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IL-33/ST2 signaling contributes to radicular
pain by modulating MAPK and NF-κB
activation and inflammatory mediator
expression in the spinal cord in rat models
of noncompressive lumber disk herniation
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Abstract

Background: Immune and inflammatory responses occurring in the spinal cord play a pivotal role in the progression
of radicular pain caused by intervertebral disk herniation. Interleukin-33 (IL-33) orchestrates inflammatory responses in
a wide range of inflammatory and autoimmune disorders of the nervous system. Thus, the purpose of this study is to
investigate the expression of IL-33 and its receptor ST2 in the dorsal spinal cord and to elucidate whether
the inhibition of spinal IL-33 expression significantly attenuates pain-related behaviors in rat models of
noncompressive lumbar disc herniation.

Methods: Lentiviral vectors encoding short hairpin RNAs that target IL-33 (LV-shIL-33) were constructed for
gene silencing. Rat models of noncompressive lumber disk herniation were established, and the spines of
rats were injected with LV-shIL-33 (5 or 10 μl) on the first day after the operation. Mechanical thresholds
were evaluated during an observation period of 21 days. Moreover, the expression levels of spinal tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and cyclooxygenase 2 (COX-2) and the
activation of the mitogen-activated protein kinases (MAPK) and nuclear factor-κB (NF-κB) pathways were
evaluated to gain insight into the mechanisms related to the contribution of IL-33/ST2 signaling to radicular pain.

Results: The application of nucleus pulposus (NP) to the dorsal root ganglion (DRG) induced an increase in IL-33 and
ST2 expression in the spinal cord, mainly in the dorsal horn neurons, astrocytes, and oligodendrocytes.
Spinally delivered LV-shIL-33 knocked down the expression of IL-33 and markedly attenuated mechanical
allodynia. In addition, spinal administration of LV-shIL-33 reduced the overexpression of spinal IL-1β, TNF-α,
and COX-2 and attenuated the activation of C-Jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), and NF-κB/p65 but not p38.

Conclusions: This study indicates that spinal IL-33/ST2 signaling plays an important role in the development and
progression of radicular pain in rat models of noncompressive lumber disk herniation. Thus, the inhibition of spinal
IL-33 expression may provide a potential treatment to manage radicular pain caused by intervertebral disk herniation.
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Background
Radicular pain, most commonly induced by a herniated
disk, is estimated to affect up to 2.2% of the general adult
population, with substantial physical burdens and a heavy
toll in terms of healthcare costs and work disability [1, 2].
Previous studies have shown that the mechanism of ra-
dicular pain is mostly due to the result of mechanical
compression of the nerve roots by the herniated nucleus
pulposus (NP) [3–5]. However, there is increasing evi-
dence to support the idea that immune and inflammatory
responses occurring in the peripheral and central nervous
systems also play a pivotal role in the progress of radicular
pain [6–8]. It has been demonstrated that interleukin-1β
(IL-1β) [8–10], interleukin-6 (IL-6) [9], interleukin-8 (IL-
8), [11], tumor necrosis factor-alpha (TNF-α) [10, 12, 13],
phospholipase A2 [9], nitric oxide synthase (NOS) [9], and
cyclooxygenase-2 (COX-2) [14] are activated in the dorsal
root ganglion (DRG) and/or the spinal cord in response to
lumbar disc herniation and that their altered expression is
closely related to radicular pain.
Interleukin-33 (IL-33) is a new member of the IL-1

family of cytokines, which is demonstrated to be in-
volved in the modulation of immune and inflammatory
responses through its receptor complex that is com-
posed of ST2 and the IL-1 receptor accessory protein
(IL-1RAcp) [15, 16]. IL-33 expression is mediated
through one or more of the mitogen-activated protein
kinases (MAPK) (extracellular regulated kinase (ERK),
p38 MAPK, c-Jun N-terminal kinase (JNK)) and nuclear
factor-kappa B (NF-κB) [15, 17, 18]. IL-33/ST2 signaling
plays a critical role in the development and progression
of many inflammatory and autoimmune diseases of the
nervous system, including experimental autoimmune en-
cephalomyelitis, Alzheimer’s disease, and subarachnoid
hemorrhage [19]. Notably, reports have indicated that
IL-33/ST2 signaling is involved in the regulation of in-
flammatory pain in the peripheral and central nervous
systems [20, 21]. Moreover, it is also shown that spinal
IL-33/ST2 signaling plays a vital role in the modulation
of neuropathic pain after spinal nerve ligation or chronic
constriction injury of the sciatic nerve [22, 23]. However,
to our knowledge, it is still unknown whether spinal IL-
33/ST2 signaling also facilitates radicular pain that is
caused by intervertebral disc herniation.
Thus, the aim of the present study was to test whether

the inhibition of spinal IL-33 expression could signifi-
cantly influence the development and progression of ra-
dicular pain, using a rat model of noncompressive
lumbar disc herniation. We also evaluated the expres-
sion of IL-1β, IL-6, COX-2, and TNF-α and the activa-
tion of the MAPK and NF-κB pathways in the spinal
cord of these rats to gain insight into the mechanisms
related to the contributions of IL-33/ST2 signaling to ra-
dicular pain in this model system.

Methods
Lentiviral vector production
Lentiviral vectors were used to generate constructs en-
coding IL-33 small interfering RNAs (siRNAs) or control
siRNA (scrambled sequence), as described previously
[24]. Briefly, three independent siRNA sequences
directed against the cDNA sequence of rat IL-33
(GenBank Accession NM_001014166.1) were designed
using the Ambion application, following previously
published guidelines [25]. The sequences of the three
siRNAs are as follows: 5′-AATGTTGAAGATTGTGG-
GAAA-3′ (IL-33-siRNA1), 5′-ATGATGAGAGCTG-
TAACAATA-3′ (IL-33-siRNA2), and 5′-GTGAACAT
GAGTCCTATCAAA-3′ (IL-33-siRNA3). An additional
scrambled sequence was also designed as a negative
control as follows: 5′-TTCTCCGAACGTGTCACGT-3′
(NC). The lentiviral vectors IL-33 and LV-NC were gener-
ated as follows: the oligonucleotides were designed ac-
cording to the structure of the siRNA sense strand-loop-
siRNA antisense strand and were cloned into the lentiviral
vector pGCL-GFP (Shanghai Gene Chemical Co., Ltd.,
Shanghai, China). To generate the lentivirus, the re-
combinant vector and packaged plasmids were trans-
fected into 293T cells (The Shanghai Research
Institute of Chinese Academy of Sciences, Beijing,
China). The transfection results were observed under
a fluorescence microscope (Leica).

Transduction of primary cultured astroglial cells and GFP
fluorescence observation
Primary astrocytes were prepared from the spinal cords
of Sprague-Dawley rats (1–2 days old) (Experimental
Animal Center of the Central South University) accord-
ing to a previous report [26]. Astroglial cells were plated
in 6-well dishes coated with poly-D-lysine and laminin
(Sigma) and were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Gibco). Dissociated astroglial
cells were infected with lentivirus vectors 1 h after plat-
ing at a multiplicity of infection (M.O.I.) = 10 TU/cell,
yielding approximately 95% infection of astroglial cells
with no apparent toxicity. The expression of green
fluorescent protein in the cells was monitored with a
fluorescence microscope (Leica) at 72 h post-infection.
The positive expression showed the success of the
infection process.

SiRNA transfections
The astroglial cells were divided into five groups, as fol-
lows: control, which were incubated in DMEM medium
only; LV-NC, which were transfected with NC; and IL-
33-siRNA (1–3), which were transfected with the siRNA
targeting IL-33. After transfection for 96 h, we collected
duplicates of each condition for mRNA and protein
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analysis. Real-time quantitative polymerase chain reac-
tion (PCR) and Western blot showed that the IL-33
mRNA and protein in the infected rat spinal cord astro-
glial cells decreased, and the IL-33-siRNA2 group de-
creased more significantly. Hence, we selected the IL-
33-siRNA2 group for the following experiment and re-
ferred to it as LV-shIL-33.

Animals
Male Sprague-Dawley rats were purchased from the Ex-
perimental Animal Center of the Central South Univer-
sity. All the animals were specific pathogen-free grade,
weighed 260–300 g, and were housed under barrier-
sustained conditions at a constant temperature of 24 ±
1 °C (mean ± SEM) with a 12-h light/dark cycle. Food
and water were provided ad libitum. All the animal stud-
ies were approved by the Animal Care and Use Commit-
tee at the Central South University and were in
accordance with the university’s guidelines for the care
and use of laboratory animals (NO. 201603359). The
ethical guidelines from the International Association for
the Study of Pain (IASP) were followed [27].

Intrathecal catheter implantation
Intrathecal catheters were implanted as described by
Yaksh and Rudy [28]. Briefly, rats were anesthetized with a
mixture of ketamine plus xylazine anesthesia (80:10 mg/
kg, intraperitoneally), and the skin was incised over the
occipital area. Following displacement of the occipital
muscles, the cisterna magna was punctured with a 22-
gauge cannula, and then a polyethylene catheter (PE-10)
was carefully inserted via an incision in the cisterna magna
and was advanced 7.5–8.0 cm caudally to the level of the
lumbar enlargement. Correct intrathecal placement was
confirmed by the dragging or paralysis of bilateral hind
limbs after injection of 10 μl of 2% lidocaine. The incision
site was closed in layers, and the catheter was fixed firmly
under the skin and sealed effectively. After a 3-day recov-
ery period, all the animals, except those that appeared to
have signs of motor weakness or paralysis, were used for
the experiments.

Rat models of noncompressive lumbar disk herniation
Noncompressive lumbar disk herniation rat models were
established as previously described [11, 14]. The rats
were anesthetized with a mixture of ketamine plus xyla-
zine (80:10 mg/kg, intraperitoneally), and then, a midline
dorsal incision was made over the lumbar spine. The
multifidus muscles were removed along the L4–L6 spin-
ous processes, and the right L5 spinal nerve root and
the DRG were exposed through laminectomy. An au-
tologous NP was harvested from two coccygeal interver-
tebral disks and was applied on the L5 DRG without
mechanical compression. In the sham operated group,

the NP was also harvested from the tails, but a similar
volume of muscle was harvested from the surgical area
on the back and was applied instead to the DRG.

Protocols
On day 0, a noncompressive lumbar disk herniation rat
model was initiated. The control rats underwent the
same operation without the application of NP. On day 1,
the virus (5 or 10 μl) was administered through the im-
planted catheter, which was flushed by using 10 or 5 μl
of PBS. The rats were spinally delivered with NS, LV-
NC, or LV-shIL-33 plus PBS in a total volume of 15 μl.
Thus, 90 rats were randomly assigned to 5 groups of 18
rats each, consisting of the sham group, vehicle group,
LV-NC group, LV-shIL-33 (5 μl) group, and LV-shIL-33
(10 μl) group.
To confirm the knockdown of IL-33 expression by an

intrathecally delivered LV-shIL-33, the ipsilateral spinal
dorsal horn tissues (L4–L6) were removed on day 12,
and the expression of IL-33 was assayed by real-time
quantitative PCR and Western blot analysis (n = 6/
group). Further experiments on these groups of animals
included the assessment of pain-related behavior, cyto-
kine level measurement, and an evaluation of the MAPK
and NF-κB pathways (n = 4–6/group).

Real-time quantitative PCR
Total RNA was extracted by the total RNA isolation re-
agent (Invitrogen), and cDNA was transcribed using a
Transcriptor First Strand cDNA Synthesis Kit (Takara),
both in accordance with the manufacturer’s instructions.
The primers utilized for the PCR were as follows: IL-33,
forward primer, 5’-CCCTGAGCACATACAACGACC-3′
and reverse primer, 5’-CACCATCAGCTTCTTCC-
CATC-3′; and GAPDH (as internal control), forward
primer, 5’-TTCAACGGCACAGTCAAGG-3′ and re-
verse primer, 5’-CTCAGCACCAGCATCACC-3′. The
PCR was performed using a 2720 Thermal cycler (Ap-
plied Biosystems). The reaction conditions consisted of
an initial denaturation step at 95 °C for 10 min, followed
by 40 cycles at 95 °C for 15 s, 58 °C for 25 s, and 72 °C
for 25 s, and then a final elongation step at 95 °C for
15 s, 60 °C for 1 min, and 95 °C for 15 s. The change in
mRNA levels was determined using the 2−ΔΔCt method
with normalization software.

Western blot analysis
Ipsilateral spinal dorsal horn tissues (L4–L6) were homog-
enized in RIPA buffer (Beyotime) supplemented with
1 mM phenylmethyl sulfonylfluoride (Beyotime) on ice
and were centrifuged at 16000×g for 30 min at 4 °C. The
supernatant was collected, and the protein levels in the ex-
tracts were determined using the BCA Protein Assay kit
(Pierce Biotechnology). Subsequently, the protein samples
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were electrophoresed on a 10% SDS-PAGE gel and were
transferred onto a PVDF membrane (Millipore). After
blocking with 5% nonfat milk and a 0.1% Tween-20 in tris
buffered saline (TBS) solution for 2 h at room
temperature, the membranes were incubated overnight at
4 °C with a rabbit anti-IL-33 antibody (Novus Biologicals),
a rabbit anti-ST2 antibody (Proteintech), a rabbit anti-
COX-2 antibody (Abcam), a rabbit anti-phospho-ERK
antibody (Cell Signaling), a rabbit anti-ERK antibody (Cell
Signaling), a rabbit anti-phospho-p38 antibody (Cell Sig-
naling), a rabbit anti-p38 antibody (Cell Signaling), a
rabbit anti-phospho-JNK antibody (Cell Signaling), a
rabbit anti-JNK antibody (Cell Signaling), a rabbit anti-
phospho-NF-κB/p65 antibody (Abcam), or a rabbit anti-
NF-κB/p65 antibody (Abcam). The membranes were then
washed three times with TBS and were incubated with an
anti-rabbit secondary antibody (Santa Cruz Biotechnol-
ogy) for 1 h at 37 °C. After extensive washing, the protein
bands were visualized by an enhanced chemiluminescence
assay (Millipore) following the manufacturer’s instruc-
tions. The blots were also probed with anti-β-tubulin anti-
body (Santa Cruz Biotechnology), which served as the
loading control.

Immunostaining of the spinal cords
Immunofluorescence staining or double immunostaining
was performed as previously described [29]. Briefly, on
day 12, the ipsilateral spinal dorsal horn tissues (L4–L6)
were harvested and cryosectioned at 10 μm. The tissue
sections were fixed in 4% paraformaldehyde, washed in
phosphate buffer saline (PBS), and blocked with blocking
solution (10% normal goat serum and 0.3% Triton X-100
in 0.1 M PBS), followed by an incubation with a poly-
clonal rabbit anti-IL-33 antibody (Novus Biologicals) for
24 h at 4°. Thereafter, the sections were incubated with
tetramethylrhodamine isothiocyanate (TRITC)-conju-
gated goat anti-rabbit secondary antibodies (Cowin Bio-
tech) for 1 h at 37 °C. Double immunofluorescence
staining was performed using anti-IL-33 or anti-ST2
antibodies and antibodies specific for neurons (neur-
onal-specific nuclear protein (NeuN)), astrocytes (glial
fibrillary acidic protein (GFAP)), microglia (CD11b [OX-
42]), or oligodendrocytes (oligodendrocyte transcription
factor 2[Olig-2]). Briefly, the tissue sections were incu-
bated with the appropriate mixtures of the following
antibodies for 24 h at 4 °C: rabbit anti-IL-33 and mouse
anti-NeuN (Chemicon), mouse anti-GFAP (Santa Cruz
Biotechnology), mouse anti-OX-42 (Abcam), or mouse
anti-Olig-2 (Millipore). This was followed by an incuba-
tion with a mixture of TRITC-conjugated goat anti-
rabbit and fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse secondary antibodies (CoWin Biotech)
for 1 h at 37°. The mean fluorescence intensity and

positively stained elements were determined using Ima-
geJ software [30].

Assessment of pain-related behavior
The mechanical thresholds (paw withdrawal threshold
(PWT)) induced by CFA were evaluated with von Frey
filaments (Stoelting) by using the “up-down” method, as
described in detail previously [31]. The tests were per-
formed at different times (1, 3, 5, 7, 9, 11, 13, 15, 17, 19,
and 21 days) after the operation. All the groups were
evaluated 1 day before the operation to determine the
baseline mechanical thresholds.

Measurement of cytokine levels
The levels of the proinflammatory cytokines IL-1β, IL-6,
and TNF-α were determined in the ipsilateral spinal dor-
sal horn tissues (L4–L6) according to previously de-
scribed methods [32]. Briefly, on day 12, the segment
samples were pooled and homogenized in ice-cold PBS
containing 0.05% Tween-20, 0.1 mM PMSF, 0.1 mM
benzethonium chloride, 10 mM EDTA, and 20 UI apro-
tinin A. After centrifugation at 7000g at 4 °C for 10 min,
the supernatants were stored at − 80 °C for future pro-
tein quantification. The cytokine levels were evaluated
using an enzyme-linked immunosorbent assay (ELISA)
kit (R&D Systems) according to the manufacturer’s
recommendations.

Statistical analysis
All the statistical analyses were performed using SPSS stat-
istical software (version 19.0; SPSS Inc., Chicago, IL, USA).
Pain-related behavior was analyzed by two-way analysis of
variance (ANOVA) with repeated measures, followed by
Bonferroni’s post hoc test. The variance factors for two-way
ANOVA were time and group comparisons. The real-time
PCR, Western blot, immunofluorescence, and ELISA data
were analyzed by a one-way ANOVA followed by a Bonfer-
roni’s post hoc test. The variance factor for the one-way
ANOVA was group comparisons. P values < 0.05 were con-
sidered statistically significant. The values are expressed as
the mean ± SEM.

Results
Silencing of the IL-33 gene by a lentivirus-mediated
delivery of shRNA in astroglial cells in vitro
Fluorescence microscopy showed GFP fluorescence ex-
pression in nearly all the cells (Fig. 1a, parts a–b), which
indicated a high and stable transduction of the lentiviral
vector system. The final titer of the recombinant virus
was 5 × 108 transducing units (TU)/ml. In addition, GFP
fluorescence was detected in more than 95% of the cul-
tured astroglial cells at 72 h post-infection (Fig. 1b, parts
a–b), indicating a successful infection. On the other
hand, no cell death and no significant changes in cell
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morphology were shown, indicating that the lentiviral
vector had no toxic effect on the astroglial cells.
Real-time PCR and Western blot analyses were per-

formed 96 h after infection to evaluate the level of IL-33
mRNA and protein expression (Fig. 1c, d). The levels of
IL-33 mRNA and protein differed significantly between
the groups (for mRNA, F[4,25] = 228.033, p < 0.01; for
protein, F[4,25] = 15.930, p < 0.01). Compared with the
LV-NC group or the control group, the IL-33-siRNA-1
and IL-33-siRNA-2 groups showed a trend toward less
expression of IL-33 mRNA and protein (overall p <
0.01), whereas no significant difference in IL-33 mRNA
and protein expression were observed between the
control group and the LV-NC group or the IL-33-
siRNA-3 group. Moreover, as shown in Fig. 1c, d, the
IL-33-siRNA2 group showed a more significant de-
crease. Thus, we selected the IL-33-siRNA2 group to
continue with the following experiment and named
the group LV-shIL-33.

Expressions of interleukin (IL)-33 and its receptor ST2 in
the spinal cord in rat models of noncompressive lumbar
disk herniation
To explore the expression of IL-33 and ST2 in the ipsi-
lateral spinal dorsal horns (L4–L6) in rat models of non-
compressive lumber disk herniation, we conducted
Western blot analysis. The expression of spinal IL-33
and ST2 was significantly increased by the third day,

peaked at the 7th day and was maintained at a high level
until the final examination on the 21st day after the op-
eration (Fig. 2a, b). Moreover, to determine which cell
types express IL-33 and ST2 in a rat model of noncom-
pressive lumbar disk herniation, double staining was per-
formed using anti-IL-33 or anti-ST2 antibodies and
antibodies specific for neurons (NeuN), astrocytes
(GFAP), microglia (OX-42), or oligodendrocytes (Olig-
2). IL-33 and ST2 localized in the neurons, astrocytes,
and oligodendrocytes, as it colocalized with the neuronal
marker NeuN, the astrocytic marker GFAP, and the oli-
godendrocytic marker Olig-2, respectively (for IL-33,
Fig. 3a, parts a–f and parts j–l; for ST2, Fig. 3c, parts a–f
and parts j–l). In contrast, IL-33 and ST2 did not colo-
calize with the microglial marker OX-42 (for IL-33,
Fig. 3a, parts g–i; for ST2, Fig. 3c, parts g–i), indicating
that IL-33 and ST2 were not expressed in microglia.
Moreover, the main IL-33/cit-expressing cells in the
spinal dorsal horn were oligodendrocytes and neurons.
Low expression of IL-33/cit was found in cells express-
ing GFAP (for IL-33, Fig. 3b; for ST2, Fig. 3d).

Spinally delivered LV-shIL-33 inhibits IL-33 expression in
the dorsal spinal cord in vivo
On the 12th day after the operation, the real-time PCR
and Western blot were utilized to determine the IL-33
expression changes in the ipsilateral spinal dorsal horns
(L4–L6). As shown in Fig. 4a, b, the levels of IL-33

Fig. 1 Silencing of the IL-33 gene by lentivirus-mediated delivery of shRNA in astroglial cells in vitro. a Fluorescence microscopy showed GFP
fluorescence expression in nearly all the cells, which indicated a high and stable transduction of the lentiviral vector system. Bars = 100 μm. b
Fluorescence microscopy images of astroglial cells 72 h after transduction with LV-shIL-33. Bars = 100 μm. c Representative real-time PCR of IL-33
mRNA expression in astrocytes in vitro. The fold change of the IL-33 levels in the control group was set as 1.0 for the quantifications. d Representative
Western blots of the IL-33 protein expression in astroglial cells in vitro. β-tubulin was used as a loading control. The results are expressed as the ratio
of IL-33 to β-tubulin, and the control was set at 1.0. The values are the mean ± SEM (**p < 0.01 versus the LV-NC group or the vehicle group, n = 6 in
each group)
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mRNA and protein differed significantly between the
groups (for mRNA, F[4,25] = 101.186, p < 0.01; for pro-
tein, F[4,25] = 56.382, p < 0.01). Bonferroni’s post hoc test
revealed that the expression of IL-33 at the mRNA and
protein levels in the vehicle group was markedly in-
creased compared with those in the sham group (for
mRNA, p < 0.01; for protein, p < 0.01), whereas no sig-
nificant difference in IL-33 mRNA and protein expres-
sion was observed between the vehicle group and the
LV-NC group. Moreover, compared with the LV-NC
group or the vehicle group, the LV-shIL-33 (5 μl) and
LV-shIL-33 (10 μl) groups showed a trend of less expres-
sion of IL-33 mRNA and protein (overall p < 0.01). In
addition, immunostaining was performed to detect the
expression of IL-33 in the spinal dorsal horn (Fig. 4c, d).
Compared with the sham group, the rats in the ve-
hicle group exhibited a significantly higher IL-33 ex-
pression, as demonstrated by the intense red
fluorescence localized in the nerve cells (p < 0.01).
Moreover, spinally delivered LV-shIL-33 (5 or 10 μl)
markedly decreased the expression of IL-33 in the
spinal dorsal horn (overall p < 0.01).

Effects of spinally delivered LV-shIL-33 on mechanical
allodynia
The paw withdrawal thresholds in response to mechan-
ical stimuli decreased significantly (p < 0.01 versus sham)
after the application of NP to the L5 DRG from day 1 to
the last time point assessed (day 21), whereas no trend
toward a differential response was found between the ve-
hicle group and the LV-NC group. Moreover, the mech-
anical allodynia of the animals in the LV-shIL-33 (5 μl)
and LV-shIL-33 (10 μl) groups was markedly higher than

that of the animals in the LV-NC group or vehicle group
(each p < 0.01) (Fig. 5a).

Effects of spinally delivered LV-shIL-33 on the expression
of IL-1β, IL-6, TNF-α, and COX-2 in the spinal cord
We observed that the levels of IL-1β, IL-6, and TNF-α dif-
fered markedly between the groups (for IL-β: F[4,25] =
25.430, p < 0.01; for IL-6: F[4,25] = 26.176, p < 0.01; for
TNF-α: F[4,25] = 32.807, p < 0.01) (Fig. 5c–e). The results
of the Bonferroni post hoc test indicated that the
expression levels of IL-1β, IL-6, and TNF-α were all signifi-
cantly increased in the vehicle group compared with the
sham group (for IL-1β: p < 0.01; for IL-6: p < 0.01; for TNF-
α: p < 0.01), whereas no significant difference in the expres-
sion levels of IL-1β, IL-6, and TNF-α was observed between
the vehicle group and the LV-NC group. In addition, the
IL-1β and TNF-α protein levels in the LV-shIL-33 (5 μl)
and LV-shIL-33 (10 μl) groups were significantly lower than
those in the LV-NC group (for IL-1β: each p < 0.01; for
TNF-α: LV-shIL-33 (5 μl), p < 0.05; LV-shIL-33 (10 μl), p <
0.01), whereas the expression of IL-6 was modestly but not
significantly lower in the LV-shIL-33 (5 μl) and LV-shIL-33
(10 μl) groups (LV-shIL-33 (5 μl), p = 0.273; LV-shIL-33
(10 μl), p = 0.074).
We also evaluated the effect of spinally delivered LV-

shIL-33 on spinal COX-2 expression in the rat models
of noncompressive lumbar disk herniation. As shown in
Fig. 5b, the levels of spinal COX-2 protein differed sig-
nificantly between the groups (F[4,20] = 16.323, p < 0.01),
and the levels were markedly increased in the vehicle
group (p < 0.01). Moreover, compared with the LV-NC
group, the level of COX-2 was significantly lower in the
LV-shIL-33 (5 μl) and LV-shIL-33 (10 μl) groups (LV-
shIL-33 (5 μl), p < 0.05; LV-shIL-33 (10 μl), p < 0.01).

Fig. 2 Expressions of interleukin (IL)-33 and its receptor ST2 in the spinal cord in rat models of noncompressive lumbar disk herniation. a Western
blot showing the time course of the changes in the expression of IL-33 after the operation. β-tubulin was used as a loading control. The results
are expressed as the ratio of IL-33 to β-tubulin, and the control was set at 1.0. b Western blot showing the time course of the changes in the
expression of ST2 after the operation. β-tubulin was used as a loading control. The results are expressed as the ratio of ST2 to β-tubulin, and the
control was set at 1.0. The values are the mean ± SEM (##p < 0.01 versus sham; **p < 0.01 versus the LV-NC group or the vehicle group, n = 4–5 in
each group)
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Effects of spinally delivered LV-shIL-33 on activation of
the MAPK and NF-κB pathways
To determine whether IL-33 influences the activation of
the MAPK pathways, the expression of p-ERK, p-p38, p-
JNK, ERK, p38, and JNK was measured. As shown in
Fig. 6a–d, the level of p-ERK, p-p38, and p-JNK differed
markedly between the groups (for p-ERK: F[4,20] =
37.305, p < 0.01; for p-JNK: F[4,20] = 9.657, p < 0.01; for
p-p38: F[4,20] = 19.183, p < 0.01), but the levels of ERK,
p38, and JNK protein did not change. The results of
Bonferroni’s post hoc test indicated that the levels of p-
ERK, p-p38, and p-JNK were all significantly elevated in
the vehicle group compared with the sham group (each
p < 0.01), whereas no significant difference in the levels
of p-ERK, p-p38, and p-JNK were observed between the
vehicle group and the LV-NC group. In addition, when
compared with the LV-NC group, the level of p-ERK
was significantly lower in the LV-shIL-33 (5 μl) and LV-
shIL-33 (10 μl) groups (LV-shIL-33 (5 μl), p < 0.05; LV-

shIL-33 (10 μl), p < 0.01). Moreover, compared with the
LV-NC group, the LV-shIL-33 group (10 μl) showed de-
creased expression of p-JNK protein (p < 0.05), while the
LV-shIL-33 (5 μl) group showed modestly reduced ex-
pression of p-JNK protein; the difference did not reach
statistical significance (p = 0.071). Furthermore, the level
of p-p38 was not statistically significantly different be-
tween the LV-NC group and the LV-shIL-33 (5 μl) or
LV-shIL-33 (10 μl) groups.
To determine whether IL-33 influences expression of

the NF-κB pathways, the phosphorylation of NF-κB/p65
was measured (Fig. 6a, e). We observed that the level of
p-p65 markedly differed between the groups (F[4,20] =
54.774, p < 0.01). In addition, markedly higher levels of
p-p65 in the spinal dorsal horns were exhibited in the
vehicle group when compared with the sham group.
Moreover, p-p65 expression levels in the LV-shIL-33
(5 μl) and LV-shIL-33 (10 μl) groups were obviously
lower than those in the LV-NC group (overall p < 0.01).

Fig. 3 Cellular localization of IL-33 and ST2 in the rat ipsilateral spinal dorsal horn. a Cell type-specific immunolabeling of IL-33 in the ipsilateral
spinal dorsal horn tissue shows colocalization of IL-33 immunoreactivity (in red) with NeuN-immunoreactive neurons (in green; panels a–c), GFAP-
immunoreactive astrocytes (in green; panels d–f), and olig-2-immunoreactive oligodendrocytes (in green; panels j–l), but not with OX-42-immunoreactive
microglia (in green; panels g–i). The arrows indicate the colocalization of IL-33 with the respective cell markers (in yellow). Bars = 50 μm. b The percentage
of the cell types expressing IL-33/cit is presented. c Cell type-specific immunolabeling of ST2 in the ipsilateral spinal dorsal horn tissue shows colocalization
of ST2 immunoreactivity (in red) with NeuN-immunoreactive neurons (in green; panels a–c), GFAP-immunoreactive astrocytes (in green; panels d–f), and
olig-2-immunoreactive oligodendrocytes (in green; panels j–l), but not with OX-42-immunoreactive microglia (in green; panels g–i). The arrows indicate
the colocalization of ST2 with the respective cell markers (in yellow). Bars = 50 μm. d The percentage of cellular types expressing ST2/cit is presented
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Fig. 5 Spinally delivered lentiviral vector LV-shIL-33 alleviates mechanical allodynia and decreases the production of spinal IL-1β, TNF-α, and COX-
2, but not IL-6 in rat models of noncompressive lumbar disk herniation. a Paw withdrawal threshold was performed 1 day before the operation
(baseline (BL)) and at different times (1, 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21 days) after the operation. The values are the mean ± SEM (##p < 0.01
versus sham; **p < 0.01 versus the LV-NC group or the vehicle group, n = 10 in each group). b The expression levels of spinal COX-2 were assessed at
the protein level by Western blotting 12 days after the operation. β-tubulin was used as the loading control. The results are expressed as the ratio of
COX-2 to β-tubulin, and the control was set at 1.0. (c, d, and e). The expression levels of spinal IL-1β (c), IL-6 (d), and TNF-α (e) were assessed at the
protein level by ELISA in each treatment group 12 days after the operation. The values are the mean ± SEM (##p < 0.01 versus sham; *p < 0.05 and
**p < 0.01 versus the LV-NC group, n = 5–6 in each group)

Fig. 4 Spinally delivered lentiviral vector LV-shIL-33 inhibits the expression of IL-33 in the dorsal spinal cord. a Representative real-time PCR of
IL-33 mRNA expression in the rat ipsilateral spinal dorsal horns tissue. The fold change of IL-33 levels in the sham group was set as 1.0 for the quantifications
(n= 6 in each group). b Representative Western blots of the IL-33 protein expression in the rat ipsilateral spinal dorsal horn tissue. β-tubulin was used as a
loading control. The results are expressed as the ratio of IL-33 to β-tubulin, and the control was set at 1.0 (n= 6 in each group). c Quantification of
immunofluorescence signals for IL-33 in the rat ipsilateral spinal dorsal horns (n= 4–5 in each group). d Representative immunofluorescence detection of
IL-33 in the rat ipsilateral spinal dorsal horns. Panels f–j are higher-power magnifications of the boxed areas in the panels a–e. Bars = 50 μm (n= 6 in each
group). The values are the mean ± SEM (##p< 0.01 versus sham; **p< 0.01 versus the LV-NC group or the vehicle group)
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Discussion
Radicular pain caused by intervertebral disk herniation
was initially considered to result from mechanical com-
pression of the nerve roots by a herniated NP [3–5].
However, accumulating evidence indicates that radicular
pain results from inflammation of the nerve roots, alone
or combined with mechanical compression [6–8]. Radi-
culopathic symptoms are not always present with nerve
root compression and can occur in its absence [7, 8]. In
animal models, the direct application of NP to the nerve
roots without mechanical compression causes an abnor-
mal production of inflammatory mediators and cyto-
kines [10, 13, 33–38], which rapidly sensitize primary
afferents and induce neural-immune interactions [39,
40]. This leads to the production and secretion of cyto-
kines, excitatory amino acids, COX-2, and prostaglan-
dins, which induces the hyperexcitability of spinal dorsal
horn neurons as well as hyperalgesia [41, 42].
In the current study, our results indicated the applica-

tion of NP to the L5 DRG induced an increase in IL-33
and ST2 expression in the spinal dorsal horn. This find-
ing supports the idea that spinal IL-33/ST2 signaling
may be among the important proteins that are activated
by protuberant NP and are, thus, involved in the devel-
opment of hyperalgesia. Previous studies demonstrate
that a peripheral injection of IL-33 induces cutaneous

hypernociception and involves in the modulation of
arthritic pain [21]. It is also reported that the IL-33/ST2
signaling plays a pivotal role in mediating acute inflam-
matory pain by using a mouse model of formalin-
induced inflammatory pain [20]. In addition, recent
studies have proven that spinal IL-33/ST2 signaling plays
a key role in the modulation of neuropathic pain and
chronic bone cancer pain [22, 23, 43]. Here, we showed
that a spinally delivered inhibitor of IL-33 expression,
the lentiviral vector LV-shIL-33, significantly attenuated
the mechanical allodynia in rat models of noncompres-
sive lumbar disc herniation. Taken together, these results
suggested that IL-33/ST2 signaling participates in both
acute and chronic pain, including radicular, arthritic,
neuropathic, and bone cancer pain.
IL-33 has been previously reported to be co-expressed

in both astrocytes and neurons but not in microglia in
the murine spinal dorsal horn [44]. Moreover, a recent
study showed that the main cells expressing IL-33 are
oligodendrocytes rather than neurons and astrocytes
[23]. Similarly, our findings showed that IL-33-like im-
munoreactivity was mainly localized in the rat spinal
neurons, astrocytes, and oligodendrocytes. In addition,
previous studies report that IL-33 is predominantly lo-
calized in astrocytes, but not in microglia or neurons in
the mouse brain and spinal cord [22, 43, 45], providing

Fig. 6 Spinally delivered lentiviral vector LV-shIL-33 reduces the activation of the MAPK and NF-κB pathways in the dorsal spinal cord. a Representative
Western blots of the phosphorylation of ERK, p38, JNK, and p65 protein expression in the rat ipsilateral spinal dorsal horn tissue. β-tubulin was used as
the loading control. b The results are expressed as a ratio of phospho-protein to the total protein (p-ERK/ERK), and the control was set at 1.0. c The
results are expressed as a ratio of phospho-protein to total protein (p-JNK/JNK), and the control was set at 1.0. d The results are expressed as a ratio of
phospho-protein to total protein (p-p38/p38), and the control was set at 1.0. e The results are expressed as a ratio of phospho-protein to total protein
(p-p65/p65), and the control is set at 1.0. The values are the mean ± SEM (##p < 0.01 versus sham; *p < 0.05 and **p < 0.01 versus the LV-NC group,
n = 5 in each group)
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conflicting findings regarding the true distribution of IL-
33. Similar to IL-33, the expression of ST2 in the CNS is
controversial. Some reports show that ST2 is expressed
in astrocytes [45], whereas others demonstrate its ex-
pression in both astrocytes and neurons in the murine
spinal cord [22, 43]. Our results showed that ST2 was
distributed in the astrocytes, neurons, and oligodendro-
cytes in the spinal dorsal horn in rat. These results are
inconsistent and may be due to the different central ner-
vous system regions studied, the different antibodies
used, or the differences between mouse and rat.
It has been reported that the upregulation of the spinal

N-methyl-D-aspartate (NMDA) receptor subunit 1 after
spared nerve injury is reduced by ST2 antibody adminis-
tration or ST2−/−. The induction of nociceptive behav-
iors in naive mice due to recombinant IL-33 is reversed
by the noncompetitive NMDA antagonist MK-801 [22].
In addition, ST2 antibody administration or ST2−/−
markedly inhibits the increased activation of the astro-
glial janus kinase 2 (JAK2)-signal transducer and activa-
tor of transcription 3 (STAT3) cascade and the neuronal
calcium–calmodulin-dependent kinase II (CaMKII)-cyc-
lic adenosine monophosphate response element-binding
protein (CREB) cascade after spared nerve injury. More-
over, a recent study demonstrated that oligodendrocyte-
derived IL-33 plays an important role in neuropathic
pain [23]. Therefore, IL-33 upregulation in the spinal
cord after peripheral nerve injury may reflect changes in
neuron, astrocyte, and oligodendrocytes function.
Moreover, we found that the expression of spinal IL-

1β, IL-6, TNF-α, and COX-2 protein was highly upregu-
lated in rat models of noncompressive lumber disk her-
niation. In the family of proinflammatory cytokines, IL-
1β, IL-6, and TNF-α have long been strongly implicated
in the modulation of peripheral pain and the inflamma-
tory process induced by the contact of the NP with the
nerve fibers [10, 13, 33, 37]. In addition to their periph-
eral action, IL-1β, IL-6, and TNF-α are upregulated in
the spinal cord in rat models of lumber disk herniation,
and all are known to be involved in the development
and maintenance of radicular pain caused by interverte-
bral disc herniation [6, 8–10]. COX-2, which is constitu-
tively expressed in the spinal cord, is a major
contributor to the elevation of spinal prostaglandin E2
[46]. It has been shown that lumbar disk herniation to
the spinal nerve root upregulates the expression of
COX-2 in the spinal dorsal and ventral horns, and an
intrathecal administration of an antibody to COX-2 at-
tenuates hyperalgesia [14]. In addition, a previous study
suggests that IL-33 plays an essential role in bone cancer
pain, and its actions might be associated with inducing
spinal upregulation of IL-1β and TNF-α. Moreover, re-
cent evidence indicated that spinal IL-33-mediated
hyperalgesia during chronic constriction injury (CCI) is

dependent on a reciprocal relationship with TNF-α and
IL-1β [23]. Similarly, our results indicated that spinally
delivered LV-shIL-33 markedly reduced the overexpres-
sion of spinal IL-1β, TNF-α, and COX-2 in rat models of
noncompressive lumber disk herniation. These findings
indicated that spinal IL-33 plays an important role in the
regulation of IL-1β, TNF-α, and COX-2 expression in
the spinal cord and is involve in the modulation of
radicular pain.
The underlying mechanism of IL-33 involved in neu-

roinflammatory and hyperalgesia is still under investiga-
tion. The activation of the MAPK and NF-κB pathways
might be mediated. The MAPK pathway participates in
central sensitization and nociceptive specific signaling in
dorsal horn neurons [47]. A remarkable increase in the
level of p-ERK and p-JNK was detected in the neuro-
pathic pain model of rats, and an intrathecal administra-
tion of p-ERK or p-JNK inhibitors significantly
attenuated the pain behavior [48, 49]. Reports also show
that the expression of p-ERK and p-JNK increase in the
spinal cord in rat models of lumbar disc herniation [7,
15, 50]. In addition, a previous report indicated that
lumbar disk herniation to the spinal nerve root increases
the expression of p-p38 in the spinal cord microglia, and
an intrathecal injection of p38 inhibitors significantly at-
tenuates hyperalgesia [51]. Moreover, a recent study re-
vealed that after formalin injection, the expression of p-
ERK, p-p38, and p-JNK are remarkably increased in the
spinal cord, and the inhibition of spinal interlukin-33/
ST2 signaling attenuates the expression of p-ERK and p-
JNK in the spinal cord [52]. Similar to the findings in
these studies, the present study showed that the applica-
tion of NP to the L5 DRG induced an upregulation in
the expression of phosphorylated components of the
MAPK pathway, including p-ERK, p-JNK, and p-p38 in
the spinal cord, and a spinally delivered inhibitor of IL-
33 expression, the lentiviral vector LV-shIL-33, signifi-
cantly alleviated the activation of p-JNK and p-ERK, but
not p-p38 in the spinal dorsal horn in rat models of non-
compressive lumber disk herniation. It is reported that
ERK and JNK are mainly distributed and activated in the
astrocytes and neurons, whereas p38 MAPK is mainly
distributed and activated in microglia [47, 52]. Moreover,
we found that ST2 is mainly distributed in the neurons,
astrocytes, and oligodendrocytes and is not in the micro-
glia in the spinal cord. Thus, we speculate that IL-33 is
released from the astrocytes and oligodendrocytes and
then acts on the astroglial or neuronal ST2 receptor in
an autocrine or paracrine manner during radicular pain.
We, therefore, propose that the analgesia effect and
regulation of the inflammatory mediator of LV-shIL-33
might occur partially by inhibiting the ERK and JNK
pathways in spinal astrocytes or neurons but not by acti-
vating microglial p-38 MAPK.
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The NF-κB family of transcription factors controls the
expression of genes that are critical for inflammation
and the immune process. Our previous study indicated
an extensive colocalization of NF-κB/p65 with TNF-α in
the ipsilateral spinal dorsal horn of the CCI rat model,
and a downregulation of spinal NF-κB/p65 expression
markedly decreased sciatic nerve ligation-induced mech-
anical and thermal hyperalgesia. Moreover, previous
studies indicate that the activation of NF-κB is signifi-
cantly increased in the DRG and spinal cord in rat
models of lumber disk herniation [8, 53], and an intra-
thecal injection of an NF-κB decoy markedly decreases
mechanical allodynia and thermal hyperalgesia induced
by protuberant NP [53]. Furthermore, in adjuvant-
induced arthritis (AIA) rats, we previously observed that
spinal NF-κB/p65 is mainly distributed in the dorsal
horn neurons and astrocytes, and it plays a critical role
in the initiation and development of both peripheral in-
flammation and inflammation-related hyperalgesia by
regulating the expression of inflammatory mediators,
such as TNF-α, IL-1β, and COX-2 [54]. In the current
study, we detected a significant attenuation of mechan-
ical allodynia and a decrease of inflammatory mediators
after the spinal injection of LV-shIL-33, which might be
associated with the inhibition of NF-κB/p65 in the spinal
dorsal horn.

Conclusions
Our findings indicate that the analgesic effect of LV-shIL-
33 might be mediated at least in part by the prevention of
neuronal, astrocytic, and oligodendrocytic IL-33 expres-
sion and the subsequent downregulation of inflammatory
mediators and inhibition of the ERK, JNK, and NF-κB/p65
pathways. Thus, these findings may bring new evidence
for a novel treatment option of radicular pain caused by
intervertebral disk herniation.
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