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Abstract
It has been shown that interleukin-1β (IL-1β) facilitates nociception during neuropathic and
inflammatory pain, but its involvement in bone cancer pain and its mechanisms have not previously
been established. This study is an investigation of IL-1β spinal expression and the NMDA receptor
(NMDAR) NR1 subunit phosphorylation during cancer pain, co-localization of IL-1 receptor type I
(IL-1RI) and NMDAR in the spinal cord, and the effects of IL-1 receptor antagonist (IL-1ra) on NR1
phosphorylation and hyperalgesia in a rat model of bone cancer pain. Cancer was induced by injecting
AT-3.1 prostate cancer cells into the tibia of the male Copenhagen rat. Phosphorylation of NR1, an
essential subunit of the NMDAR, is known to modulate NMDAR activity and facilitate pain.
Mechanical hyperalgesia, established by a decrease in paw withdrawal pressure threshold (PWPT),
was measured at baseline and 2 hr after IL-1ra treatment. IL-1ra was given (i.t.) daily for 7 days
between days 13 and 19 after the cancer cell inoculation. Spinal cords were removed for western blot
to measure IL-1β and NR1 phosphorylation and for double immunostaining of IL-1RI and NR1. The
data showed that 1) spinal IL-1β was up-regulated and NR1 phosphorylation was increased, 2) IL-1ra
at 0.1 mg/ rat significantly (P<0.05) inhibited mechanical hyperalgesia, increasing PWPT on day 14
from 71.1 ± 3.1 to 85.3 ± 4.6 grams and on day 19 from 73.5.0 ± 3.5 to 87.1 ± 3.7 grams, and inhibited
NR1 phosphorylation compared to saline control, and 3) IL-1RI is localized in NR1-immunoreactive
neurons within the spinal cord. The results suggest that spinal IL-1β enhances NR1 phosphorylation
to facilitate bone cancer pain.
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1. Introduction
Cancer pain is extremely disruptive to patient quality of life. It has been reported that 30-50%
of all patients in the early stages of cancer and 70-90% of patients with advanced cancer
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experience substantial and intractable pain during their lifetimes (Foley, 1999, Portenoy and
Lesage, 1999). Bone cancer pain is the most common cancer-related pain (Banning et al.,
1991, Mercadante, 1997, Reale et al., 2001). Bone metastases have been identified at autopsy
in up to 90% of patients dying from prostate cancer (Rana et al., 1993, Bubendorf et al.,
2000) and 85% of those dying from breast or lung cancer (Nielsen et al., 1991). Our recent
studies demonstrate that bone cancer, induced by injecting AT-3.1 prostate cancer cells into
the tibia of the male Copenhagen rat, results in a significant up-regulation of spinal interleukin
(IL)-1β and that intrathecal (i.t.) IL-1 receptor antagonist (IL-1ra) significantly inhibits bone
cancer-caused hyperalgesia (Zhang et al., 2005, Zhang et al., 2007).

IL-1β is known as an inflammatory mediator of peripheral immune responses. Recent studies
suggest that glial cell-produced IL-1β facilitates transmission and processing of noxious inputs
at the spinal level (Watkins et al., 2003, Raghavendra et al., 2004). IL-1β is reportedly up-
regulated in the spinal cord during inflammatory (Samad et al., 2001, Raghavendra et al.,
2004) and neuropathic pain (Winkelstein et al., 2001, Raghavendra et al., 2003). IL-1ra
produces anti-allodynic effects in rat models of neuropathic (Milligan et al., 2001, Sweitzer et
al., 2001) and inflammatory pain (Zhang et al., 2008). IL-1β also reportedly produces increased
activity in dorsal horn neurons (Reeve et al., 2000) and enhances NMDAR-mediated increase
of inward current and intracellular Ca2+ (Viviani et al., 2003, Yang et al., 2005). Further,
inflammation-induced IL-1β enhances phosphorylation of NR1, an essential subunit of
NMDAR, to facilitate transmission of nociceptive inputs in inflammatory pain models (Guo
et al., 2007, Zhang et al., 2008).

We hypothesized that IL-1β also increases NR1 phosphorylation in spinal cord neurons to
facilitate bone cancer-induced pain. In the present study, we evaluated up-regulation of spinal
IL-1β and spinal NR1 phosphorylation and the effects of IL-1ra on spinal NR1 phosphorylation
and pain in a rat model of bone cancer pain. We also determined that IL-1 receptor type I
(IL-1RI) is co-localized with NR1 in the spinal cord.

2. Experimental Procedures
2.1 Experimental design

Male Copenhagen rats weighing 200-220g (Harlan) were kept under controlled conditions (22°
C±0.5°C, relative humidity 40-60%, 7 am to 7 pm alternate light-dark cycles, food and water
ad libitum). The animal protocols were approved by the Institutional Animal Care and Use
Committee at the University of Maryland School of Medicine.

The present study consisted of the following three experiments. Experiment 1, Effects of bone
cancer on IL-1β expression and NR1 phosphorylation: Rats were divided into bone cancer and
sham cancer by injecting AT-3.1 prostate cancer cells or vehicle (Hank's solution) into the tibia
(n=6 per group). On day 19, by which time cancer rats showed significant hyperalgesia in our
previous study, the lumbar4-5 spinal cord was removed for measuring IL-1β and
phosphorylated NR1 with western blot. Experiment 2, Effects of Anakinra (also called Kineret),
a recombinant, non-glycosylated version of human IL-1ra, on spinal NR1 phosphorylation and
mechanical hyperalgesia: Cancer rats, each surgically fitted with an i.t. catheter, were divided
into IL-1ra treatment (n=6) and vehicle control (n=6) groups. Anakinra (Amgen Inc, Thousand
Oaks, CA) blocks the biologic activity of naturally occurring IL-1 by competitively inhibiting
the binding of IL-1 to the IL-1 type I receptor. Its plasma half-life is four to six hours. A single
intrathecal injection of IL-1ra (100 μg/2 μl per rat) or saline was given daily for 7 days,
beginning on day 13 and ending on day 19 after inoculation. Mechanical hyperalgesia, a
decrease in paw withdrawal pressure threshold (PWPT), was assessed on day 0 for baseline
and on day 12 to confirm the development of hyperalgesia. It was also assessed two hours post-
drug on days 14 and 19 to determine the accumulated inhibitory effect of IL-1ra on IL-1beta.
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We did not test mechanical hyperalgesia daily to avoid potential confounding effect of daily
testing. After the behavioral test on day 19, the spinal cord was removed to measure
phosphorylated NR1 by western blot. The investigators performing the behavioral tests and
western blot were blind to the treatment assignments. Experiment 3, Co-localization of IL-1RI
with NR1 in the spinal cord. The spinal cord was removed from naive rats, sham rats, cancer
rats, IL-1ra-treated cancer rats and vehicle-treated cancer rats (n=3 per group) for double
staining of IL-1RI and NR1 to determine whether IL-1RI is localized in NMDAR-containing
neurons and to determine whether bone cancer alters the expression profile of IL-1RI and NR1
on day 19 after induction of bone cancer and whether IL-1ra treatment changes the expression
profile of IL-1RI and NR1.

2.2 Intrathecal Cannulation
Rats were prepared for i.t. injection under pentobarbital sodium anesthesia (50 mg/kg i.p.)
(Zhang et al., 2004). The atlanto-occipital membrane was exposed, and a 7.0-cm length of
PE-10 tubing was inserted into the subarachnoid space through a slit made in the membrane.
The catheter was advanced to the level of the lumbar spinal cord and filled with saline
(approximately 7-10 μl), and the outer end was plugged. At the end of the experiments, the
location of the distal end of the catheter was verified when the spinal cord was removed.

The animals were allowed to recover for seven days after the operation prior to cancer cell
implantation into the tibia. Ten percent of animals showed gross signs of motor impairment
and were excluded from the study.

2.3 Cell culture and implantation
Detailed procedures for cell culture and cancer cell implantation into the tibia have been
described previously (Zhang et al., 2005). The AT-3.1 prostate cancer cell line, obtained from
American Type Culture Collection (ATCC, Rockville, MD), was maintained in T-75 plastic
flasks (Corning Glass), grown in RPMI 1640 medium (Sigma) supplemented with 250 nM
dexamethasone and 10% fetal bovine serum (Sigma), and cultured in a water-saturated
incubator in 5% CO2:95% air. Cells were detached using a trypsin solution containing 0.05%
trypsin and 0.02% EDTA and collected by centrifuging 10 ml of medium for 3 min at 1,200
rpm. The resulting pellet was washed twice with 10 ml of calcium- and magnesium-free Hank's
solution and re-centrifuged for 3 min at 1,200 rpm. The final pellet was diluted to a final
concentration of 3×105 cells/10 μl Hank's solution for injection and kept on ice until injection.

The cells were surgically implanted following induction of anesthesia with sodium
pentobarbital (45 mg/kg, i.p.). One leg of each rat was shaved. The skin was disinfected with
7% tincture of iodine and 70% ethanol, and a 1-cm long rostrocaudal incision was made in the
skin over the upper medial half of the tibia. The tibia was carefully exposed and pierced with
a 23-gauge needle 5 mm below the knee joint medial to the tibial tuberosity. A 10 μl volume
of prostate cancer cells (3×105 cells) or vehicle (Hank's solution only) was injected into the
bone cavity with a 50 μl Hamilton syringe. After a 2-min delay while the cells filled the space
in the bone cavity, the syringe was removed and the injection site was closed using bone wax
(Ethicon). The muscle was stitched and the skin wound was closed using 3–0 silk thread. Each
rat was monitored for general condition and changes in body weight during the 19-day
experiment; none showed weight loss.

2.4 Mechanical hyperalgesia
The rats were tested for mechanical hyperalgesia by determining the nociceptive PWPT with
a Paw Pressure Analgesia Instrument (Ugo Basile, Italy) (Zhang et al., 2005). The minimum
paw pressure (in grams) that elicited paw withdrawal was defined as PWPT. A cut-off of 250
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g was employed. Mean PWPT was established by averaging the values of four consecutive
tests separated by intervals of 30 sec.

2.5 Western blot
Western blot was used to examine IL-1β and phosphorylated NR1. On day 19 post-cancer cell
implantation, rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
immediately decapitated. After laminectomy, the lumbar4-5 spinal cord was separated along
the midline posterior spinal vein into ipsilateral and contralateral portions and then removed.
Since our previous study demonstrated that IL-1β is up-regulated ipsilaterally but not
contralaterally (Zhang et al., 2005), we used only the ipsilateral portion. Tissues were was
homogenized in protein extraction buffer containing: 50 mM Tris–HCl, pH 8.0, 150 mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA), 1% NP40, 0.5% sodium dodecyl sulfate
(SDS), 1% deoxycholic acid, 2.5 μg/ml aprotinin, 2 μg /ml leupetin, 2 μg /ml pepstatin A, 25
mM NaF, and 1 mM Na3VO4. After centrifuging at 14000 rpm for 10 min at 4°C, the
supernatant containing the proteins was collected. Protein concentration was determined using
the Bio-Rad Protein Assay. Equal amounts of proteins were mixed with loading buffer. After
boiling for 10 min, the proteins were fractionated on a 4-20% (w/v) SDS-PAGE and transferred
onto a polyvinylidine difluoride (PVDF) membrane (Bio-Rad) with a Trans-Blot Cell System
(Bio-Rad). The membrane was blocked for 1 h at room temperature with 5% BSA in PBS
containing 0.1% Tween 20 and then incubated overnight at 4°C with phosphor-NR1 antiserum
(Serine 896, 1:1000, Upstate) or IL-1β antibody (1:1000, Endogen). After washing with TBS
buffer (20 mM Tris, 150 mM NaCl, pH 7.4), membranes were incubated for 1 h at room
temperature with goat anti-rabbit horseradish peroxidase-conjugated IgG (1:3000; Upstate)
diluted in 3.0% (w/v) BSA in TBS buffer. The immunoreactivity of the proteins on the
membrane was visualized using the chemilluminescence detection system (ECL, Amersham).
Autoradiograms were digitized, and densitometric quantification of immunoreactive bands was
carried out using Scion NIH Image 1.60. The membranes were then incubated in stripping
buffer (100 μM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris [pH 6.7]) at 50°C for 30 min and
re-probed with β-actin antibody (1:5000, Sigma) as a loading control.

2.6 Immunofluorescence
Rats were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and immediately
perfused transcardially with 4% paraformaldehyde (Sigma) in 0.1 M phosphate buffer (PB) at
pH 7.4. The lumbar4–5 spinal cord was removed, immersed in the same fixative for 2 h at 4 °
C, and transferred to 30% sucrose (w/v) in PB saline (PBS) for overnight cryoprotection. Thirty
micron-thick sections were cut on a cryostat, rinsed in PBS, blocked in PBS with 10% normal
donkey serum for 60 min and incubated overnight at room temperature with a mixture of rabbit
polyclonal IL-1RI (1:500, Santa Cruz) and goat polyclonal NR1 (1:100, Santa Cruz). After
three 10-min washings in PBS, sections were incubated in a mixture of CY3-congugated
donkey anti-rabbit (1:000, Jackson ImmunoResearch Laboratories) and CY2-conjugated
donkey anti-goat (1:200) for 1 h at room temperature. The stained sections were mounted on
gelatin-coated slides, coverslipped with aqueous mounting medium (Biomeda Corp., CA), and
examined under a Nikon fluorescence microscope. Control sections were similarly processed,
except that the primary antisera were omitted, which yielded no staining.

2.7 Statistical analyses
Data from the behavioral tests were presented as Mean ± SE and analyzed using repeated
measures analysis of variance (ANOVA) followed by post-hoc Scheffé's multiple comparisons
(Statistical Analysis System). Western blot data were analyzed with one-way ANOVA
followed by the Scheffé's multiple comparison procedure. P<0.05 was set as the level of
statistical significance.
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3. Results
3.1 Bone cancer induced IL-1β up-regulation and NR1 phosphorylation

Fig. 1 and 2 show the relative levels of IL-1β and phosphorylated-NR1, respectively, in the
spinal cord in bone cancer rats and sham control. IL-1β was significantly (P<0.05) up-regulated
in cancer rats compared to that of sham control (Fig. 1). The levels of phosphorylated NR1
were also significantly (P<0.05) higher in cancer rats than in sham control (Fig. 2). This
suggests that bone cancer induced increases of IL-1β expression and NR1 phosphorylation.

3.2 IL-1ra attenuated mechanical hyperalgesia and NR1 phosphorylation
Figure 3 shows the effect of IL-1ra on PWPT in bone cancer rats. Before prostate cancer cell
inoculation of the tibia, there were no significant differences in overall mean baseline PWPT
to noxious mechanical stimuli between two groups of rats or between PWPT of the left and
right hind paws. Statistical analysis revealed that cancer cell inoculation of the tibia induced a
significant (P<0.05) PWPT decrease in ipsilateral hind paws compared to contralateral hind
paws on days 14 (71.1 ± 3.1 vs 83.9 ± 4.5 grams) and 19 (73.5 ± 3.5 vs 85.7 ± 2.5 grams) after
inoculation. The IL-1ra treatment significantly (P<0.05) increased PWPT of ipsilateral hind
paws on day 14 (85.3 ± 4.6 vs 71.1 ± 3.1 grams) and 19 (87.1 ± 3.7 vs 73.5 ± 3.5 grams)
compared to vehicle saline, but had no significant effect on the contralateral hind paws. These
data demonstrated that bone cancer induced a significant and progressive mechanical
hyperalgesia and that IL-1ra significantly alleviated the mechanical hyperalgesia of the
ipsilateral paws (Fig. 3).

Fig. 4 shows the effects of IL-1ra (100 μg/2 μl per rat, i.t.) treatment on NR1 phosphorylation
in the spinal cord. Phosphorylated NR1 levels were significantly (P<0.01) higher in vehicle-
treated rats than in IL-1ra-treated rats, indicating that IL-1ra inhibited spinal cord NR1
phosphorylation during bone cancer pain. In other words, up-regulated endogenous IL-1β
facilitated the phosphorylation of spinal NR1.

3.3 IL-1RI was localized in NMDAR-containing neurons
Double immunofluorescence labeling demonstrated that NR1- and IL-1RI-immunoreactive
neurons are distributed in the spinal dorsal horn (laminae I-VI) and co-localized in some spinal
cord neurons in these laminae. As shown in Fig. 5, some neurons are single labeled for either
NR1 or IL-1R1 while some are labeled for both (Figs. 5F and 5I). Bone cancer and Il-1ra
treatment did not result in any significant changes in NR1 and IL-1RI expression in the lumbar
spinal cord.

4. Discussion
The present study shows that spinal IL-1β is significantly up-regulated in rats with bone cancer.
The data are consistent with previous reports that spinal IL-1β is up-regulated during
inflammatory (Sweitzer et al., 1999, Samad et al., 2001, Watkins et al., 2003, Raghavendra et
al., 2004) and neuropathic pain (Raghavendra et al., 2003). It also shows that the levels of
phosphorylated NR1 are significantly higher in bone cancer rats than in sham cancer rats. The
data are consistent with previous reports that NR1 is phosphorylated during neuropathic pain
(Gao et al., 2005, Ultenius et al., 2006) and inflammatory pain (Zou et al., 2000, Zhang et al.,
2008). Because i.t. IL-1ra significantly inhibited neuropathic pain (Milligan et al., 2001,
Sweitzer et al., 2001) and inflammatory pain (Zhang et al., 2008) as well as blockage of NR1
phosphorylation significantly reversed neuropathic pain (Gao et al., 2005) and inflammatory
pain (Lee et al., 2004), our data suggest that both IL-1β and phosphorylated NR1 are involved
in bone cancer-induced pain perception.
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The present study further demonstrates that IL-1ra attenuates bone cancer-induced pain. The
behavioral test is consistent with aforementioned reports on neuropathic and inflammatory
pain. It demonstrates that IL-1β is involved in the spinal transmission and processing of noxious
inputs from the peripheral bone cancer area and that it facilitates bone cancer-induced pain.
Additionally, IL-1ra significantly inhibited the bone cancer-induced NR1 phosphorylation,
indicating that up-regulated IL-1β enhances NR1 phosphorylation, which is consistent with
previous reports that IL-1β enhances the NMDAR-mediated increase of inward current and
intracellular Ca2+ (Viviani et al., 2003, Yang et al., 2005). Since NR1 phosphorylation plays
a critical role in the transmission of noxious inputs in the spinal cord, IL-1β enhancement of
NR1 phosphorylation may contribute to bone cancer-induced pain, and the ability of IL-1ra to
attenuate pain may be linked to IL-1ra inhibition of NR1 phosphorylation. However, we do
not exclude the possibility that IL-1β may facilitate pain through other signal transduction
pathways. For instance, i.t. IL-1β also increases phosphorylation of p38 mitogen-activated
protein kinase (p38 MAPK) and results in hyperalgesia (Sung et al., 2005). IL-1β may facilitate
pain through a variety of signal transduction pathways.

Double immunofluorescence labeling shows that IL-1RI and NR1 are co-localized in spinal
neurons. This co-existence suggests that IL-1β may modulate NMDA receptors to influence
pain transmission. A prior study demonstrated that chelerythrine chloride, a protein kinase C
(PKC) inhibitor, blocked the capsaicin-enhanced NR1 phosphorylation of NR1 on serine 896
in the spinal cord, suggesting that NR1 phosphorylation is catalyzed by PKC (Zou et al.,
2004). A recent in-vitro study demonstrated that IL-1β-induced NR1 phosphorylation was
blocked by the PKC inhibitor, chelerythrine (Guo et al., 2007). It further demonstrated that
phospholipase C (PLC) inhibitor, phospholipase A2 (PLA2) inhibitor and a membrane-
permeable IP3 (inositol 1,4,5-trisphosphate) receptor antagonist blocked the IL-1β-induced
NR1 phosphorylation (Guo et al., 2007). Since PLC and PLA2 are involved in PKC activation,
this study suggests that the PLA2 and PLC downstream effectors, including IP3-induced-
intracellular Ca2+ release, may activate PKC that in turn catalyze NR1 phosphorylation (Guo
et al., 2007). Since activation of NMDA receptors located in presynaptic fibers also contributed
to pain (Parada et al., 2003), the possibility that IL-1β directly or indirectly influences NR1
phosphorylation in presynaptic fibers to facilitate pain warrants further study.

In conclusion, the present study demonstrates that IL-1ra attenuates bone cancer pain and
inhibits NR1 phosphorylation, suggesting that spinal IL-1β enhances NR1 phosphorylation to
facilitate bone cancer pain.
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Fig. 1.
A: IL-1β up-regulation, revealed with western blot, 19 days after the cancer cell inoculation.
β-actin was used as a loading control. B: Note that cancer cell inoculation of tibia significantly
increased IL-1β level compared to vehicle injection (n=6 per group). *P<0.05 vs sham control,
which was arbitrarily set as 100%.
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Fig. 2.
A: NR1 phosphorylation during bone cancer pain. B: Note that intra-tibial cancer cell
inoculation increased NR1 phosphorylation compared to vehicle injection (n=6 per group). P-
NR1: phosphorylated NR1; *P<0.05 vs sham control, which was arbitrarily set as 100%.
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Fig. 3.
Effects of IL-1ra on bone cancer-induced mechanical hyperalgesia. IL-1ra (100 μg/2 μl per rat,
i.t.) was given daily for 7 days on days 13-19 following cancer cell inoculation of the tibia.
IL-1ra (n=6) significantly suppressed the cancer-induced mechanical hyperalgesia compared
to vehicle control (n=6 per group). #P<0.05 compared to contralateral paws; *P<0.05 compared
to vehicle ipsilateral paw; Ipsi: ipsilateral; contra:contralateral.
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Fig. 4.
A: Effect of IL-1ra treatment on NR1 phosphorylation. B: Note that IL-1ra markedly decreased
NR1 phosphorylation compared to vehicle (n=6 per group). *P<0.05 vs vehicle, which was
arbitrarily set as 100%.
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Fig. 5.
Microphotographs showing distribution and co-localization of NR1 and IL-1R1 in lumbar
spinal dorsal horn neurons. Sections were double-labeled with anti-IL-1R1 (red) and anti-NR1
(green). A: Localization of IL-1R1 in dorsal horn. B: Localization of NR1 in dorsal horn. C:
Co-localization of NR1 and IL-1R1. D: Localization of IL-1R1 in lamina V. E: Localization
of NR1 in lamina V. F: Co-localization of NR1 and IL-1R1 in lamina V neurons. G:
Localization of IL-1R1 in superficial laminae. H: Localization of NR1 in superficial laminae.
I: Co-localization of NR1 and IL-1R1 in superficial laminae neurons. Arrows indicate double-
labeled NR1/IL-1R1 neurons (yellow); arrowheads indicate single-labeled NR1 (green) and
IL-1R1 (red) neurons. Scale bars represent 40 μm.
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