective
for some patients, and ‘off-target’ adverse effects of systemic administration limit their
utility.2 More recently, herpes simplex virus (HSV)-based gene transfer with specific
targeting of primary sensory neurons in dorsal root ganglia (DRGSs) has been used to treat
neuropathic pain in animal models.® Based on the natural neurotropism of HSV1, peripheral
intradermally injected HSV1 vectors expressing antinociceptive genes are taken up by
sensory nerve endings and transported in a retrograde manner to DRGs where the
antinociceptive gene products are produced. These products are released in the dorsal horn
of the spinal cord (SC) where they modulate nociceptive neurotransmission between primary
nociceptors and second-order neurons.

Several studies have demonstrated antinociceptive effects in animal models of neuropathic
pain using HSV vectors expressing a variety of gene products. Gene transfer to DRGs with
an enkephalin precursor expressing HSV-based vector has been shown to produce robust
pain relief in inflammatory pain, cancer pain and diabetic neuropathic pain.>~" Recently, a
phase I clinical study showed that intradermal injection of an HSV-based vector expressing
human preproenkephalin provided relief from intractable cancer pain.> An HSV vector
expressing human endomorphin 2 has been used to reduce pain caused by nerve injury in
rats8 and similar results were observed for glutamic acid decarboxylase (GAD)67, an
isoform of the g-aminobutyric acid (GABA)-producing enzyme.? Both enkephalin and
endomorphin are endogenous opioid agonists that primarily bind to d- or m-opioid receptors,
respectively, and like GABA, are considered inhibitory neurotransmitters. Recent studies
showed that HSV-mediated enkephalin or GADG67 expression inhibits nociceptive behavior
in rats with streptozotocin (STZ)-induced diabetes.8:10 Also, anti-inflammatory cytokines
such as interleukin-4,11 soluble tumor necrosis factor receptor!? and growth factors such as
neurotrophin-313 have been shown to have analgesic effects in animal models of pain.

Therefore, overexpression of various gene products appear to provide effective analgesia in
different models of pain. However, there has been no systematic comparison of the relative
effectiveness of these different genes in a single model. In this study, utilizing a rodent
model of STZ-induced diabetic neuropathic pain, we sought to examine and compare the
effectiveness of four antinociceptive genes delivered by HSV vectors: enkephalin (NP2),
endomorphin (NE2), GADG65 or GAD67.

RESULTS

Vector detection and transgene expression in DRGs after hindpaw injection

HSV-based vectors expressing GAD67, GAD65, endomorphin 1 and 2 (NE2),
preproenkephalin (NP2) or green fluorescent protein (GFP) (Figure 1) were used. Identical
transcriptional regulatory elements were utilized to minimize possible differences in
transgene expression. One week after the subcutaneous inoculation of each vector into the
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plantar surface of rat hind paws, HSV-specific DNA was detected in pooled L4-L6 DRGs,
but not in corresponding lumbar SC (Figure 2a). Vector DNA persisted in DRGs for least 12
weeks after injection (Figure 2b).

As a correlate for transgene expression, GFP mRNA was present for at least 12 weeks in
lumbar DRGs after injection of a GFP-expressing control vector in the rat hindpaw (Figure
2¢). Immunohistochemistry confirmed the presence of HSV-1 ICPO antigen and GFP antigen
in DRGs 1 week after hindpaw injection but not in DRGs of vehicle-injected animals
(Figure 2d). Transgene expression in DRGs was colocalized within cells expressing the
neuron-specific marker NeuN. These data indicate that HSV vector injection in rat hind
paws causes persistence expression of vector DNA and delivered transgenes in lumbar DRG
neurons.

Target gene expression in DRGs and SC

We next verified that an antinociceptive gene delivered by the HSV vector was expressed in
primary sensory neurons (in DRGs) and in their terminals in the SC dorsal horn. One week
after hindpaw injection of either GAD67 or GADG65 vector, transgene expression within
lumbar DRG neurons was observed by immunohistochemistry and it colocalized with
NeuN-positive neurons (Figure 3a). Similarly, western blotting also showed a multifold
increase of GADG67 expression in the lumbar DRGs of the GADG67 vector-injected rats
(Figure 3b). Furthermore, expression of GAD67 and GAD65 mRNAs was significantly
increased in DRGs at the 1- and 2-week time points (Figure 3c). In addition, 1 week after
subcutaneous injection of GAD67-expressing HSV vector, GAD67 was increased in the
ipsilateral side of the SC when compared with the contralateral side where the contralateral
hindpaw was injected with phosphate-buffered saline (PBS: Figure 3d). A significant
increase in GAD65 and GAD67 mRNAs was observed within the dorsal horn of the SC, that
is, the terminal field of the DRG neurons (Figure 3e), supporting the hypothesis that local
gene expression occurs in the nerve terminal.1 In rats injected with NP2 vectors,
immunohistochemistry revealed increased expression of enkephalin in the lumbar DRGs and
SC (Supplementary Figures Sla and b) when compared with PBS-injected rats. For NE2-
injected rats, quantitative reverse transcription-PCR showed that mMRNA expression was
induced 165-fold in DRGs of the NE2 vector-injected side compared with the PBS-injected
contralateral side (Supplementary Figure S1c).

Behavioral analyses in diabetic models

Type 1 diabetes was induced by intraperitoneal (i.p.) injection of 50 mg kg™! STZ in adult
Wistar rats. Four weeks after STZ injection, diabetic rats exhibited increased mechanical
allodynia (MA), manifested as reduced paw withdrawal threshold measured by the von Frey
test, which lasted for at least 10 weeks (data not shown). Diabetic neuropathy is also
characterized by a reduction in neuropeptide content in sensory ganglia and sensory nerve
terminals in the SC dorsal horn.1® Four weeks after STZ injection, the amount of calcitonin
gene-related peptide immunoreactivity in the DRG was significantly reduced in animals
when compared with animals not injected with STZ (Supplementary Figures S2c—e).
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Three independent experiments were performed to determine the effect of four single
antinociceptive genes (GAD65, GAD67, NP2 and NE2) and six antinociceptive gene
combinations (GADG65 + GAD67, GADG5 + NP2, GAD65 + NE2, GAD67 + NP2, GAD67
+ NE2 and NP2 + NE2). Figure 4a shows the effect of two individual GAD vectors, a NE2
vector and gabapentin on diabetes-induced MA. The two GAD-expressing constructs
(GADG65 and GADG67) were significantly more effective in reversing allodynia compared
with NE2- or PBS-injected rats. Daily injection of gabapentin, a drug widely used to treat
neuropathic pain, produced significantly less relief compared with either the GAD65 or
GADG7 vectors, reducing allodynia only at the 3-week time point. Not surprisingly, the
combination of GAD67 + NE2 or GAD67 + NP2 also produced a significant antinociceptive
effect but this was not superior to that of GAD65 or GAD67 alone. Surprisingly, the
combination of GAD65 + GADG67 did not appear to produce very effective pain relief
(Figure 4b), and while the NP2 vector did demonstrate some effectiveness and the NE2
vector did not; the combination of the two appeared to be more effective than either vector
alone. In general, observed antinociceptive effects from the single injection lasted 4 weeks
and started to wane afterwards (Figure 4b and data not shown). The data were also analyzed
by assessing the statistical significance of an effect before and after treatment, confirming
the significant effectiveness of GAD65 and GADG67, but also of NP2, GAD67 + NP2, NP2 +
NE2 and GADG67 + NE2 (Figure 4b). Overall, single injections of GAD65, GAD67 or NP2
and the combined injections of GAD67 + NP2, NP2 + NE2 and GAD67 + NE2 reduced
MA, for at least one time point after treatment, when compared with pretreatment.

Consistent with previous reports,16 we did not observe thermal hyperalgesia in STZ-injected
rats. Therefore, we used C57BL/6 mice to test the effects of HSV vectors on diabetes-
induced thermal pain.” Two weeks after STZ injection, diabetic C57BL/6 mice displayed
increased thermal sensation, manifested as reduced paw withdrawal latency that lasted 2
weeks as measured by the hot plate test. Development of thermal pain was measured every 2
days for 4 weeks after vector injection. The data indicate that GAD65 and NE2 vectors
significantly increased thermal paw withdrawal latency on days 15 and 19 post vector
injection, respectively, when compared with the mice injected with PBS (Figure 5).

Additional analyses were carried out to determine whether antinociceptive gene transfer led
to further alterations in the autonomic and sensory innervations displayed by diabetic rats by
using the sudomotor test and sensory nerve conduction studies, respectively. However, none
of the tested antinociceptive genes or gabapentin was found to alleviate autonomic or
sensory nerve abnormalities in diabetic rats (Supplementary Figure S3).

Taken together, these results thus showed that several antinociceptive genes or gene
combinations could be useful therapeutically for diabetic neuropathic pain, although the
antinociceptive effects of single GAD65 or GADG67 appeared to be of a higher magnitude
and longer lasting than all other treatments, including the current standard of care consisting
of oral gabapentin.

Toxicology and biodistribution studies

To assess the possible acute toxicity of HSV vectors, four groups of 12 adult Wistar rats
were injected with 30 ml of 107p.f.u. HSV vectors expressing GFP (or PBS; n = 3) into their
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hind paws then at 1 h, 1 day or 1 week post injection rats were euthanized and differences in
complete blood counts with differential, electrolytes and liver function were analyzed. No
differences were observed between vector- and PBS-injected rats at any time (data not
shown). Various tissues and organs (brain, DRG, SC, liver, heart, spleen, lung, gonad and
paw) also were collected for pathology and histological analyses. Again, no signs of
pathology were evident in tissues from vector or control-injected animals (data not shown).
There was also no elevation of acute inflammatory cytokines in response to GFP-HSV
vector inoculation, including interleukin-6, tumor necrosis factor-a and interferon-g
(Supplementary Figure S4). However, a mild but significant increase of circulating anti-HSV
antibodies was noted in rats inoculated with HSV vectors (Figure 6).

To evaluate cellular immune responses in DRGs after HSV vector inoculation, CD11b
immunohistochemistry was performed for mononuclear cells (macrophages) in DRGs.
There was an increase in CD11b-expressing cells in the DRG of diabetic rats (12 weeks post
STZ injection) compared with control nondiabetic rats as reported in the literature.18
However, HSV-GADG67 inoculation did not lead to a significant increase in CD11b cells in
the DRG of diabetic rats compared with PBS-treated diabetic animals (Supplementary
Figure S5).

HSV-based vectors preferentially infect neuronal tissues and are therefore considered
‘targeted’ delivery vectors. To determine whether there was ‘off-target” distribution of the
injected vectors, organs harvested in the toxicology studies were examined for vector
distribution. Vector DNA was examined by PCR using vector-specific primers in tissue
samples from eight organs as well as the injection site at 1 day and 1 week post vector
inoculation. Vector DNA was detected in samples from the injection site and associated
DRG but not in other tissues (Supplementary Figure S6a). Reverse transcription-PCR was
performed to detect the presence of the GFP transcript from injected vector in organs and
injection site. The results indicated that the GFP transcript was present at the injection site
(paw) at 1 h, 1 day and 1 week after vector injection and in the DRG at 1 week after
injection but not in other organs (Supplementary Figure S6b). These experiments show that
HSV vector-mediated gene expression preferentially distributes to neurons in the DRG.
Some transcript was initially detected at the site of injection (paw); however, no vector-
mediated gene expression was detectable in other organs. There was also no evidence of
immune responses against the vector or transgene.

DISCUSSION

This study offers the first detailed comparison of the efficacies of four therapeutic HSV-
based vectors, alone and in combination, in animal models of diabetic neuropathic pain.
Vectors expressing GAD65 or GAD67 showed the most significant combined (thermal and
mechanical) antinociceptive effects among all tested treatments. Although combinations of
GADG67 + NE2, NP2 + NE2 or GAD67 + NP2 also produced significant antinociceptive
effects, they were not superior compared with GAD65 or GAD67. Our study is consistent
with previous reports that vector-mediated expression of enkephalin or GAD67 in DRG
neurons reduces pain-related behaviors in models of painful diabetic neuropathy.%10 In
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addition, we showed that HSV-1-based vector-mediated gene transfer of a therapeutic gene
to DRGs produced few off-target or systemic effects.

GADG65 and GAD67 are two forms of glutamate decarboxylase encoded by two
differentially regulated genes.1920 Both forms of GAD exist in GABA-producing neurons
and GADG65 also presents in pancreatic islet cells. In the mature neuron, GAD67 is localized
in both terminals and the cell body, where it preferentially synthesizes cytoplasmic GABA.
GADGS5, on the other hand, is primarily localized at nerve terminals to produce synaptic
GABA for vesicular release.192! Selective GABAergic inhibition, caused by the loss of
GADG65-producing neurons in the ipsilateral dorsal horn, has been well documented in
various pain models.?2:23 Introduction of either GAD65 or GADG7 to the DRG has been
shown to effectively relieve neuropathic pain symptoms.10:24-26 For diabetic pain, it has
been reported that transfection of DRG neurons with an HSV vector expressing GAD67
results in constitutive release of GABA?, which provides analgesial® by functioning as an
inhibitory neural transmitter and by downregulating sodium channels (NaV1.7) through
activation of GABARg receptors. However, there is no study that has compared the analgesic
efficacy of GAD65, GAD67 or both under identical experimental conditions. In this study,
we show that subcutaneous inoculation of GAD65- or GAD67-expressing HSV vectors
produced similar antinociceptive effects in STZ-induced diabetic rats. However, the
combination of GAD65 and GAD67 produced no analgesic effect. For this combination and
other combinations, a relatively simple explanation may relate to the fact that animals in the
combined treatment groups received half the amount of each vector. This was due to
limitations on volumes that could be injected in a paw and on maximum available titers for
the vectors. However, as both GAD65 and GADG67 singly produced an effect whereas their
combination did not, additional reasons may be responsible for the lack of effect of the
combination. One possibility may be that GABA release at the synapse after single GAD65
or GADG7 vector injection activates GABAgR, which downregulates NaV1.7 and reduces
secondary sensory neuron excitability. However, high level of GABA release caused by gene
transfer of combined GADG65 and GADG67 at the DRG may activate both GABAAR and
GABAgR. Activation of the GABAA receptor can result in a depolarizing or excitatory
current in spinal lamina | neurons of animals with neuropathic pain.27:28 The reason for the
lack of anti-allodynia effects after overexpression of both GAD65 and GAD67 may thus be
due to competing effects from excess GABA release. In the mouse diabetic pain model,
GADG65 was more effective than GAD67 in alleviating thermal pain. It has been shown that
thermal and mechanical pains are mediated by different molecular pathways.2® GAD65
knockout mice showed significant reduction in response latency measured by the hot plate
test but there was no genotype-specific difference when measured by the von Frey test.30

It was somewhat surprising that the antinociceptive effect of GAD65 and GAD67 was
present at the first time point measured after vector injection (day 1). We believe that this is
a real phenomenon and not an effect of temporary altered sensation from volume injection in
the paw, because the day 1 antinociceptive effect did not occur with NP2 or NE2. It is
possible that vector entry into the paw’s sensory fibers or other cells in the paw may have
raised peripheral expression of GABA by vector expression of GADs. It has been shown that
peripheral GABA can arise from primary afferent fibers that contain glutamate31-33 that
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could have been converted locally to GABA by GAD expression in locally infected cells in
the paw.

We also observed that paw inoculation of the enkephalin-expressing NP2 vector produced an
anti-allodynia effect in STZ diabetic rats, consistent with a previous study® in which
activation of the pre-synaptic d-opioid receptor by enkephalin produced the antinociceptive
effect in diabetic rats by preventing the increase of neuronal NaV1.7 in DRG. Unlike the d-
opioid receptor agonist enkephalin, endomorphin 1 and 2 primarily bind to m-opioid
receptors to initiate signaling cascades via G-protein-activated inwardly rectifying potassium
channels, calcium channels, kinases and adenylcyclases resulting in potent analgesia.34
Local delivery of synthetic endomorphin has been shown to be analgesic in several animal
models of pain.35-38 Although the analgesic effects of the endomorphins are significant,
these effects are transient because of the activity of peptidases that rapidly degrade
endogenous opioid peptides including endomorphins.3%40 In our case, we did observe a
trend for anti-allodynic effects mediated by NE2 at 3 and 7 days post vector injection but not
at later time points. The vector combinations GAD67 + NP2, GAD67 + NE2 and NE2 +
NP2 also showed anti-allodynic effects in diabetic animals but these were not more effective
than the single vector treatment. The overall finding that the GAD65 and GADG67 vectors
performed better than the opioid-related NP2 and NE2 vectors agrees with clinical
observations that opiate drugs have poor efficacy in the treatment of diabetic neuropathic
pain.

Our study also seems to indicate that a single injection of the GAD65 or GAD67 vectors
produced allodynia for 4 weeks with waning of the response afterwards and that this was
superior to daily gabapentin injection. This significantly reduced administration schedule
may thus be beneficial if confirmed in humans. The waning of the antinociceptive response
in either the rat or mouse models with the extrachromosomal HSV vector is likely due to
transgene silencing, but additional experimentation would be required to formally prove this.

For the comparative analysis of the study, we utilized a method of selecting a fixed dose and
schedule for each vector.#! Another method to perform comparisons would be to first study
each vector for maximum expression of the protein in the DRG and then adjust dose and
schedule for each vector based on this before comparing effects. Although this is doable in
animals, it would be more difficult to perform in humans and the relevance of maximum
expression in a rat DRG to a human DRG is uncertain. The backbone of the vectors used in
this study is engineered to eliminate the potential for homologous recombination resulting in
replication competent recombinants and thus it is more appropriate for human use than
previous vectors.*2 In addition, by using identical vector backbones with identical
transcriptional regulatory signals, we minimized the possibility that differences in gene
expression from differential transcript processing could account for observed differences.
With the same vector backbone, the clinical grade replication-defective HSV-1 vector
expressing human preproenkephalin has been used in clinical trials for cancer pain.® This
clinical study suggested the vector treatment was well tolerated with no study agent-related
serious adverse events observed during the study.® In this study, we showed that vectors
specifically targeted DRGs but not other organs after paw inoculation and produced few
immune responses to the vector.
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In summary, our study compared the efficacy of four HSV-1-based vectors and six vector
combinations in treating diabetic neuropathic pain. The result suggested that gene transfer of
GADG65 or GAD67 expressing HSV-1-based vectors to DRG by paw inoculation was the
most effective for treating diabetic neuropathic pain in both rat and mouse STZ models.
NP2-expressing vectors also exhibited an anti-allodynia effect, at least at one time point post
injection. Injection with vector combinations of GAD65 + NE2, GAD67 + NE2 or NE2 +
NP2 effectively treated diabetic mechanic pain but was not better than single vector
treatment in our study. In C57BL/6 mouse diabetic modells, GAD65 vector inoculation most
significantly relieved thermal pain. NE2 also showed an anti-hyperalgesia effect at day 19
post injection. The toxicology study indicated single paw inoculation of HSV-1-based
vectors is safe with very few off-target side effects.

MATERIALS AND METHODS
GADG65, GAD67, NE2, NP2 and GFP constructs

All constructs are replication-defective HSV-1-based vectors deleted for the essential
immediate early genes ICP4 and ICP27 with a human cytomegalovirus immediate early
promoter-driven expression cassette inserted into both ICP4 loci (Figure 1). The deletions of
the ICP4 loci also remove the promoters for the ICP22 and ICP47 genes. The vectors were
produced by infection of an ICP4 and ICP27 complementing Vero cell line.*3 The infected
cultures were harvested, salt treated, clarified and purified on ion exchange chromatography
columns.

Diabetic animal models

Male Wistar rats, with an average weight of 200-250 g (Harlan Laboratories, Inc., Madison,
WI, USA), were housed two per cage on ALPHA-dri soft bedding (Shepherd, Chicago, IL,
USA) with free access to food and water, and were maintained on a 12:12, light:dark
schedule at 21 1C and 60% humidity. Eight-week-old female C57BL/6 mice weighting 20—
25 g (Charles River, Wilmington, MA, USA) were housed in sterile environments. Animals
were allowed to habituate in the colony room for 1 week before experimental manipulations.

Type 1 diabetes was induced by i.p. injection of 50 mg kg~ STZ (Sigma-Aldrich, St Louis,
MD, USA) in sodium citrate buffer (pH 5.0) in Wistar rats. Average serum glucose elevated
to 500 mg dI~1 the first week after STZ injection and remained at this level for the duration
of the experiment (4 months; Supplementary Figure S2a). Serum glucose levels were
measured weekly, and about 85% of rats with glucose 4300 mg dI~1 were selected for
further studies. Weight was monitored weekly and diabetic rats showed growth retardation
as expected (Supplementary Figure S2b) with an average 15% weight loss by the end of the
experiment (3 months after STZ injection). For C57BL/6 mice, 92% developed stable
hyperglycemia with blood glucose 4300 mg dI~1 after two consecutive daily doses of 100
mg kg~ STZ (i.p.). Overall, they experienced an average of 10% body weight loss during
the 5 weeks of the experiment. Animals that were not overtly ill and did not require insulin
supplementation were included in the final analysis. Animals with 25% or greater weight
loss were euthanized as per veterinary recommendations.
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For the rat diabetic model, development of MA and thermal hyperalgesia was assessed
weekly for 3 months utilizing the von Frey and Hargreaves et al.*44° tests, respectively.
Three weeks after STZ administration, rats developed significant MA manifested as reduced
withdrawal threshold in the von Frey test that lasted for at least 10 weeks. However, thermal
hyperalgesia measured by the Hargreaves test did not occur in rats (data not shown), as
reported by others, possibly due to strain variation or difference of the breeding source.16
Five weeks after STZ treatment, when MA was confirmed, animals were randomly assigned
to experimental groups (n = 10-12 rats per group) and were injected with either a total of 30
ml of 1 x 109 plaque-forming units (p.f.u.) mI~1 of the HSV-based vector or 15 ml of 1 x
10%.f.u. mI~1 of each vector for the combination study, subcutaneously into both hind paws.
The dose of HSV-based vector was chosen to produce sufficient analgesic effect based on
previous studies..5:8:9 Volume and titers limited the ability to increase the dose of each
vector in the combination study.

Three controls were included in all experiments: (1) a group of normoglycemic animals
served as nondiabetic control, (2) a group of diabetic rats were treated with an injection of
PBS in their hindpaw and (3) a group of diabetic rats were treated with daily i.p. injections
of 50 mg kg1 gabapentin. The dose of gabapentin selected for this study has been reported
to be sufficient for pharmacological activity with daily i.p. injection or subcutaneous mini-
pump in diabetic rats.*6:4” The four therapeutic genes were GAD67, GAD65, endomorphin
(NE2, expressing both human endomorphin 1 and 2) and preproenkephalin (NP2, expressing
human enkephalin). The six vector combinations included GAD67 + GAD65, GADG65 +
NE2, GAD67 + NE2, GADG65 + NP2, GAD67 + NP2 and NP2 + NE2. A separate group of
healthy rats were injected with a HSV-based GFP control vector in a similar manner, killed 1
h, 1 day and 1 week post vector injection, and blood serum and organs were harvested for
toxicology studies.

We also used mouse diabetic models to study the effects of antinociceptive gene transfer in
diabetic thermal hyperalgesia. Diabetic C57BL/6 developed thermal hyperalgesia, 2-3
weeks after STZ injection that lasted for 1-2 weeks assessed by the hot plate test, as
previously reported.1” One week after STZ injection when hyperglycemia was confirmed,
mice were randomly assigned into experimental groups (n = 13-15 mice per group) and
were subcutaneously injected with 10 pl of 1 x 109 p.f.u. mI~1 of the HSV-based vector
expressing one of the four therapeutic genes (GAD67, GAD65, NE2 or NP2) or PBS alone
into both hind paws. A group of normoglycemic mice served as nondiabetic controls.

Behavioral analysis

Behavioral testing for MA in rats was performed between the hours of 0800 and 1600, once
per week. All animals were randomized and observers were blinded to the treatments. Rats
were placed inside acrylic chambers on top of a wire mesh grid, which allowed access to the
paws, and were left to habituate for B10 min before testing. The von Frey filaments
(Stoelting, Chicago, IL, USA) were applied from underneath the grid floor perpendicular to
the plantar surface until slight buckling occurred, and held for B2-3 s. A positive response
was noted if the paw was sharply withdrawn. Flinching immediately upon removal of the
hair was also considered a positive response. Ambulation was considered an ambiguous
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response, and in such cases the stimulus was repeated. The 50% withdrawal threshold was
determined using the up—down method.#8 A testing regime described by Chaplan et al.44
was used. Ten von Frey filaments with bending forces at approximately equal logarithmic
increments were chosen (von Frey numbers: 3.61, 3.84, 4.08, 4.17, 4.31, 4.56, 4.74, 4.93,
5.18, 5.46 and 5.88; equivalent to 0.4, 0.6, 1, 1.4, 2.0, 4, 6, 8, 10, 15, 26 and 60 g,
respectively) starting with filament 4.31. In the event of a positive response, the next weaker
stimulus was chosen for the next measurement. In the absence of response, a stronger
stimulus was presented. This consecutive way of applying filaments was continued until six
responses were obtained. The resulting sequence of positive and negative responses was
used to calculate the 50% withdrawal threshold. Based on the observations on normal
controls, the cutoff of a 40-g hair (B10% of the body weight of rats) was selected as the
upper limit for testing. Thermal hyperalgesia in rats was measured with a Plantar Test
(Hargreaves et al.*> method) apparatus (I1TC life Science, Woodland Hills, CA, USA) as
described previously.

Thermal pain sensation in mice was assessed by a hot plate test every other day for 4 weeks.
Mice were placed on a metal plate (1ITC life Science) heated to 52 1C with gradually
increasing temperature at a rate of 1 1C min~1. Withdrawal latency was measured in seconds
up to the time the animals lifted their paw from the plate or licked their paw. Twenty seconds
was used as the cutoff time to avoid harm.*9

Immunocytochemistry

Lumbar SCs and DRGs (L4-6) were removed 1 week post vector paw inoculation in a
subset of animals, fixed with 4% paraformaldehyde overnight and then transferred into 30%
sucrose in PBS for 2 days. In all, 20-mm cryostat sections were collected on poly-p-lysine-
coated slides, washed with 0.1% Triton X-100 in PBS and incubated with blocking solution
(PBS with 4% normal donkey serum and 0.1% Triton X-100) for 1 h. The sections of DRG
and SC were incubated overnight at 4 1C with primary antibodies either anti-HSV-1 ICPO
(1:10 000, Eastcoast Bio, North Berwick, ME, USA), anti-GFP (1:200, Clontech, Mountain
View, CA, USA), anti-calcitonin gene-related peptide (1:200, Calbiochem, Darmstadt,
Germany) anti-GAD67 (K-87 1:1000, Abcam Inc., Cambridge, MA, USA) or anti-GAD65
(GAD-6 1:1000, Abcam Inc.) followed by washing four times. Anti-neuronal nuclei alexa
fluor488-conjugated antibody (anti-NeuN 1:200, Millipore, Temecula, CA, USA) was used
to label neurons. After incubation in the specific secondary fluorescent Dylight649-
conjugated AffiniPure Donkey antibody (1:500, Jackson Laboratories, Bar Harbor, ME,
USA) for 1 h at room temperature, the specimens were washed three times and mounted
with VECTASHIELD mounting medium (Mector Lab, Burlingame, CA, USA) with a cover
slip. Images were taken with a Nikon Eclipse Ti florescence microscope (Nikon, Melville,
NY, USA).

PCR detection of the viral genome

Total DNA was isolated from DRG, SC, brain, paw, heart, liver, spleen and reproductive
organs using the phenol/chloroform extraction method.>0 Tissue was first digested with
genomic digestion buffer (Invitrogen, Carlsbad, CA, USA) with 2 mg mI~1 proteinase K at
55 1C overnight. PCR was performed for 40 cycles (94 1C for 45 s, 57 1C for 45 s and 72
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1C for 45 s) using primers for the HSV (HSV-F: 50-GAGCAGCGCACGATGGA-30; HSV-
R: 50-CCCGAAACAGCTGATTGATACA-30). The PCR products were separated by 1%
agarose gel and visualized with ethidium bromide.

Reverse transcription-quantitative

To assess transgene expression, lumbar DRGs and SCs were removed 1 and 2 weeks post
vector inoculation, and total RNA was isolated using TRIzol reagent (Invitrogen). cDNA
was transcribed from the mRNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA) and quantitative PCR was performed on an Applied Biosystems 7500 real-time
PCR system using the predesigned TagMan Gene expression assay for GAD65
(Hs01100982_m1, ABI, Foster City, CA, USA) or GAD67 (Hs01100982_m1, ABI). For
GFP mRNA detection, Sybr Green gene expression assay (ABI) was used. The PCR primers
for amplify GFP were 50-TGACCCTGAAGTTCATCTG CACC-30 and 50-
TCTTGTAGTTGCCGTCGTCCTTG-30.

Western blotting

Total protein from lumbar DRGs was denatured and extracted with urea buffer (8 m urea, 5
mwm dithiothreitol, 150 mm NaCl and 50 mm Tris-Cl pH 7.5) and 50 mg of protein was
separated by sodium dodecy! sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose. Antibodies used for western blotting were mouse anti-GAD67 (K-87 1:1000,
Abcam Inc.) and peroxidase-conjugated secondary antibodies (Jackson Laboratories). Blots
were then stripped and reprobed with anti-glyceraldehyde-3-phosphate dehydrogenase
(1:1000, Abcam Inc.) as control for loading.

Enzyme-linked immunosorbent assay

Serum was collected from rats at 1 h, 1 day, 1 week post HSV vector inoculation, and
animals injected with PBS was used as control. Serum levels of HSV immunoglobulin G
were measured with rat HSV-1 immunoglobulin G enzyme-linked immunosorbent assay kit
(Calbiotech, Spring Valley, CA, USA) according to the manufacturer’s recommendations.

Quantitative and statistical analyses

Biostatistical input was utilized to design all animal experiments in terms of number of
animals per group and time points. The mechanical withdrawal threshold determined by the
‘up—down’ method represents the percentage of maximum possible effect (% MPE)
calculated according to the formula: %MPE = withdrawal threshold of diabetic animal/
withdrawal threshold of control animal multiplied by 100. The threshold of diabetic rats
before vector treatment was found to be B10-20 g, and the cutoff value was 40 g. The
thermal pain withdrawal latency was used to calculate the MPE using the formula: % MPE =
withdrawal latency of diabetic animal/withdrawal latency of control animal multiplied by
100. With the transformations to % MPE, endpoint had a value in a continuous scale. Two
types of statistical analyses were used for the behavioral studies. After checking the overall
distribution of the two endpoints: mechanical pain and thermal pain for normality, a two-
way analysis of variance was used to compare the % maximal response among groups. This
analysis was performed to provide a test for the “‘overall’ treatment effect. In a more detailed
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analysis, mixed effect models were used to study trends across time. This analysis
incorporates the repeated measurements for each rat to compare overall trends pre- and post-
vector injection. As the differences between the left and right foot were quite similar and the
variability was small compared with the variability across time, the two feet measurements
for each rat were averaged before fitting the mixed linear models. This analysis used data
points from 1 to 4 weeks post vector injection as the largest antinociceptive effect occurred
during this time window. Data points after 1 month post vector inoculation were not
considered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

GFP, GAD6S, GAD67, enkephalin (NP2), or endomorphin &2 (NE2)

Schematic structures of four vectors. Diagrams of the modifications engineered into the
replication-defective HSV-1-based vectors are shown. The backbone and transcriptional
regulatory elements were identical with the only differences being in the transgene for each

vector.
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Detection of vector in DRG. The presence of vector in DRG was confirmed by PCR with
specific primers at 1 week after vector injection (a). The DNA of HSV-based vector was
detected at least 12 weeks after footpad injection in DRG (b). The HSV PCR product size
was 64 bp. GFP mRNAs was detected in DRG by reverse transcription-PCR with specific
GFP primers at 1, 2, 4 and 12 weeks after hindpaw vector injection (c). The GFP PCR
product size was 197 bp (band marked with arrow). Vector was also detected by
immunohistochemistry (IHC) with anti-HSV antibody (red) or anti-GFP antibody (red) (d).
Two weeks after hindpaw injection of HSV-based GFP vector, DRGs from injected side
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(lumbar region) were dissected and fixed for IHC. DRGs were stained with antibodies for
HSV antigen (red), GFP (red) and neurons (anti-NeuN antibody; a neuronal marker; green).
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Figure 3.
HSV-GAD vector injection into the footpad increased GADs expression in DRG and lumbar

SC. Thirty microliters containing 3 x 107p.f.u. of vector was injected into the hind paws on
day 0. One week post injection of GAD65 or GAD67 vector, GAD67 (red) and GAD65
(red) immunostaining is increased in L5 DRG (double labeling with the neuronal marker
NeuN; green) compared with DRG from vehicle-injected rat (a). Western blot shows that
GADG67 protein is increased in lumbar DRGs from rats injected 1 week earlier with GAD67
vector when compared with vehicle-injected controls (b). Expression of GAD65 and GAD67
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mRNA also was significantly increased in lumbar DRGs at 1 and 2 weeks after HSV-
GADG65 or GADG67 injection in hind paws. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is included as a control for loading and densitometric scanning was carried out to
semiquantitatively determine the fold change in GADG67 after normalizing to GAPDH. (c).
Increased GAD67 immunostaining was also seen in the substantia gelatinosa of the dorsal
horn of lumbar SC at the vector-injected side, when compared with vehicle-injected
contralateral side (d). mRNA levels for GAD65 and GAD67 were also increased in in SC
after HSV-GADG65 or GAD67 injection in hind paws, as shown after quantification (e). Data
shown as meanszs.e.m. N = 3 *P00.05 t-test.
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Figure 4.

Effects of HSV-vector injection on diabetes-induced mechanical pain. MA was measured in
diabetic and control rats using von Frey monofilaments. Approximately 4 weeks after STZ
treatment, diabetic rats started to exhibit MA. Five weeks post STZ injection, a dose of 3 x
107p.f.u. of single vector or combination was injected into hind paws. Vehicle (PBS) was
injected into diabetic rats as a negative control. Gabapentin (GBP) was administered daily at
a dose of 50 mg kg~ (i.p.). Data are normalized to control nondiabetic animal (Ctl-no STZ)
and are presented as meanzs.e.m. of % maximal response. Normalized withdrawal threshold
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was measured weekly after STZ injection (shown as 1-5 weeks) and after vector inoculation
(shown as day 1-5 weeks after vector). Data points within the black oval = P00.05 (two-way
analysis of variance was used to compare the % maximum response among groups) (a). Data
were collected before and 1-4 weeks after vector injection and analyzed with trend
statistical analysis to compare pre- and post-virus effects (from 1 to 4 weeks post virus
inoculation) on allodynia (b). P00.05; n = 8-10 per group; NS, not significant.
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Figureb.

Effects of HSV-vector footpad injection on diabetes-induced neuropathic thermal pain in
mice. Diabetic and control C57BL/6 mice were tested for development of thermal pain and
effect of single vector (GAD65, GAD67 and NE2) with the hot plate test by measuring the
paw withdrawal latency. Vehicle (PBS) was injected into control diabetic rats (PBS) as a
negative control. The data are normalized to control nondiabetic animals (Ctl-no STZ) and is
presented as the meanzs.e.m. of % maximal response. n = 10-14 for C57BL/6. Data points
within the black oval = P00.05 (two-way analysis of variance was used to compare the %
maximum response among groups).
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Figure®6.
Detection of anti-HSV immunoglobulin G (IgG) antibodies in the serum of HSV-vector-

injected animals. Enzyme-linked immunosorbent assay was used to detect the level of anti-
HSV antibodies in serum collected at indicated time points after HSV vector injection.
Samples marked 0 h are negative controls from rats that have not been injected with HSV
vectors. The GAD65, GAD67, NE2 and PBS groups represent samples collected from
diabetic rats at 3 months after corresponding vectors or PBS treatment. Data are shown as
the meanzs.e.m. n = 3 *P00.05 Student’s t-test.
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