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Study Design: Experimental animal study.
Purpose: To evaluate pain-related behavior and changes in nuclear factor-kappa B (NF-kB), receptor activator of NF-kB (RANK), and 
ligand (RANKL) in dorsal root ganglia (DRG) after combined sciatic nerve compression and nucleus pulposus (NP) application in rats. 
Overview of Literature: The pathological mechanisms underlying pain from lumbar-disc herniation have not been fully elucidated. 
RANKL are transcriptional regulators of inflammatory cytokines. Our aim was to evaluate pain-related behavior and RANKL expres-
sion in DRG after sciatic-nerve compression and application of NP in rats. 
Methods: Mechanical hyperalgesia and RANKL expression were assessed in three groups of rats: NP+sciatic nerve compression (2 
seconds), sham-operated, and controls (n=20 each). Mechanical hyperalgesia was measured every other day for 3 weeks using von 
Frey filaments. RANKL expression in L5 DRGs was examined at five and ten days after surgery using immunohistochemistry.
Results: Mechanical hyperalgesia was observed over the 12-day observation period in the NP+nerve compression group, but not in 
the control and sham-operated animal groups (p<0.05). RANKL immunoreactivity was seen in the nuclei of L5 DRG neurons, and its 
expression was significantly upregulated in NP+nerve compression rats compared with control and sham-operated rats (p<0.01).
Conclusions: The exposure of sciatic nerves to mechanical compression and NP produces pain-related behavior and up-regulation of 
RANKL in DRG neurons. RANKL may play an important role in mediating pain after sciatic nerve injury with exposure to NP.
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Introduction

Radicular pain is a common symptom of lumbar disc 

herniation, which is caused by mechanical compression 
and inflammation of nerve roots in animals and hu-
mans [1-3]. Cytokines, generated at sites of mechanical 
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compression and inflammation, produce sensory pain 
in response to lumber disc herniation [4,5]. In a recent 
randomized control trial, Korhonen et al. [6] reported 
that infliximab, a tumor necrosis factor alpha (TNF-α) 
inhibitor, was effective in reducing sciatic pain caused by 
lumbar disc herniation and that patients experienced no 
significant side effects. In a follow-up study, however, the 
same group compared infliximab to a placebo and found 
disappointing results [7].

It was recently reported that the transcription factor 
nuclear factor-kappa B (NF-kB) plays a crucial role in 
regulating proinflammatory cytokine gene expression 
[8,9]. NF-kB is activated in dorsal root ganglia (DRG) 
after partial sciatic nerve injury and plays a crucial role in 
hyperalgesia [10,11].

In a number of common erosive bone diseases, includ-
ing postmenopausal osteoporosis, rheumatoid arthritis, 
and periodontitis, osteoclasts play a central role in bone 
destruction [12]. In these conditions there is increased 
production of the proinflammatory cytokines TNF-α [13] 
and NF-kB, receptor activator of NF-kB (RANK), and its 
ligand (RANKL) [14]–members of the TNF superfamily 
[15] that stimulate bone resorption by osteoclasts [16,17]. 
Thus, TNF-α, NF-kB, and RANKL interact with one an-
other in inflammatory disease.

However, there have been no reports of changes in the 
expression of RANKL in primary sensory nerves in mod-
els of lumbar disc herniation. The purpose of this study 
was to evaluate pain-related behavior and the expression 
of RANKL in DRGs after sciatic nerve compression and 
application of nucleus pulposus (NP) in rats.

Materials and Methods

All animal protocols were approved by the Ethics Com-
mittees of the Graduate School of Medicine, Chiba Uni-
versity, following the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals (1996 
revision).

1. NP in lumbar intervertebral disc from donor rats

Ten 8-week-old male Sprague Dawley rats (200–250 g) 
were anesthetized with intraperitoneal (i.p.) injections of 
sodium pentobarbital (40 mg/kg). NPs were harvested 
from the lumbar intervertebral discs L2/3 to L4/5 of do-
nor rats and were used in following experiments. 

2. Rat nerve-compression+NP model

Sixty 8-week-old male Sprague Dawley rats (220–280 g) 
were anesthetized with sodium pentobarbital (40 mg/kg, 
i.p.), and their left sciatic nerves were exposed. The sciatic 
nerve was compressed for 2 seconds using 2-mm-wide 
smooth forceps and NP harvested previously was applied 
(NP+nerve compression group; n=20). The sciatic nerve 
was compressed gradually, and the compression was re-
leased if the rat exhibited a cramp in its hind paw (Fig. 1). 
In sham-operated rats, the left sciatic nerve was exposed, 
but the nerve was not compressed and not exposed to NP 
(sham-operated group, n=20). Another group of 20 rats 
was used as a control group and underwent no surgical 
procedure. Ten rats from each of the three groups were 
used to assess pain behavior, and the other ten from each 
group were used for immunohistochemical analysis. 

3. Evaluation of mechanical hyperalgesia

Mechanical hyperalgesia was evaluated in ten rats each 
from the control, sham-operated, and NP+nerve com-
pression groups. Mechanical pain thresholds for the left 
hind paw were assessed before surgery and for 20 days 
following surgery using a von Frey filament with a bend-
ing force of 1.20 g (noxious stimulation). The von Frey 
filament was applied to the plantar surface of the left hind 
paw for five trials at intervals of approximately 5 minutes. 
The responses to these stimuli were ranked as follows: “0”, 
no response; “1”, withdrawal from the von Frey filament; 
or “2”, withdrawal from the von Frey filament followed 
immediately by flinching or licking of the hind paw. The 
scores from five trials for each animal were added to give 
a total score of 0 to 10 for each animal; the average noci-
ceptive score was calculated for each group of rats [18]. 

4.   Immunohistochemical detection of RANKL in L5 
DRG

The expression RANKL in DRGs was measured at five 
days (n=5 rats each group) and ten days (n=5 rats each 
group) following surgery. Rats were anesthetized with so-
dium pentobarbital (40 mg/kg, i.p.) and perfused trans-
cardially with 250 mL 4% paraformaldehyde in phosphate 
buffer (0.1 M, pH 7.4). The left L5 DRG was resected and 
cut into 10-mm sections on a cryostat, and the sections 
were mounted on poly-l-lysine-coated slides. The slides 
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were incubated for 60 minutes in a blocking solution 
containing 5% skim milk in 0.01 M phosphate buffered 
saline at room temperature. The sections were processed 
for immunohistochemical detection of RANKL by in-
cubation for 20 hours with rabbit anti-RANKL antibody 
(1:1000; Santa Cruz Biotechnology Inc., Dallas, TX, USA) 
at 4°C, followed by incubation with goat anti-rabbit Alexa 
488-fluorescein-conjugated antibody (1:400; Molecular 
Probes, Eugene, OR, USA). Ten sections from each DRG 
were examined at ×400 magnification using a fluores-
cence microscope (Nikon, Tokyo, Japan). The number 
of RANKL-immunoreactive cells per 0.0225 mm2 was 
determined using a counting grid, and the average for the 
ten sections from each animal was tabulated. Immunore-
active cells were counted by an investigator blinded to the 
treatment. 

5. Statistical analysis

Paw-withdrawal latencies were compared using a repeat-

ed measures one-way analysis of variance, with Dunnett’s 
post-hoc test for multiple comparisons. The numbers of 
RANKL-immunoreactive neurons in DRGs were com-
pared using one-way analysis of variance followed by 
Dunnett’s post-hoc test. Values of p<0.05 were consid-
ered statistically significant. Data are presented as mean 
values±standard error of the mean.

Results

1. Mechanical hyperalgesia

Animals in the NP+nerve compression group exhibited 
significantly greater mechanical hyperalgesia through 
day 12 compared with animals in the control and sham-
operated groups (p<0.05) (Fig. 2). There was no sig-
nificant difference in the pain scores of the control and 
sham-operated groups during the experimental period 
(Fig. 2). 

Fig. 1. Rat nerve-compression+nucleus pulposus (NP) model. Left sciatic nerves were exposed (A). The sciatic nerve was com-
pressed for 2 seconds using a 2-mm-wide smooth forceps (B) and NP harvested previously was applied (C).

A B
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2. RANKL immunoreactivity in DRGs

RANKL-immunoreactive DRG neurons are shown in 
Fig. 2. RANKL immunoreactivity was detected in nuclei 
of neurons in the sham-operated and NP+nerve com-
pression groups, but not in the control group (Fig. 3). 
The number of RANKL-immunoreactive neurons in the 
NP+nerve compression group was significantly greater 
than in the control and sham-operated rats on postsurgi-
cal days 5 and 10 (p<0.01) (Fig. 4).

Discussion

In the current study, concomitant compression of the 
sciatic nerve and application of NP in rats produced 
pain-related behavior over a 12-day observation period. 
Immunoreactivity to RANKL in the nuclei of DRG neu-
rons was elevated significantly in rats from the nerve 
NP+nerve compression group compared with rats in 
control and sham-operated groups. We conclude that 
RANKL in DRG neurons may play an important role in 
enhancing sciatic-nerve-mediated pain after compression 
injury and exposure to NP.

Fig. 3. RANKL immunoreactivity (arrows) in DRG neurons among the control (A), sham-operated (B), and NP+compression (C) 
groups on postsurgical day 5. RANKL, receptor activator of nuclear factor-kappa B ligand; DRG, dorsal root ganglia; NP, nucleus 
pulposus.
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Fig. 2. Comparison of mechanical hyperalgesia among the control, sham-operated, and nucleus pulposus (NP)+compression 
groups. Data are shown as mean±standard error of the mean. High scores indicated an increased level of pain.
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It has been reported that radicular pain arising from 
lumbar-disc herniation is caused by several cytokines, in-
cluding interleukin-1, IL-6, and TNF-α, based on studies 
in animal models and samples harvested from patients 
[2,19]. In addition, the application of NP to spinal nerves 
has been shown to produce severe pain and to increase 
the expression of TNF-α in the spinal cord and brain [20-
22]. Based on these data, Olmarker and Rydevik [23] 
showed that TNF-α inhibitors prevented the reduction 
in nerve conduction velocity, nerve-fiber injury, and 
swelling in a porcine model of NP-induced functional 
and structural nerve root injury. In this regard, cytokines 
play an important role in pain transmission caused by 
compression and exposure to NP. A recent clinical study 
found the TNF-α inhibitor infliximab was effective in 
reducing sciatic nerve pain caused by lumbar disc her-
niation, with patients experiencing no significant side 
effects [6]. Our clinical results indicate that the epidural 
administration of a TNF-α inhibitor onto the spinal nerve 
produces relief of radicular pain with no adverse effects. 
Thus, TNF-α inhibitors may be useful for the treatment of 
radicular pain caused by spinal stenosis [24]. Considering 
these basic and clinical studies, inhibition of TNF-α may 
be an effective therapeutic strategy for reducing radicular 

pain originating from the lumbar spine. 
Recent studies have indicated that NF-kB decoy oli-

godeoxynucleotides are effective in suppressing inflam-
matory cytokine expression through inhibition of proin-
flammatory cytokine gene expression [25,26]. We have 
also reported that an NF-kB decoy could be introduced 
into DRG neurons effectively in both in-vitro and in-vivo 
models, and that an NF-kB decoy suppressed mechani-
cal and thermal allodynia in a rat model of inflamma-
tory foot pain [27]. An NF-kB decoy was also shown to 
suppress nerve injury and improve mechanical allodynia 
and thermal hyperalgesia in a rat lumbar-disc hernia-
tion model [28]. In several inflammatory diseases, such 
as menopausal osteoporosis, rheumatoid arthritis, and 
periodontitis, there is increased production of the proin-
flammatory cytokines TNF-α, NF-kB, and RANKL, and 
these factors play a crucial role in the disease [12-17]. In 
the current study of rats, sciatic nerve compression and 
application of NP produced pain and increased RANKL-
immunoreactivity in the nuclei of DRG neurons. We con-
cluded from these results that RANKL may have a crucial 
role in pain in this disc-herniation model.

Several authors have reported that inhibitors of RANKL 
are efficacious for pain relief in bone disease [29-31]. In 

Fig. 4. The average number of RANKL-immunoreactive DRG neurons on day 5 and 10 in the control, sham-operated, and 
NP+compression groups. Data are shown as mean±standard error of the mean. RANKL, receptor activator of nuclear factor-kappa 
B ligand; NP, nucleus pulposus.
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addition, inhibitors of RANKL-RANK interactions (e.g., 
denosumab) are reported to be effective for the treatment 
of painful osseous metastases [29]. Indeed, denosumab 
was examined in patients with giant-cell tumor of bone in 
an open-label, phase 2 study [30]. Denosumab was effec-
tive in decreasing the size of tumors and providing clini-
cal relief from tumor-related pain [30]. In addition, deno-
sumab reduced the risk of vertebral, non-vertebral, and 
hip fractures compared with placebo over three years in a 
large study in postmenopausal women with osteoporosis 
[31]. Furthermore, denosumab reduced the pain associ-
ated with osteoporosis [31]. Therefore, blocking RANKL 
may be a viable therapeutic strategy for the treatment of 
pain in patients with lumbar-disc herniation.

The current study has some limitations. We used a rat 
model of sciatic nerve compression plus inflammation 
by NP, but in patients with lumbar disc herniation, the 
spinal nerve root is compressed by NP. However, the 
spinal-nerve compression model used in the current 
study has been well-validated. Sakuma et al. [32] evalu-
ated pain behavior in the same model using the CatWalk 
computer-assisted apparatus for analyzing gait. Norimoto 
et al. [33] used this model and reported that TNF-α was 
upregulated in DRG neurons, and both cytokine produc-
tion and pain behavior were blocked by a TNF-α inhibi-
tor. The model was also used in conjunction with TNF-α 
knockout mice to show that TNF-α contained in the NP 
induced long lasting pain and nerve degeneration [34]. 
In view of the similarity between these previous reports 
and the pain-related behavior and cytokine expression 
observed in this study, we conclude that the NP+nerve 
compression model is a valid disc-herniation model. Sec-
ondly, the current study was divided into only 3 groups. 
We did not treat groups with NP application alone nor 
nerve compression alone to evaluate pain behavior and 
immunohistochemistry. Our model is based on the ef-
fects of a peripheral nerve, the sciatic nerve, which struc-
turally does not resemble a nerve root in the spinal canal. 
The epineurium of the sciatic nerve prevents the invasion 
of cytokines from the NP; thus, we did not use a group 
treated only with NP. However, further studies are needed 
using the nerve root under several types of compression 
and application of NP. 

Conclusions

In conclusion, the combination of sciatic nerve-compres-

sion and the application of NP produced pain-related 
behavior and increased RANKL expression in DRG neu-
rons. Blockade of RANKL may be a useful therapeutic 
strategy for the treatment of pain in patients with lumbar 
disc herniation in the future.
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