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The insufficient pain relief provided by current pharmacotherapy for chronic neuropathic
pain is a serious medical problem. The enhanced glutamate signaling via NMDA
receptors appears to be one of the key events in the development of chronic pain.
Although effective, clinical use of systemic NMDA antagonists is limited by adverse
effects such as hallucinations and motor dysfunction. Opioids are also potent analgesics
but their chronic use is accompanied by tolerance and risk of addiction. However,
combination of NMDA antagonists and opioids seems to provide a stable pain relieve
at subthreshold doses of both substances, eliminating development of side effects.
Our previous research showed that combined delivery of NMDA antagonist Serine
histrogranin (SHG) and endomorphin1 (EM1) leads to attenuation of acute and chronic
pain. The aim of this study was to design and evaluate an analgesic potency of the gene
construct encoding SHG and EM1. Constructs with 1SHG copy in combination with
EM1, 1SHG/EM1, and 6SHG/EM1 were intraspinally injected to animals with peripheral
nerve injury-induced pain (chronic constriction injury, CCI) or spinal cord injury induced
pain (clip compression model, SCI) and tactile and cold allodynia were evaluated.
AAV2/8 particles were used for gene delivery. The results demonstrated 6SHG/EM1 as
the most efficient for alleviation of pain-related behavior. The effect was observed up to
8 weeks in SCI animals, suggesting the lack of tolerance of possible synergistic effect
between SHG and EM1. Intrathecal injection of SHG antibody or naloxone attenuated
the analgesic effect in treated animals. Biochemical and histochemical evaluation
confirmed the presence of both peptides in the spinal tissue. The results of this study
showed that the injection of AAV vectors encoding combined SHG/EM constructs can
provide long term attenuation of pain without overt adverse side effects. This approach
may provide better treatment options for patients suffering from chronic pain.
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INTRODUCTION

Chronic pain is a major complaint in patients with peripheral or central nerve injury (Cruz-
Almeida et al., 2005, 2009; Galluzzi, 2005; Taylor et al., 2010). Clinical and experimental studies
have suggested several mechanisms contributing to the development of chronic pain and
prospective targets for pharmacological intervention. Although some of these therapeutic strategies
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provide pain relief, the effects of exogenous pharmacologic
agents are usually temporary. In addition, long-term treatments
for chronic pain may be limited in sustained effectiveness, dose
escalation, development of tolerance and systemic side effects
of medication during prolonged use. Contemporary treatment
includes pharmacologic and psychological options, but are
most appropriate in providing short-term relief (Finnerup and
Baastrup, 2012; Yaksh et al., 2017). Therefore, there is a need for
improved therapeutic approaches for long-term management of
chronic pain.

In order to minimize adverse effects of systemic therapy, it is
preferable to target selected mechanisms and pathways involved
in the development of chronic pain. Gene therapy can provide
suitable tools to achieve this goal. Analgesic peptides may be
delivered to specific areas of the nervous system via selective
cDNAs, allowing the host cells to serve as local minipumps
secreting desired compounds. Direct and sustained delivery of
active analgesic agents to specific areas of the CNS circumvents
the need for repeat drug bolusing or continual exogenous
drug delivery, which may be better suited for long-term pain
management.

AAVs are widely considered the top clinically acceptable
candidates for gene therapy due to their low toxicity and
immunogenicity, as well as ability to provide continued
transgene expression and long-term production of desired
therapeutic molecules (Kotterman and Schaffer, 2015; Albert
et al., 2017; Naso et al., 2017; Wells, 2017). Although this
approach is still in nascent stages for chronic pain management,
the use of AAV-mediated delivery of potential antinociceptive
molecules have shown promising outcomes in rodent peripheral
neuropathic pain models (Eaton et al., 2002; Beutler et al.,
2005; Beutler and Reinhardt, 2009; Pleticha et al., 2014; Guedon
et al., 2015). Screening of several AAV2 serotypes in our lab
showed AAV2/8 as an optimal vector for intraspinal delivery of
recombinant cDNA.

Glutamate excitotoxicity via signaling through NMDA
receptors is one of the key events in the onset and maintenance
of the neuropathic pain after peripheral or central nerve
injury. Supporting this hypothesis, studies have shown decreased
hyperexcitability and cutaneous hypersensitivity with intrathecal
administration of NMDA receptor antagonists (Sotgiu and Biella,
2000; Suzuki et al., 2001). Unfortunately, the clinical use of
systemic NMDA antagonists is dose-limited by adverse effects
such as hallucinations and motor dysfunction (Hawksworth and
Serpell, 1998; Galluzzi, 2005). Previous studies have shown that
the naturally occurring peptide histogranin (Lemaire et al., 1993)
and its stable analog Serine-Histogranin (SHG) have NMDA
receptor antagonist activity and do not interfere with locomotion
(Lemaire et al., 1995; Prasad et al., 1995; Hama et al., 1999; Hama
and Sagen, 2002; Hentall et al., 2007). Furthermore, data has
shown marked attenuation of hyperalgesia and allodynia with the
spinal introduction of SHG through intrathecal injection or via
cell or gene therapy (Siegan et al., 1997; NasiriNezhad and Sagen,
2005; Gajavelli et al., 2008; NasiriNezhad et al., 2015; Jergova
et al., 2016a,b).

Opioids are potent analgesics and as such have been used
in treatment of chronic pain; however their chronic use is

accompanied by tolerance and risk of addiction (Sallerin-
Caute et al., 1998; Przewłocki and Przewłocka, 2001; Ossipov
et al., 2004). NMDA antagonists have been shown to prevent
development of morphine tolerance and allow prolonged
administration of opioids (Trujillo and Akil, 1991, 1994).

Therefore, the combined administration of NMDA antagonist
and opioid receptor agonist may be beneficial especially for
the long-term pain management. Endomorphins (EM) are
endogenous opioid peptides highly selective for µ-opioid
receptors (Zadina et al., 1999). Their two isoforms have a
distinct anatomical distribution, with endomorphin1 (EM1)
present mainly in the brain and EM2 in the spinal cord.
They also differ in the analgesic properties with EM1 more
potent in attenuation of inflammatory and neuropathic pain
(Przewłocka et al., 1999; Przewłocki et al., 1999; Przewłocki
and Przewłocka, 2001; Hama and Sagen, 2014), while lower
analgesic efficacy in the model of inflammatory pain and no
effect in neuropathic pain are reported for EM2 (Hama and
Sagen, 2014). Our previous experiments showed potentiation
of the analgesic effect of intrathecally delivered EM1 by SHG
in the formalin model (Hama and Sagen, 2014). Our recent
study with gene constructs encoding either peptide showed
that coinjection of EM1 and SHG is beneficial for alleviation
of spinal cord injury induced pain (NasiriNezhad et al.,
2015). The goal of the present study was therefore to design
recombinant cDNA encoding both SHG and EM1 analgesic
peptides in several combinations in order to simplify the delivery
of both analgesic peptides, to reduce the amount of viral
particles needed for injection and to identify the most efficient
combination for the alleviation of pain-like behavior in our
models.

MATERIALS AND METHODS

Experimental Plan
The flow of experiments reported in this study is as follows:
(1) evaluation of analgesic potency of single and multi-copy
SHG and single EM1 constructs in a peripheral nerve injury
model (CCI) and spinal cord injury model (SCI); (2) design
and engineering of a combined construct encoding SHG and
EM1; 1SHG/EM1 and 6SHG/EM1; (3) transduction of combined
plasmids into HEK cells to confirm infectivity and peptide
production; and (4) production of AAV viral particles encoding
the combined constructs and evaluation of the analgesic effect of
the recombinant rAAV constructs in CCI and SCI models.

Construction of the Combined SHG-EM1
Plasmids
Lentiviral particles encoding EM1 and SHG have been previously
generated in our lab and evaluated in the pain models
(NasiriNezhad et al., 2015). In the current study we initially
attempted to engineer all constructs into the lentiviral backbone.
However, while successful with single SHG and EM1, due to
low yield of lentiviral plasmids with other recombinant genes
we used AAV plasmid to generate 6SHG constructs and the
combination SHG/EM constructs. Our previous screenings of
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different serotypes of AAV vector for transduction of neuronal
cells showed the hybrid AAV2/8 as the most efficient in
the spinal dorsal horn. To evaluate possible differences in
the transduction efficiency between lenti and AAV plasmids,
control plasmids with eGFP reporter gene were initially used
for the transduction of the HEK 293T cells (below). All
viral particles were generated by Viral Vector Core at Miami
Project.

EM1 and 1SHG
The generation and characterization of the EM1 and SHG
constructs has been previously published (Gajavelli et al., 2008;
NasiriNezhad et al., 2015). Briefly, EM1 and SHG protein
sequences were reverse translated and restriction sites (BglII/SalI
and BglII/ XbaI, respectively) were added on 5’ and 3’ of
the cDNA. Oligos were synthesized, purified, annealed and
subcloned into bacterial vector, linearized with an appropriate
restriction endonuclease and subcloned into pRRL lentiviral
vector in frame with mRFP as a reporter gene. ppNGF-β signal
sequence was added to achieve production of secretable peptides
(Duplan et al., 2004).

6SHG
SHG multimers were generated by adding BglII restriction sites
at 5’SHG oligo sequence using PCR (Jergova et al., 2016a).
BglII flanked SHG sequences were annealed to generate SHG
multimers and subcloned into a bacterial vector with single SHG.
Clones were screened for the correct orientation of each SHG
copy within the multimers (Genewiz). We were able to isolate
a clone with six copies of SHG and to generate AAV2/8 viral
particles using this plasmid.

1SHG/EM and 6SHG/EM
Formation of the combined SHG-EM1 construct was completed
by replacing the mRFP coding sequence with the EM1 construct.
The mRFP cDNA was excised from the SHG vector using
restriction sites XbaI and SalI. Excision was confirmed via
gel electrophoresis and the SHG construct purified using
gel electrophoresis isolation and gel extraction. Oligos of
EM1 flanked by XbaI-SalI restriction sites were synthesized,
purified and subcloned into AAV2/8 vector in frame with SHG
cDNA.

A similar strategy was initially attempted to generate a
6SHG/EM1 construct using 6SHG AAV vector. However, this
approach yielded low amounts of recombinant AAV vector
(rAAV), insufficient for producing viral particles. Therefore
the subcloning steps were done using bacterial vector pBS
(Addgene). 6SHG cDNA was excised by BamHI-XbaI and
subcloned into pBS vector into open reading frame to get
additional restriction sites 5’ClaI 3’KpnI required for subcloning
into AAV vector. Oligos of EM1 flanked by AgeI-KpnI
restriction sites were synthesized, annealed, PCR amplified and
subcloned into pBS in frame with 6SHG. The presence and
correct orientation of SHG and EM constructs were confirmed
by sequencing (Genewiz). Bacterial colonies with the correct
plasmids were further grown to obtain sufficient amount of
plasmids to be used for subcloning into AAV vector. Plasmids

were isolated and SHG-EM constructs were excised by ClaI-KpnI
restriction enzymes, purified and subcloned into AAV vector.
Final AAV plasmids were subsequently used for production
of AAV viral particles by the Miami Project Viral Vector
Core.

Transgene Viral Expression in Vitro
The stability of designed recombinant plasmids and the
transduction efficiency of lenti GFP and AAV2/8 GFP plasmids
were tested with the HEK293 cell line. Cells were transduced
with plasmids using a Lipofectamine kit. SHG and EM1 peptides
were detected in the supernatant obtained from cultured cells
using the FLISA method. Briefly, HEK293 cell lines were
grown in DMEM/F12 medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS) and
antibiotics. At 70% confluency the cells were transduced with
GFP control plasmids (pLenti and AAV2/8) or recombinant
1SHG/EM and 6SHG/EM plasmids by 108 transducing units
per ml (TU/ml) based on viral coat protein p24 ELISA assay.
Five days after transduction, the cells were plated into petri
dishes at a concentration 50 × 106 cells in 10 ml of media and
incubated for 1 day. Media was collected and used for evaluation
of SHG and EM1 presence using the FLISA method. Total
concentration of peptides in the sample was assessed by BCA
kit (Thomson Scientific). Samples were then plated in 96 well
plates with equal concentration of peptides, captured overnight
at 4◦C, incubated in blocking solution, followed by primary
antibodies at different dilutions (SHG, 1:100–1:500, 21st Century
Biochemical; EM-1, 1:10–1:50, gift from Dr. James Zadina,
Tulane University) and secondary antibodies (Li-cor 800 IRDye),
according to the FLISA Li-cor protocol. The signal was scanned
by an Odyssey infrared scanner. After confirming transduction
capability, 1SHG/EM1 and 6SHG/EM1 vectors were subcloned
into AAV vector by the in-house Miami Project Viral Vector
Core.

For evaluation of GFP expression, 5 days after transduction,
cells were plated into 24 well plates in concentrations of 1 × 104

cells per well, cultured for 1 day, fixed with 4% paraformaldehyde
and processed for immunocytochemistry. Plates were washed
with 0.1 M PBS, incubated in 5% normal goat serum, followed
by GFP primary antibody (1:200, Sigma) for an overnight
incubation. After a brief wash cells were incubated in the
secondary antibody (1:250, Alexa Fluor 488, Invitrogen), washed
and coverslipped.

Animals
Male Sprague–Dawley rats weighing 120–140 g at the initiation
of the studies were used. Rats were allowed 3–5 days to
acclimate to the animal facility which was on a 12 h light/dark
cycle. Prior to surgery and following surgery, rats were allowed
free access to food and water. For surgical anesthesia, rats
were rendered unconscious with 4%–5% isoflurane in O2 and
maintained on 2%–3% anesthesia. Aseptic technique was used
throughout each surgical procedure. All animal procedures
followed NIH guidelines and were approved by the University
of Miami Institutional Animal Care and Use Committee.
GraphPad RandomNumbers calculator was used to randomly
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assign animals into CCI or SCI groups and for the treatments
within the groups. Sigma Stat software was used to estimate
the sample size for each group. Input data were used based
on our experiences with the pain models and procedures.
Using the power analysis calculator the calculated sample size
was 7–10 for treatment groups and 4–7 for control groups.
Only the animals that showed presence of pain-like behavior
were included in subsequent experiments. Animals with any
post-injury complication, especially in the SCI group, were
excluded from the next steps. An attempt was made to keep the
same number of animals per group for more reliable statistical
comparison. N = 8 and n = 6 were the target numbers for
treatments or control GFP groups respectively, with n = 54 per
injury group (CCI or SCI).

Surgeries
All the surgical procedures were performed using aseptic
technique in a special room designed for surgery purposes.

Chronic Constriction Injury (CCI)
For chronic constriction injury, under anesthesia, the left sciatic
nerve was exposed at the level of mid-thigh. Four 4-0 chromic
gut ligatures were loosely tied around the sciatic nerve with
about 1 mm spacing between them. The muscle wound was
sutured shut and the skin was closed with veterinarian-grade
cryoacrylate. Rats recovered on heating pads and returned to
cages (Bennett and Xie, 1988; Jergova et al., 2012).

Spinal Cord Injury (SCI)
For SCI, under anesthesia, a laminectomy was performed at
T6–T8. The spinal cord was compressed by a 20 g microvascular
clip (Harvard Apparatus, MA, USA) for 60 s After a 1 min
compression, the clip was removed carefully (care was applied
not to damage the dura or spinal nerves), the muscles sutured
with 4–0 chromic gut (Ethicon Inc., Somerville, NJ, USA)
and wound clips were used to close the skin. From the
day after surgery the bladder was manually expressed in the
morning and afternoon until the animals were able to express
their bladders independently. Gentamicin (2 mg/kg, i.p.) was
injected for 7 days post surgery to prevent bladder infections
(Bruce et al., 2002; Hama and Sagen, 2007; Jergova et al.,
2016a).

Intraspinal and Intrathecal Injections
Animals were randomly allocated into treatment and control
groups. For characterization of the analgesic effect of 1SHG,
6SHG and EM1 viral constructs and the compound constructs
SHG/EM, 1 week post CCI and 4 weeks post SCI time points were
chosen as the injection windows, respectively. Since neuropathic
pain-like symptoms are long-lasting in the SCI clip compression
model, there is opportunity to assess delayed treatments which
may more closely mimic the clinical scenario for SCI neuropathic
pain intervention.

Intraspinal
For all intraspinal injections, spinal cords at the level of
L3/L4 were exposed by laminectomy. Viral constructs were

injected either unilaterally (CCI) on the injured side or bilaterally
(SCI) in spinal cord in volumes of 1.0 µl at 0.2 µl per min rate
in titers of 106 (AAV) and 108 (Lenti). Injections were done
stereotaxically (KOPF) at a depth of 0.3 mm from the dorsal
border and 0.7 mm from the midline using a glass needle attached
to a 10-µL Hamilton syringe mounted on a microinjector. To
prevent backflow, the needle was kept in its place for 1 min after
the termination of the injection. To maximize reproducibility,
injections were performed by the same surgeon. The overlying
muscles were sutured by Vicryl (Ethicon) and the skin was closed
with wound clips. Animals were allowed to recover at 37◦C for
24 h, after which time they were returned to the animal care
facility.

Intrathecal
Intrathecal injection of SHG antibody (5 mg/ml, custom
synthesized by 21st Century Biochemicals) and Naloxone
(0.1 mg/ml) were used in some SCI animals (n = 6/group)
to further analyze the effects of the compound construct on
pain-like behavior. An intrathecal catheter (7.5–8 cm; ReCathCo,
PA, USA) was threaded through a slit in the atlanto-occipital
membrane down the intrathecal space and secured to the neck
muscles with sutures under 2%–3% isoflurane/O2 anesthesia as
described previously (Yaksh and Rudy, 1976; Hama and Sagen,
2009). This procedure brings the tip of catheter to the lumbar
spinal segments. Rats were allowed to recover at least 3 days
following intrathecal surgery prior to use in experiments. Drugs
were dissolved in saline and injected in 5 µl volumes, followed by
5 µl flush with saline.

Behavioral Testing
Animals were observed daily for the overall wellbeing post-
surgery. Weight was recorded weekly. All the behavioral tests
were done by evaluators who were unaware of experimental
groups. For the assessment of tactile and cold allodynia, the
rats were placed on a metal mesh covered with a plastic dome
(13× 17× 28 cm) for at least 20 min before testing. Animals were
tested before any injury (baseline), before intraspinal injection
of vectors (post injury) and then weekly up to 6 weeks in the
CCI model and 12 weeks in the SCI model. Since spasticity
or hyperreflexia in SCI animals may interfere with behavioral
results and interpretation, all behavior test endpoints were based
on higher CNS, non-reflexive signs of discomfort elicited by
applied stimulus, such as turning head toward the stimulus,
shaking and licking stimulated paw, vocalizing and moving
away from the stimulus. At least one of these signs had to be
present in order to record a paw withdrawal upon stimulation
as a positive (pain related) response. Previous findings in our
lab have indicated that the inclusion of these higher center
responses correlates well with more complex cognitive outcome
measures for nociception in SCI animals (Dugan and Sagen,
2015a,b).

Tactile Allodynia
The thresholds for mechanical allodynia were measured with a
series of von Frey filaments using the up-down method (Chaplan
et al., 1994). The filaments were applied to the plantar skin of
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the hindpaw and bent slightly. Withdrawal of the paw, usually
followed by licking of the paw or body movement, was recorded
as a positive response. Eight specific calibrated von Frey filaments
were used via the up-down method to determine the withdrawal
threshold. The filaments with 0.25 g and 15 g force were selected
as lower and upper limit, respectively. A hind paw withdrawal
from the filament led to the use of the lower force filament. A
lack of response led to the use of the next higher force filament.
If the strongest hair did not elicit a response, the threshold was
recorded as 15 g. Both hind paws were tested with about 5 min
pause between subsequent tests.

Cold Allodynia
Cold allodynia was evaluated by counting the number of foot
withdrawal responses after application of an acetone drop to
the plantar surface of the paw. Usually the normal rat did not
respond to acetone application, but the injured rats showed
nociceptive responses, such as foot shaking or biting. The
testing was repeated five times with an interval of approximately
3–5 min between each test for both hind paws. The response
frequency to acetone was expressed as a percent response
frequency ([number of paw withdrawals/number of trials]× 100;
Choi et al., 1994).

Neurochemical and Immunocytochemical
Evaluations of Spinal Cord Tissue
To confirm the expression of transgene, spinal cord samples were
prepared for neurochemical or immunocytochemical evaluations
at the end of behavioral experiments (6w post CCI or 12w
post SCI, n = 3/group). For neurochemical analyses, spinal cord
samples were dissected at lumbar regions, dorsal parts separated
and frozen on dry ice. Samples were homogenized in RIPA lysis
buffer (Santa Cruz) and protein concentration was estimated
by BCA kit (Thomson Scientific). Homogenates were processed
for Fluorescence-linked immunosorbent assay (FLISA). Briefly,
samples were loaded in 96 well plates at the equal concentration,
captured overnight and incubated in the primary antibodies
(SHG, 1:100–1:500, 21st Century Biochemical; EM-1, 1:10–1:50,
gift of Dr. Zadina) and secondary antibodies (Li-cor 800 IRDye),
according to FLISA Li-cor protocols. The signals were scanned
by an Odyssey infrared scanner.

For immunocytochemical analyses, animals were deeply
anesthetized and intracardially perfused with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer.
Spinal cords were removed and post-fixed for 12 h in the
same fixative and transferred to 25% sucrose for cryoprotection.
Free floating cryostat sections were prepared and processed
according standard immunohistochemical protocols. Sections
were incubated in 5% normal goat serum for 2 h followed
by overnight incubation with primary antibodies NeuN (1:200,
Chemicon), SHG (1:100, 21st Century Biochemicals), and EM-1
(1:10, courtesy of prof. Zadina et al., 1999). After washing,
sections were incubated in the appropriate secondary antibodies
(Alexa Fluor 488 goat anti-mouse and Alexa Fluor 594 goat anti-
rabbit). DAPI staining was use to visualize cell nuclei. Sections
were then washed, mounted on gelatin-covered slides, air dried

and coverslipped. Images were analyzed by confocal microscope
(Spectral Confocal Microscope Fluoview 1000).

Statistical Analysis
Data were analyzed by Sigma Stat software to detect statistical
significances. The results are presented as means ± SEMs. Data
were compared among groups using two-way analysis of variance
with repeated measures (RM ANOVA) or one way ANOVA
where applicable, followed by the Bonferroni post hoc test.
Statistical significance was assumed when p < 0.05.

RESULTS

Analgesic Effect of Single Gene Constructs
The analgesic effect of the intraspinal injection of pLenti_1SHG,
pLenti_EM and AAV2/8_6SHG constructs was evaluated after
CCI and SCI-induced chronic pain and compared with the
control CCI and SCI animals injected with AAV2/8_GFP.
All animals involved in this experiment underwent CCI or
SCI. Animals exhibiting the presence of tactile and/or cold
allodynia at the beginning of behavioral evaluation (1 week post
CCI, 4 weeks post SCI) with paw withdrawal threshold values
≤8 and responses to acetone ≥50% were used in the subsequent
experiments (for SCI rats the exclusion criteria applied if none of
the hind paws reached the threshold value; n = 54). Viral vectors
encoding analgesic genes or GFP were injected at week 1 post
CCI into the ipsilateral lumbar spinal cord and 4 weeks post SCI
bilaterally into lumbar spinal cord.

CCI (Figures 1A,B)
In the tactile allodynia test, animals treated with analgesic
genes showed progressive increase in paw withdrawal threshold
after the injection of the construct compared to control GFP
group (F(df 3,18) = 1.449; P = 0.0068). Towards the end of the
experiment, by week 6 post injury, the effect was slightly reduced.
Significant differences compared to GFP group were observed
at 2 weeks post injection (3 weeks post injury) in the 1SHG
group (+p < 0.05) and at 2 and 3 weeks post injection in
the 6SHG group (#p < 0.05). Animals treated with EM1 alone
showed a similar trend in increasing paw withdrawal threshold,
but this did not reach statistical significance compared to control
GFP group. The single construct treatment was more potent in
attenuating cold allodynia. Significant differences were observed
from week 1 post injection up to week 4 (overall F(df 3,18) = 1.016;
p < 0.0001). The responses to acetone were significantly reduced
in all treatment groups with the peak effects observed at 2 weeks
post injection (++p < 0.01 for 1SHG vs. GFP; ###p < 0.001 for
6SHG vs. GFP; ∗∗p < 0.01 for EM vs. GFP).

A partial recovery observed in the model of CCI over time
(starting around 5–6 weeks post-CCI surgery) may accounts for
the lack of statistical significance of the observed effects in the
treated animals towards the latter time points of the experiments.

SCI (Figures 1C,D)
SCI induces development of pain-like behavior in animals after
their partial recovery from the initial hind paw paralysis. Animals
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FIGURE 1 | Analgesic effect of individual gene constructs in chronic constriction injury (CCI) (A,B) and spinal cord injury (SCI) (C,D) animals. (A) Injection of 1SHG
and 6SHG constructs attenuated tactile allodynia compared to GFP controls at 2 and 3 weeks post injection. (B) Cold allodynia was attenuated in all treated animals
compared to GFP control at one through 4 weeks post injection. (C) Stronger analgesic effect of the gene construct was observed in SCI model with attenuation of
tactile allodynia in all treated animals up to 8 weeks post injection. (D) Similarly, in cold allodynia test marked drop in cold sensitivity was observed in treated animals
(RM ANOVA; +p < 0.05, ++p < 0.01 for 1SHG vs. GFP; #p < 0.05, ##p < 0.01, ###p < 0.001 for 6SHG vs. GFP; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 for EM vs.
GFP; •p < 0.05 for 6SHG vs. 1SHG).

were left to recover from the injury and the behavioral tests
started at 4 weeks post injury. The constructs were delivered
at the same week to target established chronic pain. Significant
attenuation of tactile allodynia was observed in all treatment
groups up to 8 weeks post injection (12 weeks post injury)
compared to the control group (F(df 3,15) = 2.634; P < 0.0001).
The most effective attenuation of tactile allodynia was observed
in the 6SHG group, with significantly different values from 1SHG
group at 8 and 10 week post injury (•p < 0.05). Attenuation
of cold allodynia was observed in all treated animals as well
(F(df 3,15) = 1.741; P = 0.0016) although the effect was significant
only in 6SHG group compared to GFP group (#p < 0.05;
##p < 0.01).

Engineering of Compound SHG/EM
Constructs
To evaluate the potential for enhancement of the analgesic
effect of SHG constructs by targeting the opioid signaling
pathway, we engineered a compound construct of a single
and multiple SHG with EM1. Since the single gene constructs
were designed using lentiviral particles, to evaluate possible
differences in the transduction efficiency between plasmids,
eGFP reporter gene were initially used for the transduction
of the HEK 293T cells. Transduction efficiency has been
evaluated by immunocytochemistry based on the presence of
GFP signal in cells. No significant differences in the number
of GFP+ cells have been found. To confirm stability and
proper production of SHG and EM1 recombinant peptides,

HEK293 cells were transduced with either 1SHG/EM1 or
6SHG/EM1 plasmids. SHG and EM1 peptides were detected
in the supernatant obtained from cultured cells using the
FLISA method (Figure 2A). Signals for both SHG and EM
were significantly higher when using the appropriate antibodies
respectively compared to control GFP supernatant (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001 vs. control). Stronger SHG signal
was detected in the samples from 6SHG/EM1 transduced
cells compared to 1SHG/EM1 as would be expected
(###p < 0.001). The EM1 signal was comparable between
samples (Figure 2B).

Analgesic Effect of Compound Gene
Constructs
After confirming transduction capability, 1SHG/EM1 and
6SHG/EM1 plasmids were used to produce viral
rAAV_2/8 particles by the in-house viral vector core. The
analgesic potential of constructs was then assessed in CCI and
SCI models using the same injection window as for the single
constructs. At the end of behavioral evaluations, data from single
and compound constructs groups were also retrospectively
compared at selected time points as an indication of potential
differences in onset or potency.

CCI (Figures 3A,B)
Strong antinociceptive effects in both tested modalities were
observed when using compound constructs. Tactile allodynia
was attenuated in the treated animals at 3 weeks post
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FIGURE 2 | Fluorescence-linked immunosorbent assay (FLISA) analysis of HEK 293 supernatant for the presence of serine histrogranin (SHG) and EM recombinant
peptides after transduction with 1SHG/endomorphin1 (EM1), 6SHG/EM1 and GFP gene constructs. (A) SHG and EM1 peptides detected in samples from
compound gene constructs transduced cell cultures. No signal detected in the control samples from GFP transduced cells. (B) The level of SHG in 6SHG/EM
samples was significantly higher than in 1SHG/EM samples as expected. The level of EM was comparable between samples (ANOVA; ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001 vs. GFP control; ###p < 0.001 for 6SHG/EM vs. 1SHG/EM).

injection and the effect sustained for the following 2 weeks
(F(df 2,12) = 2.001; P < 0.0001). Although the analgesic
effect was not significantly different between 6SHG/EM1 and
1SHG/EM1 groups, there was a tendency towards consistently
higher von Frey thresholds in the 6SHG/EM1 group. Cold
allodynia was significantly attenuated in both treatment groups
starting at 1 week post injection, with the anti-allodynic effects
observed up to 5 weeks post injection (F(df 2,12) = 2.415;
P < 0.0001). Both treatment groups showed these significant
effects compared to the control group (+p < 0.05, ++p < 0.01
1SHG/EM1 vs. GFP; ##p < 0.01, ###p < 0.001 6SHG/EM1 vs.
GFP).

SCI (Figures 3C,D)
Compound constructs significantly attenuated tactile
(F(df 2,10) = 5.2; P < 0.0001) and cold allodynia (F(df 2,10) = 6.584;
P < 0.0001) with the effects observed at 2 week post
injection, and this was sustained up to 8 weeks post injection
(12 weeks post injury, the end of the experiment). Both
groups were significantly different from the control GFP
group, with the trend of stronger effects in 6SHGEM group
compared to 1SHGEM, especially towards the latter time
points of the study, when nearly complete reversal of both
tactile and cold allodynia were observed in the 6SHGEM
treatment groups (+p < 0.05, +++p < 0.001 1SHG/EM1 vs.
GFP; #p < 0.05, ##p < 0.01, ###p < 0.001 6SHG/EM1 vs.
GFP).

Comparison of Single and Compound
Gene Treatment
To compare the effect of the single and compound gene
treatment data from both experiments were pooled at the
baseline, pre injection time points and at the 5 weeks (CCI) or
6 weeks and 8 weeks (SCI) post injection. The values in GFP
groups were averaged as there were no significant differences

between GFP groups used as a control for the injection of
single or compound constructs. At each time point values were
compared between treatment groups using one way ANOVA.
These comparisons suggested that the 6SHG/EM1 construct is
the most efficient in reducing pain-like behavior induced by CCI
or SCI injuries.

CCI (Figures 4A,C)
In both tactile and cold allodynia tests no differences were
observed at the baseline or pre-injection time points. At 5 weeks
post injection the 6SHG/EM1 showed significant anti-allodynic
effect compared to the control GFP group (∗∗p < 0.01).

SCI (Figures 4B,D)
In the tactile allodynia test (B) at the comparable time point
to CCI group (6 weeks post injection), differences from GFP
were observed in 6SHG, 1SHG/EM1 and 6SHG/EM1 groups
(∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001) with significant intra-
treatment differences between 1SHG/EM1 or 6SHG/EM1 and
1SHG groups, and 6SHG/EM1 and EM1 groups respectively
(##p < 0.01; ###p < 0.001). The analgesic effect was still present
at 8 weeks post injection with similar group differences. In
the cold allodynia test (D) no differences at the baseline or
pre-injection points were detected. At both time points (6w
and 8w) almost all groups were significantly different from
GFP group (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001) with
6SHG/EM1 different from 1SHG and EM1 groups, respectively
(#p < 0.05; ###p < 0.001).

Overall, the behavioral tests suggest that compound
constructs with the combination of the analgesic genes targeting
glutamate and opioid pathways are potent and stable in reducing
pain-related behavior compared to the single treatment. No
significant side effects were observed in the treated animals.
Minor post-injury related issues (bladder inflammation) were
addressed as needed. In general, animals were in a good
physical condition, without any signs of constipation, diarrhea,
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FIGURE 3 | Analgesic effect of compound gene constructs in CCI (A,B) and SCI (C,D) animals. (A) Tactile allodynia was attenuated at 3 weeks post injection in both
1SHG/EM1 and 6SHG/EM1 treatment groups and the effect sustained up to 5 weeks post injection. (B) Cold allodynia was attenuated in both treatment groups as
well with effect observed 1 week post injection up to 5 weeks. (C,D) In SCI groups, both gene constructs demonstrated analgesic efficacy in tactile (C) and cold (D)
allodynia tests with effect observed 2 week post injection and sustained till the end of experiment (RM ANOVA; +p < 0.05, ++p < 0.01, +++p < 0.001
1SHG/EM1 vs. GFP; #p < 0.05, ##p < 0.01, ###p < 0.001 6SHG/EM1 vs. GFP).

lethargy or weight loss as would be expected from the prolonged
treatment with high dose of opioids.

Intrathecal Injection of Anti-SHG and
Naloxone
To further investigate the analgesic effect of SHG and EM1 in
animals treated by compound construct, we have used some
of the SCI animals from 6SHG/EM group for an intrathecal
injection of anti-SHG (5 mg/ml; Figures 5A,B) and naloxone
(0.1 mg/ml; Figures 5C,D) in order to block the effects
of SHG and EM1, respectively. A catheter was inserted at
11 weeks post injury and the behavioral tests were performed
at 12 weeks post injury. Drugs were injected at 2–5 days
after pre-injection assessments for tactile and cold allodynia
in this group. Injection of drugs led to partial reversal of the
antinociceptive effects compared to GFP groups. Tactile and
cold anti-allodynia were both partially reversed by anti-SHG
in 6SHG/EM1 group (∗∗p < 0.01, ∗∗∗p < 0.001); no effect of
this treatment was observed in the GFP group. Preinjection
values in GFP and 6SHG/EM1 groups were significantly
different (###p < 0.001); anti-SHG injection attenuated the
effect of the treatment and the postinjection values were
comparable to GFP group (Figures 5A,B). In cold allodynia
test, the attenuation of the treatment effect was also observed
although values did not reach the levels of control group.
Naloxone injection did not affected tactile allodynia value,
but partially reversed cold anti-allodynia in 6SHG/EM group

(∗p < 0.05). Pre and postinjection values between groups
remained significantly different (#p < 0.05, ###p < 0.001,
Figures 5C,D).

Tissue Analysis
To confirm the expression of transgenes in the spinal cord,
some spinal cord samples from CCI, SCI and control animals
were prepared for neurochemical or immunohistochemical
evaluation.

Spinal cord homogenates were analyzed for the presence of
SHG and EM1 peptides by FLISA. Both peptides were detected
in the samples from 1SHG/EM1 and 6SHG/EM1 treated
animals, with no signal from GFP treated animals (Figure 6A).
ANOVA analysis showed significant differences in the
OD of SHG and EM1 peptides signal between treated
and control groups in both injury models (Figure 6B;
∗p < 0.05, ∗∗p < 0.01). Enhanced SHG signal was observed
in samples from 6SHG/EM1 treated animals, compared to
1SHG/EM1 in SCI group (#p < 0.05). The signal of EM1 was
comparable between 1SHG/EM1 and 6SHG/EM1 samples
(Figure 6B).

Immunohistochemical analysis was performed in the spinal
cord tissue from SCI animals. Adjacent sections were processed
for the staining with SHG and EM1 antibodies, as both antibodies
were raised in the same host. SHG antibody was custom made
by 21st Century Biochemicals, EM1 antibody was provided by
Prof. Zadina. Both SHG and EM1 are not naturally present
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FIGURE 4 | Comparison of the analgesic effect of singe and compound gene constructs at 5 weeks post injection in CCI animals (A,C) and 6 and 8 weeks post
injection in SCI animals (B,D). In both groups and both pain modalities, no differences were observed at the baseline or pre-injection time points. In CCI group at
5 weeks post injection the effect of 6SHG/EM1 was significantly different from GFP controls (ANOVA; ∗∗p < 0.01). In SCI group all treated animals demonstrated
reduction in hypersensitivity with significant differences compared to control GFP groups as well as inter-treatment differences. The effect was observed up to
8 weeks post injection of the constructs with 6SHG/EM1 as the most efficient construct reducing pain-like behavior (ANOVA; ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001 vs. GFP, #p < 0.05, ##p < 0.01, ###p < 0.001 between treatments).

FIGURE 5 | Pharmacological attenuation of the 6SHG/EM1 analgesic effect. Intrathecal injection of anti-SHG (5 mg/ml; A,B) and naloxone (0.1 mg/ml; C,D) in SCI
animals 8 weeks post treatment (12 weeks post injury) reduced the observed effect in the treated animals. Anti SHG reversed both tactile and cold allodynia
attenuation; naloxone was effective in reversing cold allodynia (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. preinjection; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. GFP).

in the spinal tissue, therefore we assume the detected peptides
are produced by injected gene constructs. Immunohistochemical

analysis showed the presence of SHG and EM1 (Figure 7) The
signal was detected in the vicinity of the injection site with rostral
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FIGURE 6 | FLISA analysis of the spinal cord for the presence of recombinant SHG and EM1 peptides. (A) Both peptides were detected in the samples from
1SHG/EM1 and 6SHG/EM1 treated animals, with no signal from GFP treated animals. (B) OD signal of either peptide was enhanced in the samples from treated
animals in both injury groups, with SHG signal significantly higher in 6SHG/EM1 samples compared to 1SHG/EM1 in SCI group. No differences between treatment
samples for EM1 signal were observed as expected (ANOVA; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. GFP; #p < 0.05 between treatments).

FIGURE 7 | Immunohistochemical detection of recombinant SHG and EM1 peptides in the spinal cord of SCI animals. Both peptides were detected in the vicinity of
the injection site with rostral and caudal spread within 1 mm. Top panel: Low magnification of spinal dorsal horn from animals after injection of the recombinant
constructs. (A) NeuN and DAPI staining at the level of the injection site. SHG immunostaining was used to visualize the location of the construct. SHG positive fibers
were detected in the lateral and medial side of the dorsal horn (arrows in B) and as a punctate cytoplasmic staining in NeuN cells (arrows in C). Bottom panel: Higher
magnification of some of the neuronal and glial cells from the dorsal horn. Colocalization of NeuN with SHG (D) and EM1 (E) confirm transduction of neuronal cells
(arrows). No significant colocalization with GFAP marker have been found (F).

and caudal spread within 1 mm. Adjacent sections from thoracic
(Th8–Th10) and cervical (C4–5) spinal cord were examined for

the presence of recombinant peptides as well to confirm that
spreading was limited to lumbar area only.
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Transduced cells were observed throughout the dorsal
horn, some signal was also detected around central canal. No
significant staining was observed in the ventral horn, although
we cannot rule out the possibility of transduction of cells
in this area as well. The neurons primarily involved in the
pain processing are located mostly in the superficial laminae,
however deeper dorsal horn neurons in laminas LIII-V, the wide
dynamic range neurons, are also involved in the pathological
pain signaling. Transduction of both population of neurons is
therefore beneficial in the attempt to induce analgesia using gene
therapy approach.

Both peptides were located in the cytoplasm of the neurons or
in the fibers in close vicinity of neurons.

DISCUSSION

This study evaluated the antinociceptive effect of compound
gene constructs encoding the NMDA antagonist SHG and
endogenous opioid EM1 in peripheral nerve injury and spinal
cord injury pain models. Plasmids encoding single or multiple
copies of SHG cDNA in combination with EM1 cDNA were
engineered and subcloned into AAV2/8 viral particles. These
constructs were injected intraspinally into animals with SCI
or CCI induced pain. The results show that the engineered
compound gene constructs are functional and are able to
induce analgesia in both models. This is a first study using
such approach and the positive outcome demonstrated by
our results is promising for the further consideration of this
approach as clinically applicable for the treatment of chronic
pain.

Interference with the enhanced glutamate signaling via
NMDA receptors after nerve injury or potentiation of mu-opioid
receptor activation are among the most potent analgesic
strategies. Many studies have shown attenuation of injury-
induced hyperalgesia with NMDA antagonists (Suzuki et al.,
2001; NasiriNezhad and Sagen, 2005; Kim et al., 2012) supporting
the idea that increased excitatory signaling through NMDA
receptors after nerve injury is one of the mechanisms underlying
neuropathic pain. Opioids are historically the most potent
analgesics. However, due to widespread location of the NMDA
and opioid receptor within CNS, the long term use of either
NMDA antagonist or opioids to manage chronic pain are
associated with the development of tolerance, dependance,
addiction and various side effects including constipation,
motor disturbance and hallucinations (Hawksworth and Serpell,
1998). A strategy to overcome the burdens of chronic pain
treatment is to develop a targeted delivery of analgesic
substances to minimize the off-target effects, and to reduce
the concentration of each of the active ingredients yet preserve
the analgesic effects. The former is attempted by cell based
or gene therapy approaches, the latter by using combinations
of analgesic drugs with synergistic action at subthreshold
concentrations.

Trujillo and Akil (1991) provided an initial evidence
that NMDA antagonists may inhibit the development of
morphine tolerance, thus allow prolonged administration

of opioid-based analgesics. Since then, numerous studies
confirmed this theory in experimental and clinical setting
(Bilsky et al., 1996; Mao, 1999; Bisaga and Popik, 2000;
Mendez and Trujillo, 2008; Lin et al., 2010; Vadivelu et al.,
2016) and synergistic effects between opioids and NMDA
antagonists towards pain relief has been demonstrated in
several pain models (Nishiyama, 2000; Chow et al., 2004; Hama
and Sagen, 2014). This approach has proven to be effective
for combination of low-dose ketamine with opioids such as
morphine, that showed more effective analgesic effect for
pre or postoperative pain with minimal or no side effects.
However, the analgesic potency of NMDA receptor antagonist
and opioids combination varies in different pain states and
also depends on the etiology of pain. For example, acute
pain threshold in uninjured states is not changed by NMDA
antagonists (Hoffmann et al., 2003; Redwine and Trujillo,
2003), but NMDA antagonists potentiates the analgesic effect
of opioids in acute pain setting (Horvath et al., 2001; Hama
and Sagen, 2014). On the other hand, the injury-induced
pain is reduced by NMDA antagonists and the analgesic
effect is further potentiated by combination with opioids
(Hama and Sagen, 2014). Thus, the combination of these
two targets may be particularly indicated for neural injury-
induced pain. Our previous studies also shown that the route
of delivery of the analgesic peptides into CNS can affect their
overall action. Intrathecal injections of SHG and EMs reduced
acute thermal pain and formalin-evoked hypersensitivity,
but have marginal combination effects on CCI neuropathic
pain symptoms. In contrast, co-injection of a mixture of
lentivectors encoding SHG and EM1/EM2 significantly
attenuated neuropathic pain related behavior after SCI
(NasiriNezhad et al., 2015). These results may indicate that
intrathecal administration of these peptides is not the ideal
route for co-delivery due to possible different pharmacokinetics,
diffusion and peak of activity. Local production of analgesic
peptides by transgenes inserted into CNS may overcome these
issues.

This is supported by findings of the current study using
compound gene constructs encoding these analgesic peptides.
Intraspinal injection of single and multicopy SHG and single
EM1 gene reduced tactile and cold allodynia in CCI and SCI
models.

Injections of the constructs were done at the lumbar
enlargement in both models, despite the thoracic location of the
SCI. For CCI model, lumbar spinal segments are the primary
centers of the neuropatic changes. In SCI model, the rationale
was to target a primary clinical concern for SCI patients, which
is below-level neuropathic pain, frequently reported as the most
severe and bothersome by these patients (Siddall et al., 1995,
1997, 1999; Widerström-Noga et al., 2001; Cruz-Almeida et al.,
2009). In addition, several studies have shown that there are
significant changes in the spinal dorsal horn at levels far removed
from the actual injury site, suggesting that aberrant signaling
in those regions may underlie or contribute to below-level SCI
pain (Detloff et al., 2008; Gwak and Hulsebosch, 2009; Gwak
et al., 2012; Redondo-Castro et al., 2013). Further, this target
site allows us to utilize standard hind-paw tests for allodynia
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and hyperalgesia, mediated at the L3–L5 level (Asato et al.,
2000).

The interesting finding was a different potency of the
treatment depending on the pain modality and type of injury.
In the CCI model, the effect of either construct was stronger in
reducing cold allodynia, with only modest reduction in tactile
allodynia. In the SCI model, injection of the constructs led to
attenuation of pain like behavior in both pain modalities, tactile
and cold allodynia, with the strongest effects shown by the 6SHG
construct.

The differences in the efficacy of our treatment between
CCI and SCI model as indicated by our results may be caused
by several factors. One of the hypothesized mechanisms
is related to disruption in descending inhibition in SCI
model. Nociceptive signal from periphery conveyed via
spinothalamic tract (STT) activates descending inhibitory
control (Bruce et al., 2002). Damage of STT after SCI may
affect descending inhibition and cause prolonged central pain
due to hyperactivity of the spinal neurons. While STT tract
is unaffected by peripheral nerve injury, it is possible that
overall activity of spinal NMDA receptors is lower than in
the SCI model and thus descending inhibitory input may be
partially responsible for less pronounced analgesic effect of our
treatment in the model of peripheral nerve injury compared
to SCI.

While anti-allodynic effects of the individual peptide
constructs were promising, neither of these alone completely
reversed tactile or cold allodynia. To enhance the therapeutic
potential of our approach, and to further explore the potency
of different combinations of our analgesic constructs, we
have designed compound gene constructs encoding SHG
and EM1 peptides. Our results demonstrated that the
6SHG/EM1 combined construct is the most potent in
reducing pain like behavior in both CCI and SCI models.
The observed analgesic effect was stable over several weeks,
perhaps permanently, especially in the SCI model of chronic
pain. The stable analgesic effect over a prolonged period of
time observed in SCI animals further support the finding of
previous studies, that NMDA receptor antagonists prevent
development of opioid tolerance (Nishiyama, 2000; Chow
et al., 2004). The active involvement of the recombinant
peptides in the nociceptive processing in treated animals is also
supported by the pharmacological reversal of the behavior after
intrathecal injection of anti-SHG or naloxone demonstrated in
this study.

Tissue analysis demonstrated the presence of both SHG and
EM1 recombinant peptides in the spinal cord. As SHG is not
naturally presented in the spinal cord, the detected peptide is
a result of its active production by inserted gene construct.
Similarly, EM1 isoform is mostly presented in the brain tissue
(Zadina et al., 1999), with EM2 reported as the main isoform
in the spinal tissue. The specificity of EM1 antibody used for
immunohistochemical and biochemical detections in this study
(courtesy of Prof. Zadina) has been previously demonstrated
(Martin-Schild et al., 1999). Immunohistochemistry confirmed
the presence of recombinant peptides in close vicinity of the
injection site. These findings further support the benefits of a

gene therapy as a targeted approach as recombinant peptides
were not observed in the remote areas, thus therapeutic effects
may be directed more precisely to desired sites.

The results from this study provide additional evidence that
gene therapy is a suitable tool to introduce analgesic peptides into
the CNS.

Previous studies showed that the effect of intrathecal SHG and
EM varied depending on outcome measure, likely because of the
labile nature of the small neuropeptides in the CSF (Hama and
Sagen, 2014). As this study and our previous study show, gene
therapy offers longer effects and better efficacy than introduction
of analgesic peptides intrathecally (NasiriNezhad et al., 2015).
Additionally, direct introduction of analgesic compounds avoids
the unwanted side effects of systemic pain therapy.

The AAV vector is ideal for neuronal delivery of cDNA
constructs as it efficiently transduces neuronal targets, and offers
long-term expression of transgenes encoded within the vector
(Mitchell et al., 2010). Moreover, studies have shown little to no
immune or inflammatory response to AAV administration into
the CNS (Chamberlin et al., 1998; Mastakov et al., 2002).

However, the widespread exposure of human population
to AAVs and the preexisting immunity to various serotypes
is one of the challenges to overcome in clinical trials. The
extensive research on this issue showed that modification of
the capsid proteins or immunogenic epitopes may reduce
immune clearance (Mingozzi et al., 2013). Several clinical
trials for neurodegenerative diseases are currently ongoing
using AAV as a carrier (Piguet et al., 2017). Potential safety
concerns of using AAV vectors regarding mutagenesis have
been addressed by several studies indicating that AAV vectors
are generally safe. However, insertional mutagenesis has been
reported in one study following mice neonatal injection of
AAV vector containing CMV enhancer, chicken B actin
promoter and human beta-glucoronidase gene (Donsante et al.,
2007). Safety evaluations will thus be needed for translational
studies, including long-term observation of the transgene effect
and identification of possible tumorigenic components of the
vector.

Gene therapy thus offers sustained, targeted activation of
analgesic pathways in the central nervous system. Furthermore,
by forming novel compound combinations and constructing
cDNAs encoding these combinations, gene therapy allows one
to simultaneously activate different signaling pathways using
multiple antinociceptive peptides.

CONCLUSION

In conclusion, this study provides evidence for the use
of intraspinal gene therapy with a combination of NMDA
antagonists and endogenous opioids for the treatment of
neuropathic pain. The injection of AAV vectors encoding
combined SHG-EM constructs leads to long term attenuation
of pain without overt adverse side effects. Gene therapy with
novel compounds can overcome the limitations of traditional
pharmacotherapy for patients suffering from chronic disabling
pain.
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