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Study Design: Experimental animal study.
Purpose: To evaluate pain-related behavior and changes in glial activity in the spinal dorsal horn after combined sciatic nerve com-
pression and nucleus pulposus (NP) application in rats. 
Overview of Literature: Mechanical compression and inflammation caused by prostaglandins and cytokines at disc herniation sites 
induce pain. Structural changes and pain-associated cytokines in the dorsal root ganglia and spinal dorsal horn contribute to pro-
longed pain. Glial cells in the spinal dorsal horn may also function in pain transmission. 
Methods: The sciatic nerve was compressed with NP for 2 seconds using forceps in the NP+nerve compression group; the sham-
operated group received neither compression nor NP; and the control group received no operation. Mechanical hyperalgesia was 
measured for 3 weeks using von Frey filaments. Glial activity in the spinal dorsal horn was examined 7 days and 14 days postsurgery 
using anti-glial fibrillary acidic protein and anti-Ionized calcium binding adaptor molecule-1 antibodies to detect astrocytes and mi-
croglia, respectively.
Results: Mechanical hyperalgesia was detected throughout the 14-day observation in the NP+nerve compression group, but not in 
control or sham-operated groups (p<0.05). Both astrocytes and microglia were significantly increased in the spinal dorsal horn of the 
NP+nerve compression group compared to control and sham groups on days 7 and 14 (p<0.05). 
Conclusions: Nerve compression with NP application produces pain-related behavior, and up-regulates astrocytes and microglia in 
the spinal dorsal horn, suggesting that these glia may be related to pain transmission.
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Introduction

Radicular pain is a common symptom of lumbar disc 

herniation; it is caused by mechanical compression and 
inflammation of nerve roots in animals and humans [1,2]. 

Cytokines, generated at sites of mechanical compres-
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sion and inflammation, produce pain in response to lum-
bar disc herniation [3].

Several studies have reported increases in prostaglan-
dins, pain-associated neuropeptides such as substance P 
(SP) and calcitonin gene-related peptide (CGRP), cyto-
kines such as tumor necrosis factor alpha (TNFα), and 
ion channels in the dorsal root ganglion (DRG) neurons 
and spinal dorsal horn in animal models of disc hernia-
tion. This suggests that primary afferents mediate pain af-
ter disc herniation via these neuropeptides and cytokines 
in DRG neurons and the spinal dorsal horn [4-7]. 

In addition to the factors described above, glial cells 
such as astrocytes and microglia are also activated after 
nerve injury and inflammation in the central nervous sys-
tem [8,9]. Glial cells release proinflammatory cytokines 
that induce proliferation of other glial cells, and the up-
regulation of cytokines is associated with nerve degenera-
tion in the central nervous system [10,11]. Recent reports 
have demonstrated the relationship between pain and 
glial activity in the central nervous system; glial activity 
after nerve injury and inflammation produces hyperalge-
sia and allodynia [12,13]. This activation of glial cells is 
thought to be involved in the pathogenesis of neuropathic 
and inflammatory pain.

While many studies have reported glial activation in 
peripheral neuropathic and inflammatory pain models, 
there have been few reports on spinal glial activation in a 
lumbar disc herniation model. The purpose of the current 
study was to evaluate pain-related behavior and changes 
in astrocytes and microglial activity in the spinal dor-
sal horn after combined sciatic nerve compression and 
nucleus pulposus (NP) application in rats.

Materials and Methods

All protocols for animal procedures were approved by 
the Ethics Committees of Chiba University in accordance 
with the National Institutes of Health Guidelines for the 
Care and Use of Laboratory Animals (1996 revision). 

1. ‌�Harvesting NP from lumbar intervertebral discs of 
donor rats

Ten 6-week-old male Sprague Dawley rats were anes-
thetized with intraperitoneal (i.p.) injections of sodium 
pentobarbital (40 mg/kg). NP was harvested from lumbar 
intervertebral discs (L2/3 to L4/5) and was used in the 

following experiments. 

2. Models

Sixty 6-week-old male Sprague Dawley rats were anes-
thetized with sodium pentobarbital (40 mg/kg, i.p.), and 
their left sciatic nerves were exposed. NP was applied to 
the sciatic nerve and compressed once for 2 seconds with 
a 2-mm-wide smooth forceps (NP+nerve compression 
group; n=20), as described previously [4]. The sciatic 
nerve was compressed gradually, and the compression was 
released if the rat exhibited a cramp in its hind paw. In 
sham-operated rats (sham-operated group, n=20), the left 
sciatic nerves were exposed, but the sciatic nerves were 
not pinched and NP was not applied. Another group of 
rats (control group, n=20) received no surgery and were 
used as controls. Of the 60 rats used in these studies, 30 
were used only for the assessment of pain behavior, and 
30 rats were used only for immunohistochemical analysis. 

3. Evaluation of pain behavior

Tactile hyperalgesia was evaluated in 10 rats each from 
the control, sham-operated, and NP+nerve compression 
groups. Mechanical pain thresholds of the left hind paw 
were assessed using von Frey filaments with a bending 
force of 1.20 g (noxious stimulation). The von Frey fila-
ment was applied to the plantar surface of the paw for five 
trials. The responses to these stimuli were scored as fol-
lows: “0”, no response; “1”, withdrawal from the von Frey 
filament; and “2”, immediate flinching or licking of the 
hind paw as previously reported [14]. The scores from the 
five trials in each animal were added to give a total score, 
from 0 to 10 for each animal; the average nociceptive 
score was calculated for each group: mean nociceptive 
score=Σ total score for each animal/number of animals.

4. ‌�Immunohistochemistry for glial fibrillary acidic pro-
tein (astrocytes) and Iba-1 (microglia) in the spinal 
dorsal horn

10 rats each were evaluated from the control, sham-
operated, and NP+nerve compression groups. At 7 days 
(each group, n=5) and 14 days (each group, n=5) postsur-
gery, rats were anesthetized with sodium pentobarbital 
(40 mg/kg, i.p.) and perfused transcardially with 250 mL 
of 4% paraformaldehyde in phosphate buffer (0.1 M, pH 
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7.4). The level of the epiconus was easily detected form 
the ventral aspect, and the spinal cord at the epiconus 
corresponding to the L5 spinal segments was resected. 
The specimens were immersed in the same fixative solu-
tion overnight at 4℃. After storing in 0.01 M phosphate 
buffer saline (PBS) containing 20% sucrose for 20 hours 
at 4℃, the lumbar spinal cord segments were sectioned at 
40 µm thickness with a cryostat.

Sections of the lumbar segments were collected in PBS. 
The specimens were then treated for 90 minutes in block-
ing solution, 0.01 MPBS containing 0.3% Triton X-100, 
and 1% normal goat serum at room temperature. Tissue 
was processed for immunohistochemistry with a mouse 
antibody to glial fibrillary acidic protein (GFAP) (1:1000; 
Sigma, St. Louis, MO, USA) or a rabbit antibody to Ion-
ized calcium binding adaptor molecule-1 (Iba-1) (1:1000; 
Wako, Osaka, Japan) using the free-floating technique; 
tissue was incubated in primary antibodies for 20 hours 
at 4℃, followed by incubation with goat anti-rabbit Alexa 
488-fluorescein-conjugated antibody (1:400; Molecular 
Probes, Eugene, OR, USA). 

Sections were mounted on poly-l-lysine-coated slides. 
The sections were examined using a fluorescence micro-
scope (Nikon, Tokyo, Japan). The number of GFAP or 

Iba-1 immunoreactive (IR) cells in 5 sections from each 
segment were counted at ×400 magnification using a 
counting grid. The number of GFAP or Iba-1-IR cells per 
0.0225 mm2 in laminae I–IV in the spinal dorsal horn 
was quantitatively evaluated in a blinded manner. Iden-
tification of spinal cord layers was made according to the 
classification by Rexed [15]. 

5. Statistical analysis

Hind paw withdrawal latencies were compared using 
one-way analysis of variance (ANOVA) for repeated 
measurements. For multiple comparisons, we used Dun-
nett’s post-hoc test. Comparison of GFAP or Iba-1 im-
munoreactivity among groups was made using a one-way 
ANOVA followed by Dunnett’s post-hoc test. Values of 
p<0.05 were considered statistically significant; error bars 
indicate standard error of the mean.

Results

1. Mechanical hyperalgesia

Fig. 1 shows pain behavior in the 3 groups. The control 
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Fig. 1. 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 indicate an increased level of pain.
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and sham-operated groups did not show pain behavior 
during the 3 weeks of monitoring. There was no sig-
nificant difference in the pain scores of the control and 
sham-operated groups during the experimental period. 
The NP+nerve compression group showed pain behav-
ior during the 2 week observation period, and the pain 
score was significantly higher than that of the control and 
sham-operated groups (p<0.05). 

2. ‌�GFAP or Iba-1 immunoreactivity in the spinal dorsal 
horn

Fig. 2 shows GFAP or Iba-1 immunoreactivity in the spi-
nal dorsal horn. In control and sham-operated groups, 
GFAP or Iba-1 immunoreactivity was not observed in the 
spinal dorsal horn. In contrast, GFAP and Iba-1 immu-
noreactivity was observed in the spinal dorsal horn in the 
NP+nerve compression group. 

Fig. 3 shows a comparison of GFAP immunoreactivity 
in the spinal dorsal horn among the 3 groups. The num-
ber of GFAP-IR astrocytes was significantly higher in the 
NP+nerve compression group compared with control 
and sham-operated rats on postsurgical days 7 and 14 
(p<0.05) (Fig. 3).

Fig. 4 shows a comparison of Iba-1 immunoreactivity 
in the spinal dorsal horn among the 3 groups. The num-
ber of Iba-1-IR microglia was significantly higher in the 

NP+nerve compression group compared with control 
and sham-operated rats on postsurgical days 7 and 14 
(p<0.05) (Fig. 4).

Discussion

Our results showed that nerve compression with NP 
application produced pain-related behavior and up-
regulated GFAP-IR astrocytes and Iba-1-IR microglia in 
the spinal dorsal horn. These findings suggest that nerve 
compression with NP application may induce glial activ-
ity in the spinal cord, and these activated glia may play a 
crucial role in pain transmission in the spinal dorsal horn.

Two studies using animal models have reported on the 
relationship between glial activity in the spinal cord and 
lumbar disc herniation [6,16]. Park et al. [16] reported 
that autologous implantation of NP on the left L5 nerve 
root, just proximal to the dorsal root ganglion, induces 
thermal hyperalgesia and mechanical allodynia, and 
leads to an up-regulation of chemokines and their recep-
tors in spinal neurons and glia. Ito et al. [6] reported that 
autologous implantation of NP on the left L5 nerve root 
activated p38 mitogen-activated protein kinases in spinal 
microglia and that microglia may play an important role 
in the pathophysiology of pain following lumbar disc 
herniation. In the current study, we used a rat model of 
sciatic nerve compression with the application of NP. Our 

Fig. 2. GFAP-IR astrocytes in the spinal dorsal horn of control (A), sham-operated (B), and NP+compression (C) groups on post-
surgical day 14. Iba-1-IR microglia in the spinal dorsal horn of control (D), sham-operated (E), and NP+compression (F) groups on 
postsurgical day 14. GFAP, glial fibrillary acidic protein; IR, immunoreactive; NP, nucleus pulposus; Iba-1, Ionized calcium binding 
adaptor molecule-1. 
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results demonstrated pain-related behavior in this model, 
and the up-regulation of GFAP-IR astrocytes and Iba-1-
IR microglia in the spinal dorsal horn. The up-regulation 
of glial activity observed in our model is consistent with 

previous reports.
Recently, it has been reported that the effects of NP on 

nerve roots were closely associated with cytokines such as 
TNFα, and cyclooxygenase-2 (COX-2) [7,17]. In animal 

Fig. 3. The average number of GFAP-IR astrocytes in the spinal dorsal horn of control, sham-operated, and NP+compression groups 
on day 7 and 14. Data are shown as mean±standard error of the mean. GFAP, glial fibrillary acidic protein; IR, immunoreactive; NP, 
nucleus pulposus. 

Fig. 4. The average number of Iba-1-IR microglia in the spinal dorsal horn of control, sham-operated, and NP+compression groups 
on day 7 and 14. Data are shown as mean±standard error of the mean. Iba-1, Ionized calcium binding adaptor molecule-1; IR, im-
munoreactive; NP, nucleus pulposus. 



Masaki Norimoto et al.554 Asian Spine J 2014;8(5):549-556

lumbar disc herniation models demonstrating pain be-
havior, it was shown that nerve growth factor and brain-
derived neurotrophic factor (BDNF), which are related 
to inflammatory pain, as well as neuropeptides such as 
SP and CGRP and TNFα, are activated in the spinal cord 
and DRG [4,18-21]. TNFα induces the production of 
inflammatory neuropeptides, SP and CGRP, and induces 
the release of SP and CGRP in the spinal dorsal horn 
from the peripheral terminals [22-24]. Application of NP 
onto nerve roots was shown to induce a marked increase 
in BDNF which was released in the superficial layer of 
the dorsal horn in a disc herniation model [19,20]. In 
this model, treatment with infliximab, which is a TNFα 
inhibitor, reduced BDNF release in the spinal cord [20]. 
Taking these studies into consideration, we hypothesize 
that nerve compression plus NP application may influ-
ence glial activity in the spinal dorsal horn via the release 
of neuropeptides, growth factors, and cytokines from pri-
mary sensory afferents.

TNFα is the most widely used therapeutic target for 
radicular pain originating from lumbar disc herniation 
or spinal stenosis. A recent clinical study found that the 
TNFα inhibitor infliximab was effective in reducing sci-
atic nerve pain caused by lumbar disc herniation, and 
patients experienced no significant side effects [25]. Simi-
larly, results from our clinical studies indicate that the epi-
dural administration of a TNFα inhibitor onto the spinal 
nerve produces relief of radicular pain with no adverse 
effects [26]. Thus, TNFα inhibitors may be useful for the 
treatment of radicular pain caused by spinal stenosis [26]. 

The specific mechanisms by which central inflamma-
tory cytokines exert their effects are not entirely under-
stood, but the temporal delay in CNS activation after 
peripheral nerve injury suggests that retrograde axonal 
transport may be involved. TNFα at injured nerve sites is 
retrogradely transported to the spinal dorsal horn where 
TNFα is released from primary sensory terminals onto 
the spinal dorsal horn [27]. TNFα is known to affect 
the proliferation of astrocytes [10], and it has been sug-
gested that its indirect role in triggering microglial and 
astroglial cell proliferation promotes scar formation [28]. 
However, it has also been reported that microglial and 
astroglial cells constitutively express type 1 TNFα recep-
tors, suggesting that TNFα has the potential to directly 
affect them as well [29,30]. Combined, these data suggest 
a relationship between TNFα released from microglia 
and astrocytes in the spinal cord and neuropathic pain. In 

clinical applications, TNFα inhibitors administered to the 
spinal cord may be useful for the treatment of radicular 
pain caused by lumbar disc herniation.

It should be noted that there are some limitations in the 
current study. For example, we used a rat model of sciatic 
nerve compression plus inflammation by NP, although in 
patients with lumbar disc herniation the spinal nerve root 
is compressed by NP, not the sciatic nerve. However, the 
sciatic nerve compression model used in our study has 
been well-validated [4,21,31]. In these studies pain behav-
ior was associated with the up-regulation of TNFα and 
CGRP in DRG neurons [4,21,31]. In view of the similar-
ity between these previous reports and the pain-related 
behavior and cytokine expression observed in our study, 
we conclude that the model of sciatic nerve compression 
with NP application is a valid disc-herniation model. Sec-
ond, we did not use NP only or nerve compression only 
groups in the current study. Here we report only on a 
sciatic nerve pinch model in rat; in this model, rats show 
mechanical and thermal hyperalgesia for 8 days and an 
increase in pain-associated neuropeptides [32]. Kawaka-
mi et al. [33] have reported that allografting NP onto the 
spinal nerve root without other treatment induced pain 
behavior for 1 week, and increased interleukin 1 around 
the spinal nerve roots. They have also reported that the 
allograft of NP only at the spinal nerve roots induced 
pain behavior for 1 week, and increased phospholipase 
A2 and nitric oxide around the spinal nerve roots [34]. 
In addition, mechanical compression and the effects of 
NP on the lumbar nerve root have been examined in 
rats. Silk loops placed around the nerve root resulted in 
thermal hyperalgesia only in rats which had NP applied 
to the nerve root [35]. In the current study, the NP with 
nerve compression group showed a longer period of pain 
behavior compared with previous reports, which investi-
gated the effects of either NP only or nerve compression 
only. We hypothesize that while the application of NP 
only or nerve compression only can induce pain and glial 
activation in the spinal cord, nerve compression with NP 
application may induce a greater increase in glial activation 
in the spinal cord, and this difference may be more com-
parable to disc herniation pain than the individual effects 
of NP only or nerve compression only. However, further 
study will be needed to strengthen our hypothesis. Third, 
in the current study, the pain score returned to an insig-
nificant range after 2 weeks, while the average cell count 
for astrocytes and microglia in the nerve compression+NP 
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application group remained significantly higher than in 
the sham operated and control groups. We have previ-
ously reported the induction of pain behavior and glial 
activation or increased COX-2 in the spinal dorsal horn 
[6,7]. In the disc herniation model used in those studies, 
the application of NP to the nerve root induced mechani-
cal allodynia in rats for 2 weeks; however, the increased 
COX-2 expression in the spinal dorsal horn was only 
observed for 1 week [7]. In contrast, application of NP 
to the nerve root in rats resulted in allodynia for 8 days, 
while microglial activation in the spinal dorsal horn was 
observed for more than 2 weeks [6]. Pain is generally 
transmitted from the periphery to the brain via the dorsal 
root ganglion and the spinal cord; thus several sites con-
tribute to pain sensation. In order to clarify the discrep-
ancy between the duration of pain and the duration of 
glial activation in the spinal dorsal horn observed in the 
current study. Further studies will be needed that exam-
ine changes in the dorsal root ganglion and brain. 

Conclusions

In conclusion, the combination of sciatic nerve-compres-
sion with the application of NP produced pain-related be-
havior. The up-regulation of GFAP-IR astrocytes and Iba-
1-IR microglia was observed in the spinal dorsal horn. 
These findings suggest that nerve compression plus NP 
application may induce glial activity in the spinal cord, 
and that these glia may be related to pain transmission.
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