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Abstract Nuclear factor-kappa B (NF-xB) is a gene
transcriptional regulator of inflammatory cytokines. We
investigated the transduction efficiency of NF-xB decoy to
dorsal root ganglion (DRG), as well as the decrease in
nerve injury, mechanical allodynia, and thermal hyperal-
gesia in a rat lumbar disc herniation model. Forty rats were
used in this study. NF-xB decoy—fluorescein isothiocyanate
(FITC) was injected intrathecally at the L5 level in five
rats, and its transduction efficiency into DRG measured. In
another 30 rats, mechanical pressure was placed on the
DRG at the LS5 level and nucleus pulposus harvested from
the rat coccygeal disc was transplanted on the DRG. Rats
were classified into three groups of ten animals each: a
herniation 4 decoy group, a herniation + oligo group, and
a herniation only group. For behavioral testing, mechanical
allodynia and thermal hyperalgesia were evaluated. In 15
of the herniation rats, their left L5 DRGs were resected,
and the expression of activating transcription factor 3
(ATF-3) and calcitonin gene-related peptide (CGRP) was
evaluated immunohistochemically compared to five con-
trols. The total transduction efficiency of NF-xB decoy-
FITC in DRG neurons was 10.8% in vivo. The expression
of CGRP and ATF-3 was significantly lower in the herni-
ation + decoy group than in the other herniation groups.
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Mechanical allodynia and thermal hyperalgesia were sig-
nificantly suppressed in the herniation + decoy group. NF-
kB decoy was transduced into DRGs in vivo. NF-«B decoy
may be useful as a target for clarifying the mechanism of
sciatica caused by lumbar disc herniation.
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Introduction

Radicular pain, a common symptom of lumbar disc her-
niation, is induced by mechanical compression and
inflammation [28, 29]. Prostaglandins (PGs) and cytokines
generated at the site of inflammation are responsible for
producing the associated pain [26]. Recently, cytokines
such as interleukins and tumor necrosis factor alpha (TNF-
alpha), and cyclooxygenase-2 (COX-2) have been strongly
linked to the effects of nucleus pulposus on nerve roots [12,
27, 28]. It was recently reported that infliximab, a TNF-
alpha inhibitor, was effective in treating sciatic pain caused
by lumbar disc herniation and that patients experienced no
significant side effects [16]. However, in another report,
infliximab was compared to a placebo by the same Finnish
group that carried out the first randomized controlled trial
and the results were disappointing [17].

Recently, it was reported that the transcription factor
nuclear factor-kappa B (NF-xB) plays a crucial role in
regulating proinflammatory cytokine gene expression and
the transfer of nociceptive information [2, 3]. NF-«B is
activated in dorsal root ganglia (DRG) after partial sciatic
nerve injury and is crucial for hyperalgesia [4, 20]. Thus,
NF-«xB is regarded as one of the most important targets for
therapeutic intervention against inflammatory diseases such
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as rheumatoid arthritis, asthma, or inflammatory bowel
disease [1, 8, 33, 35, 40].

Recent experiments to inhibit proinflammatory cytokine
gene expression have found that NF-xB decoy oligode-
oxynucleotides effectively block the activation of
promoters of proinflammatory cytokine genes. NF-xB
decoys have been shown to suppress cytokine expression in
DRG, reduce thermal hyperalgesia after spinal nerve liga-
tion, and reduce mechanical hyperalgesia and thermal
hyperalgesia in a peripheral inflammatory pain model [19,
31]. In a previous report, we showed that an NF-xB decoy
was conveyed and transduced into DRG in both an in vivo
and in vitro model [11]. Additionally, NF-«xB decoys
reduced mechanical allodynia and thermal hyperalgesia in
a rat foot inflammatory pain model [11].

In this report, we describe the transduction efficiency of
NF-xB decoys into DRG neurons. In addition, we examine
changes in nerve injury and inflammatory neurotransmit-
ters using activating transcription factor 3 (ATF-3), a
marker of nerve injury, and calcitonin gene-related peptide
(CGRP), a marker of inflammatory neuropeptides, and look
at the behavioral effects of intrathecal injection of the NF-
kB decoy in reducing pain sensation in a rat model of
lumbar disc herniation.

Materials and methods

All protocols involving animal procedures were approved
by the Ethics Committees of our institution following the
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals (1996 revision). A total of 40
rats were used in the current study.

In vivo transduction efficiency of nuclear factor-kappa
B decoy oligodeoxynucleotides-FITC

Five 6-week-old male Sprague-Dawley rats (200-250 g)
were anesthetized by an intraperitoneal (i.p.) injection of
sodium pentobarbital (40 mg/kg) and laminectomies were
performed at the L5 level. A 20-pl solution of NF-xB
decoy—FITC (10 mg/ml, AnGes MG, Inc., Osaka, Japan)
was intrathecally injected using a 30-gauge needle. After
injection of the solution, the muscle and skin were sutured.
Seven days after surgery, the rats were transcardially per-
fused with 0.9% saline, followed by 500 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The
left L5 dorsal root ganglia were resected and immersed in
the fixative solution overnight at 4°C, after which they
were transferred to a 20% sucrose solution in phosphate
buffered saline for 24 h. Next, the DRG were cut into
10-pm sections on a cryostat and samples were mounted on
poly-L-lysine-coated slides. Ten sections were randomly

@ Springer

selected, and the percentage of FITC-positive neurons was
analyzed. The sections were examined using a fluorescent
microscope (Nikon, Tokyo, Japan).

Rat lumbar disc herniation model

Thirty rats were anesthetized with sodium pentobarbital
(40 mg/kg, i.p.) and laminectomies were performed in
which the left LS nerve roots and associated dorsal root
ganglia were exposed. Next, a 23-gauge needle was
inserted at a central point in the DRG to place mechanical
pressure on the DRG. Rats were then injected at the base of
the tail with 1 ml of 1% lidocaine for local anesthesia and
the tails were ligated with a 2-0 silk surgical suture to avoid
continuous bleeding during the experiment. The tails were
then amputated and autologous nucleus pulposus was
harvested and applied to the left L5 nerve roots just
proximal to the DRG [37]. Nucleus pulposus was harvested
from between the second and third coccygeal vertebra of
each tail and the amount harvested was approximately
equal for all the animals. Rats were classified into three
groups of ten rats each. The herniation + decoy group
received 20 pl of NF-xB decoy (10 mg/ml, AnGes MG),
which was injected intrathecally during surgery. The
herniation 4 oligo group had 20 pl of scrambled oligo-
nucleotide injected and the herniation only group had no
additional treatment.

Evaluation of mechanical allodynia and thermal
hyperalgesia

Fifteen rats were evaluated for mechanical allodynia and
thermal hyperalgesia. The evaluation was performed prior
to surgery (day 0) and on days 1, 2, 3, 7, 10, 14, and 28
after surgery. There were no animal dropouts on any day.
Mechanical thresholds were measured using von Frey fil-
aments with logarithmically incremental rigidity of 0.41,
0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.1 g (Stoelting,
Wood Dale, IL), to calculate the 50% probability thresh-
olds for mechanical paw withdrawal, as previously
described [5]. Beginning with the 2.00-g probe, filaments
were applied to the left plantar surface of the hind paw,
corresponding to the LS dermatome, for 6-8 s in a stepwise
ascending or descending order following negative or
positive withdrawal responses until six consecutive
responses were noted [38]. Fifty percent withdrawal
thresholds were calculated according to the method of
Dixson [6]. In the absence of foot withdrawal in response
to the application of a 15.1-g von Frey filament, 15.1 g was
assigned as the mechanical threshold.

Thermal nociceptive thresholds in the rat hind paws
were evaluated using a Hargreaves device (Ugo Basile,
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Varese, Italy). Rats were deposited into individual trans-
parent acrylic boxes in a 17 x 22-cm plexiglass testing
chamber with the floor maintained at 28°C. A heat stim-
ulus (150 mcal/s/cmz) was delivered using a 0.5-cm-
diameter radiant heat source positioned under the plantar
surface of the paw to be tested. The heat source was
placed alternately under each hind paw, after randomly
selecting the side of the first paw stimulation to avoid
anticipation by the animal. We used a cutoff time of 20 s
after it was ascertained that no tissue damage was pro-
duced within this time period. Three trials were performed
at each time point, and the latencies of paw withdrawal for
all trials were averaged.

ATF-3 and CGRP immunohistochemical detection
in lumbar disc herniation

Fifteen rats in the herniation groups and five control rats
were evaluated for ATF-3 and CGRP expression. At
10 days after surgery, rats were anesthetized with sodium
pentobarbital (40 mg/kg, i.p.) and perfused transcardially
with 500 ml 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The left L5 DRG were resected and cut
into 10-um sections on a cryostat and samples were
mounted on poly-L-lysine-coated slides. Sections were
incubated in a blocking solution containing 0.3% Triton
X-100 and 5% skim milk in 0.01 M phosphate buffered
saline for 60 min at room temperature. Sections were
processed for immunohistochemical detection of ATF-3
and CGRP by incubation with a rabbit anti-ATF3 poly-
clonal antibody (1:800; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) or CGRP (1:1,000; Chemicon, Temecula,
CA) for 20 h at 4°C. Sections were then incubated with
the fluorescein conjugated goat anti-rabbit antibody Alexa
488 (1:400; Molecular Probes Inc., Eugene, OR). The
sections were examined using a fluorescent microscope
(Nikon, Tokyo, Japan) with a FITC filter. We counted 10
sections each of DRG immunoreactive cells at 400x
magnification using a counting grid. The number of ATF-3
and CGRP immunoreactive cells per 0.0225 mm® was
counted in ipsilateral DRG sections in each animal. The
ratio of ATF-3 and CGRP immunoreactive neurons to
the total number of neurons in each section was then
calculated.

Statistical analysis

The paw withdrawal latency of the hind paws was com-
pared using a one-way analysis of variance (ANOVA) for
repeat measurements. For multiple comparisons, we used
Dunnett’s test. Comparison of the number of ATF-3 and
CGRP immunoreactive neurons among the groups was
made using one-way ANOVA with Dunnett’s test.

Fig. 1 Photomicrograph showing decoy FITC-positive DRG neurons
(arrows)

Results

In vivo transduction efficiency of NF-«xB decoy
oligodeoxynucleotides-FITC

FITC labeled NF-xB decoy was transduced into DRG
neurons. The ratio of FITC labeled neurons per total
number of DRG neurons was 10.8 £ 1.2% (mean =+
SEM). Figure 1 shows decoy-FITC-positive DRG neurons.

Mechanical allodynia and thermal hyperalgesia caused
by disc herniation

Compared with the basal line, animals in the disc hernia-
tion groups experienced significant mechanical allodynia
and thermal hyperalgesia that continued through day 28
(P < 0.05). Mechanical allodynia and thermal hyperalgesia
were significantly suppressed in the herniation + decoy
group compared with the herniation only and hernia-
tion + oligo groups from days 3—14 and 3-14, respectively
(P < 0.05) (Fig. 2a, b).

ATF-3 and CGRP expression in DRG neurons

ATF-3 immunoreactivity was not observed in DRG neu-
rons in the control animals, but was observed in the DRG
neurons in the three herniation groups. The ratio of ATF-3
immunoreactive neurons to the total number of DRG
neurons in the herniation only (16 & 9%), and hernia-
tion + oligo groups (19 4+ 5%) was significantly higher
than in the herniation + decoy group (9 &+ 4%) (P < 0.05)
(Figs. 3, 4). On the other hand, CGRP immunoreactivity
was observed in DRG neurons in the control group as well
as the three herniation groups. The ratio of CGRP immu-
noreactive neurons to the total number of DRG neurons in
the control group was significantly less than those in the
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Fig. 2 Animals in the disc herniation groups experienced significant
mechanical allodynia (a) and thermal hyperalgesia (b) that continued
through day 28, compared with the basal line (P < 0.05). Mechanical
allodynia and thermal hyperalgesia were significantly suppressed in
the herniation 4+ decoy group compared with the herniation only or
herniation + oligo groups from 3 to 14 days, and from 3 to 14 days,
respectively (*P < 0.05)

Fig. 3 Photomicrographs show
ATEF-3 expression in the control
group (a), herniation only group
(b), herniation £ oligo group
(¢), and herniation + NF-xB
decoy group (d). The ratio of
ATF-3 immunoreactive neurons
in the herniation + NF-xB
group was significantly less than
those in the herniation only and
herniation + oligo groups

(P < 0.05)
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herniation only and herniation + oligo groups (P < 0.05).
Many CGRP positive DRG neurons were observed in the
herniation only and herniation + oligo groups; however,
the number of CGRP immunoreactive DRG neurons in the
herniation + decoy group decreased after application of
NF-kB decoy (P < 0.05) (Figs. 5, 6). The ratio of CGRP
positive neurons to total DRG neurons in each group was
as follows: control, 18 4 5%; herniation only group,
35 &£ 2%; herniation + oligo group, 33 & 9%; hernia-
tion + decoy group, 23 + 5%.

Discussion

In this study, we demonstrated that lumbar disc herniation
produces mechanical allodynia and thermal hyperalgesia,
and increases ATF-3 and CGRP in DRG in rats. NF-xB
decoy was transduced into DRG neurons in vivo leading to
a decrease of mechanical allodynia and thermal hyperal-
gesia and decreased ATF-3 and CGRP expression.
Previous studies in animal models involving lumbar disc
herniation have reported the occurrence of thermal hyper-
algesia or mechanical allodynia [13, 14]. Application of
nucleus pulposus onto nerve roots has been shown to
induce edema of the nerve roots and dorsal root ganglia,
and to alter the conduction velocity [41]. Proinflammatory
cytokines, including IL-1, IL-6, and TNF-alpha, as well as
COX-2, are known mediators of the peripheral inflamma-
tory response caused by nucleus pulposus [10, 28, 30, 36].

200 jom

200 pm
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Fig. 4 The graph shows the ratio of ATF-3 immunoreactive cells to
the total number of DRG neurons in the control, herniation only,
herniation + oligo, and herniation 4+ decoy groups. The ratios of
ATEF-3 positive DRG neurons in the herniation only and hernia-
tion + oligo groups were significantly higher than that in the
herniation + decoy group (P < 0.05)

These molecules are also synthesized and released during
various types of nerve injury [26].

Recent studies have indicated that NF-xB decoy oligo-
deoxynucleotides are effective in suppressing inflammatory
cytokine expression through inhibition of proinflammatory
cytokine gene expression [9, 15, 18, 22, 32]. Previous
reports have found that perineural injection of NF-xB
decoy just distal to the dorsal root ganglion suppressed
cytokine expression in the dorsal root ganglion and also
reduced thermal hyperalgesia after spinal nerve ligation.
Furthermore, NF-xB decoy injected intrathecally reduced
mechanical alloying and thermal hyperalgesia after com-
plete Freund’s adjuvant injection into rat hind paws [19,
31]. We have also reported that NF-xB decoy could be
introduced into DRG neurons effectively in an in vitro and
in vivo model, and that NF-xB decoy suppressed
mechanical and thermal allodynia in a rat inflammatory
foot pain model [11]. We did not examine proinflammatory
cytokines in DRG neurons; however, considering previous
reports and the results of the current study, NF-xB decoy
may act to decrease the level of several cytokines, resulting

Fig. 5 CGRP positive DRG
neurons were observed in the
herniation only (a) and
herniation + oligo groups (b);
however, the number of CGRP
positive DRG neurons in the
herniation + decoy group (c)
decreased after application with
NF-xB decoy. Arrows indicate
CGRP positive DRG neurons

200um

in a decrease in pain behavior in a lumbar disc herniation
model.

On the other hand, it has been reported that several
cytokines that induce nerve injury are associated with
ATF-3 expression. TNF-alpha plays a crucial role in
peripheral nerve damage and recent studies have revealed
that TNF-alpha activation in nucleus pulposus-induced
apoptosis at the surface of the DRG in a lumbar disc her-
niation model [23]. TNF application to DRG has also been
shown to induce histological changes in a dose-dependent
manner in rats [24]. Selective inhibition of TNF-alpha
prevents nucleus pulposus-induced histologic changes in
DRG [25]. Interleukin has been shown to be produced in
Schwann cells following sciatic nerve injury, and is also
induced in resident Schwann cells in the Wallerian
degeneration of sciatic nerves [34]. After peripheral nerve
injury, CGRP in the small DRG neurons decreases; how-
ever, CGRP, which is not generally produced in medium
and large DRG neurons under physiological conditions,
starts to be expressed in these neurons [21]. This expres-
sion of CGRP in large DRG neurons induces mechanical
allodynia [21]. Increased expression of CGRP in DRG has
been reported during the development of inflammation in
the rat [7]. In a study of human lumbar disc herniation,
preoperative plasma levels of CGRP were significantly
correlated with the extent of sciatica as determined by
visual analogue scale [39]. In addition, plasma levels of
CGRP significantly decreased after lumbar discectomy,
which was in line with the disappearance of pain symptoms
[39]. Thus, NF-xB decoy may suppress nerve damage and
inflammation associated with decreased ATF-3 and CGRP
expression.

Conclusion

In conclusion, NF-kB decoy was transduced into DRG
neurons in vivo. When NFx-B decoy was injected

200um

200pm
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Fig. 6 The graph shows the ratio of CGRP positive DRG neurons to

the

total number of DRG neurons in the control, herniation only,

herniation + oligo, and herniation + decoy groups. CGRP expres-
sion significantly increased in herniation only and herniation + oligo
groups compared with control group (P < 0.05). The ratio of CGRP
positive DRG neurons in the herniation + decoy group was signif-
icantly less than those in the herniation only and herniation + oligo
groups (P < 0.05)

intrathecally, it suppressed nerve injury and influenced the
production of peptides involved in pain perception. NFx-B
decoy may be useful as a target to clarify the mechanism of
sciatica.
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