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Abstract:

Background: It has been shown that spinal PKA/CREB signaling pathway is involved in neuropathic and inflammatory pain, but its

effects on bone cancer pain have not previously been investigated. The aim of this study was to examine the potential role of the spi-

nal PKA/CREB signaling pathway in the development of bone cancer pain.

Methods: A bone cancer pain model was made by inoculation of Walker 256 cells into the intramedullary space of rat tibia. Western

blot analysis examined the expression of PKAca (PKA catalytic subunit) and phospho-CREB (p-CREB) protein levels. The authors

further investigated effects of intrathecal treatment with H-89 (a PKA inhibitor, 8 nmol) or forskolin (a PKA agonist, 10 nmol) on no-

ciceptive behavior and the expression of PKAca and p-CREB.

Results: On days 6, 9, and 15 after inoculation, the expression of PKAca and p-CREB protein levels were higher in the bone cancer

pain rats compared to the sham rats. On day 9, intrathecal administration of H-89 significantly attenuated bone cancer-induced me-

chanical allodynia as well as upregulation of PKAca and p-CREB protein levels. These effects were completely abolished by in-

trathecal pretreatment with the PKA agonist forskolin.

Conclusion: The results suggest that the spinal PKA/CREB signaling pathway may participate in the development of bone cancer

pain. The findings of this study may provide an evidence for developing novel analgesics to block bone cancer pain.
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Introduction

Pain is the most common symptom in patients with

bone cancer [4, 10, 25], and it has a strong impact on

the quality of life. In particular, breakthrough pain is

difficult to control, and high-dose of strong opiods are

necessary as the bone cancer evolves [18, 24]. It has

been reported that 45% of patients with bone cancer

pain (BCP) have insufficient and under managed pain

control because of the relative lack of efficacy and ad-

verse side effects of current pharmacotherapy [3, 8,

14]. Thus, understanding the potential mechanisms

related to the bone cancer pain is needed for the de-

velopment of novel and more effective therapies to

treat this condition.
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Spinal dorsal horn neurons are believed to play an

important role in processing and relaying nociceptive

information to the brain [9]. There is a significant re-

organization of the spinal cord that received sensory

input from the cancerous bone [26]. The protein ki-

nase A (PKA) complex is composed of two catalytic

and two regulatory subunits. The regulatory subunits

bind cyclic adenosine monophosphate (cAMP) and

the catalytic subunits phosphorylate cAMP response

element binding protein (CREB) at Ser133 [16, 27].

In the spinal dorsal horn, activation of CREB may be

a key step in the development of activity-dependent

synaptic plasticity that ultimately leads to long-lasting

changes in cellular function [1, 22]. Numerous studies

have well documented that the activation of spinal

PKA/CREB pathway contributes to neuropathic and

inflammatory pain [20, 21, 31]. But, whether it is in-

volved in bone cancer pain has not been investigated.

In the present study, Walker 256 cells were implanted

into the intramedullary space of the rat tibia. The role

of spinal PKA/CREB signaling pathway in the devel-

opment of bone cancer pain was investigated.

Materials and Methods

Animals

All animal experimental protocols were approved by the

Institutional Animal Care and Use Committee of

Soochow University and complied with the National In-

stitutes of Health guidelines for Care and Use of Labora-

tory Animals (Publication No. 80–23, revised 1996).

Female Sprague-Dawley rats weighing 150 to 180 g were

used for this study. Animals were obtained from the

Shanghai Laboratory Animal Center, housed under a 12 h

light/dark schedule at room temperature (22 ± 2°C). Food

and water were supplied ad libitum. All experiments were

performed between 8:00 and 12:00 h to avoid diurnal

variation during behavioral tests.

Intrathecal cannula implantation and drug

preparation

Three days before intra-tibial inoculation of Walker

256 cells, under anesthesia with pentobarbital sodium

(50 mg/kg, ip), a PE-10 polyethylene catheter was in-

serted into the subarachnoid space between the L5

and L6 vertebrae and advanced by 1.5 to 2 cm to

reach the lumbar enlargement of the spinal cord. The

outer part of the catheter was then secured to the lum-

bosacral fascia and underlying muscles and the cathe-

ter was tunneled subcutaneously and externalized

through the skin in the neck region, according to the

method described previously [13, 17]. Rats were ob-

served for 3 days after catheter insertion and those

without any obvious change in movement were cho-

sen for study. To avoid occlusion of the catheter, 10 µl

of normal saline (NS) was given via a catheter on al-

ternate days until the end of the experiment. Three

days after catheter insertion, 2% lidocaine (10 µl) was

injected intrathecally to rats and those which showed

lower limb paralysis within 30 s indicated successful

catheterization.

H-89 (Sigma, USA) and forskolin (Sigma, USA)

were dissolved in 1% dimethyl sulfoxide (DMSO)

and intrathecally administered in a volume of 10 µl.

The doses of H-89 and forskolin were based on the re-

sults of preliminary experiments.

Preparation of Walker 256 mammary gland

carcinoma cells

Walker 256 tumor cells were kindly provided by the

Nanjing University of Traditional Chinese Medicine,

and cell cultures were prepared and grown as de-

scribed previously [23, 32]. In brief, Walker 256 tu-

mor cells were obtained from ascitic fluid of the peri-

toneal cavity, 6–7 days after intraperitoneal injection

of 1 × 107 carcinoma cells. Then, cells were collected

by centrifugation of 2 ml ascitic fluid for 3 min at

1,200 rpm. The pellet was washed with 10 ml Hanks’

solution and re-centrifuged for 3 min at 1,200 rpm.

Tumor cell suspension of 1 × 105 cells per 10 µl was

obtained by dilution with Hanks’ solution and kept on

ice until injection. In the sham group, Walker 256

cells were prepared in the same ultimate concentra-

tions for injection and boiled for 20 min.

Bone cancer pain model

The rat model of bone cancer pain was performed as

previously described [13, 32]. In brief, all animals

were anesthetized with ip injection of 50 mg/kg pen-

tobarbital sodium. The legs of rats were fixed using

clamps in a simple fixation apparatus, and the left

tibia was prepared for surgery. After disinfected with

70% v/v ethanol, a skin incision was made parallel to

the tibia to expose the tibial plateau. Using a 23 gauge
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needle drilled a hole in the tibia, then, the needle was

replaced with a 20 µl microinjection syringe contain-

ing the cells to be injected. A 10 µl volume of Walker

256 cells (1 × 105 cells) or boiled cells (sham group)

was injected into the bone cavity. To prevent leakage

of cells outside the bone, the injection site was closed

with medical glue. Finally, the wound was closed.

Measurement of mechanical allodynia

The 50% paw withdrawal threshold (PWT) to me-

chanical stimuli was measured by using the up-and-

down method [5]. In brief, rats were placed in individ-

ual plastic boxes (25 × 20 × 15 cm) on a metal wire

mesh floor for at least 15 min to adapt to the environ-

ment. A series of eight von Frey filaments (Stoelting,

Wood Dale, IL, USA) were used to deliver the stim-

uli. A trial began with the application of the 2.0 g von

Frey filament. The positive response was defined as

a withdrawal of hind paw upon the stimulus. When-

ever a positive response to a stimulus occurred, the

next smaller von Frey filament was applied, and

whenever a negative response occurred, the next

higher one was used. The testing consisted of five

more stimuli after the first change in response oc-

curred and the pattern of response was converted to

a 50% von Frey threshold using the method described

by Dixon [6]. The experimenter who measured behav-

ior was blinded to the animal treatment condition.

Western blot analysis

Animals were deeply anesthetized with intraperitoneal

injection of pentobarbital sodium (50 mg/kg) and de-

capitated, and the spinal dorsal horn (L4 and L5) was

rapidly dissected. The samples were homogenized in

RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% Triton

X-100; 1% sodium deoxycholate; 0.1% SDS; and

150 mM NaCl) plus the inhibitors of proteases. The ho-

mogenates were centrifuged at 13,000 × g for 10 min at

4°C to obtain the supernatant for western blot analysis.

Protein concentrations were determined using the

BCA Protein Assay Kit (Sigma). The equal amounts

of samples (50 µg) were subjected to SDS-PAGE gel

and transferred to polyvinylidene difluoride (PVDF)

membranes. After blocking with 5% dry milk in

PBST for at least an hour at room temperature, the

membranes were incubated overnight at 4°C with pri-

mary rabbit polyclonal anti-PKAca antibody (1 :

1,000; abcam), rabbit anti-phospho-CREB (pSer133)

antibody (1 : 1,000; Sigma) or mouse monoclonal

anti-b-actin antibody (1 : 5,000; Sigma). Membranes

were washed in PBST three times for 30 min, and

then incubated with HRP-conjugated secondary anti-

body. Proteins were detected with an ECL detection

system (GE Healthcare, China). Scanning densitome-

try was used for semiquantitative analysis of the data.

Band densities of PKAca and phosphorylated CREB

(p-CREB) to b-actin was calculated and normalized

to the intensity of the control samples.

Experiment 1: pain behavior over time

We observed the time course of changes in behavior

after tumor inoculated to the bone. The 50% paw

withdrawal threshold (PWT) to mechanical stimula-

tion was examined during a 15 days period: day 0 be-

fore inoculation and on days 3, 6, 9, and 15 after in-

oculation in both bone cancer pain (BCP) rats (n = 8)

and sham (n = 8) rats. The data measured on day 0

were regarded as baseline.

Experiment 2: measurement of PKAca and

p-CREB protein expression in spinal dorsal

horn of tumor-bearing rats

We used western blot analysis to detect the changes of

spinal PKAca and p-CREB protein levels on days 6,

9, and 15 after inoculation in both BCP rats and sham

rats (n = 5/group).

Experiment 3: effects of intrathecal injection of

H-89 or forskolin on pain behavior induced by

bone cancer pain

Forty bone cancer pain rats (on day 9 after inocula-

tion) were randomly divided into five groups (n = 8)

as follows: normal saline (NS), DMSO, H-89, forsko-

lin, and forskolin + H-89 group. The NS and DMSO

groups were intrathecally injected with NS and

DMSO, respectively. The H-89 and forskolin groups

were intrathecally injected with H-89 (8 nmol) and

forskolin (10 nmol), respectively. In the forskolin

+ H-89 group, forskolin (10 nmol) was intrathecally

injected 15 min prior to H-89 (8 nmol) injection.

Drugs for intrathecal administration were delivered in

a total volume of 10 µl, followed by 10 µl of saline to

flush the catheter. The PWT was measured at –15, 0,

15, 30, and 45 min after intrathecal injection of H-89.

The data measured before intrathecal administration

were regarded as baseline.
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Experiment 4: measurement of PKAca and

p-CREB protein expression in spinal dorsal

horn after intrathecal administration

The lumbar spinal dorsal horn (L4 and L5) was har-

vested at 1 h after the last injection. Western blot

analysis was used to examine the levels of PKAca and

p-CREB protein in different groups.

Statistics

The results are expressed as the mean ± SEM and ana-

lyzed using SPSS16.0 software (SPSS Inc., Chicago,

IL, USA). Data from the nociceptive test were ana-

lyzed using repeated measure (RM) ANOVA fol-

lowed by Bonferroni test. Data from western blot

were analyzed using one-way ANOVA followed by

Bonferroni test; p-values less than 0.05 were consid-

ered statistically significant.

Results

Pain behavior over time

All animals displayed general good health with no signs of

distress during the 15 days observation period. Rats with

tibia tumors after Walker 256 cells inoculation displayed

mechanical allodynia. Six days after Walker 256 inocula-

tion, a significant decrease of PWT to von Frey filaments

stimulation was observed in BCP rats compared with

sham rats. Subsequently, the PWT progressively de-

creased in the tumor-bearing rats (Fig. 1).

Measurement of PKAca and p-CREB protein

expression in spinal dorsal horn of tumor-

bearing rats

The expression of PKAca and p-CREB proteins was

significantly upregulated in BCP rats compared with

that of sham rats, as revealed by western blot analysis
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Fig. 1. Rats with tibia tumors after Walker 256 cells inoculation dis-
played mechanical allodynia. The paw withdrawal threshold (PWT) to
von Frey filaments progressively decreased on days 6, 9, and 15 (* p <
0.05, ** p < 0.01 vs. sham group, � p < 0.05, �� p < 0.01 vs. baseline
using RM ANOVA followed by Bonferroni test). Data were expressed
as the mean ± SEM, n = 8 rats in each group. BCP – bone cancer pain

Fig. 2. PKAca and p-CREB protein lev-
els were upregulated in bone cancer
pain rats. Band densities of PKAca
and p-CREB to b-actin were calcu-
lated, normalized to the intensity of the
sham samples. On days 6, 9, and 15
after inoculation, a statistically signifi-
cant increase of PKAca and p-CREB
protein levels was observed in bone
cancer pain rats compared to sham
rats (* p < 0.05, ** p < 0.01 vs. sham
group, � p < 0.05, �� p < 0.01vs. BCP
day 6 group using one-way ANOVA
followed by Bonferroni test). Data were
expressed as the mean ± SEM, n = 5
rats in each group



(Fig. 2). Compared with sham rats, spinal PKAca and

p-CREB protein levels were increased on day 6 after

inoculation, and continued to rise on days 9 and 15.

However, there was no statistical difference between

the expression on day 9 and day 15.

Effects of intrathecal injection of H-89 on pain

behavior induced by bone cancer pain

On day 9 after inoculation tumor, intrathecal injection

of H-89 significantly attenuated pain behavior in bone

cancer pain rats. At the 15 and 30 min time points after

the intrathecal administration of H-89 (8 nmol), the

PWT was significantly increased compared with

normal saline (NS) group. The effect was completely

abolished by intrathecal pretreatment with forskolin

(10 nmol). There were no significant differences

among group NS, DMSO, and forskolin group (Fig. 3).

Measurement of PKAca and p-CREB protein

expression in spinal dorsal horn after

intrathecal administration

Compared with the NS group, the PKAca and p-CREB

protein levels in H-89 group were significantly de-

creased at 1 h after intrathecal administration of H-89.

There were no significant differences in the PKAca

and p-CREB expression among group NS, DMSO,

forskolin + H-89, and forskolin (Fig. 4).

Discussion

Bone cancer pain is characterized by the presence of

allodynia, hyperalgesia, and spontaneous pain [2]. It

has been confirmed that bone cancer pain is different
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Fig. 3. Intrathecal H-89 attenuated pain behavior in bone cancer pain
rats, on day 9 after inoculation tumor. At the 15 and 30 min time points
after the intrathecal administration of H-89 (8 nmol), the PWT was sig-
nificantly increased compared with normal saline (NS) group. The ef-
fect was completely abolished by intrathecal pretreatment with
forskolin (10 nmol). There were no significant differences among
group NS, DMSO, and forskolin. Forskolin was intrathecally injected
15 min prior to H-89 injection. The data measured before intrathecal
administration were regarded as baseline. Up arrow indicates the
time of intrathecal injection of H-89. (* p < 0.05, ** p < 0.01 vs. NS
group, � p < 0.05, �� p < 0.01 vs. baseline using RM ANOVA fol-
lowed by Bonferroni test). Data were expressed as the mean ± SEM,
n = 8 rats in each group

Fig. 4. The effects of intrathecal H-89
on the expression of PKAca and p-
CREB protein levels in bone cancer
pain rats. The lumbar enlargement
segments of the spinal dorsal horn
were harvested at 1 h after last injec-
tion. Intrathecal administration of H-89
(8 nmol) could significantly decrease
the expression of PKAca and p-CREB
protein levels compared with NS group
(p < 0.01). There were no significant
differences in the PKAca and p-CREB
expression among group NS, DMSO,
FSK + H-89, and FSK. Band densities
of PKAca and p-CREB to b-actin were
calculated, normalized to the intensity
of the NS group. (** p < 0.01 vs. NS
group using one-way ANOVA followed
by Bonferroni test). Data were ex-
pressed as the mean ± SEM, n = 5 rats
in each group. FSK – forskolin



to other pain states such as inflammatory or neuro-

pathic pain [15]. Many previous studies have demon-

strated that the spinal PKA/CREB pathway plays an

important role in the development of pain induced by

inflammation and nerve injury [21, 31]. To investigate

whether the spinal PKA/CREB pathway is involved

in bone cancer pain, a rat model of bone cancer pain

using Walker 256 cells has been successfully estab-

lished [17]. Female rats are more susceptible to

Walker 256 mammary gland carcinoma cells and in

order to avoid sex-related influence on pain [7], there-

fore, we chose female rats before sex maturity

(150–180 g) in this study.

Intrathecal injection is a good method to observe

effects of drugs at the spinal level [11, 12]. We in-

trathecally administered H-89 and forskolin because

they do not easily cross the blood-brain barrier. The

doses of H-89 and forskolin were determined by pre-

liminary experiments. H-89 is an inhibitor of PKA.

As a serine/threonine protein kinase present in neu-

rons, PKA is activated by the raising of intracellular

cAMP levels in normal and pathological states.

Forskolin can activate the adenylate cyclase, which

results in increased cAMP levels in cells. In our study,

we found that the peak effect following intrathecal ad-

ministration of H-89 was approximately 15 min, and

the effect lasted for 1 h, which was consistent with

previous studies [28, 31].

It is well recognized that the PKA pathway is in-

volved in the processing of nociception in spinal cord.

Electrophysiological experiments in single dorsal root

ganglion or spinal cord neurons also demonstrated

that the PKA pathway plays an important role in the

modulation of neuronal excitability in response to

acute or chronic noxious stimulation [19, 33]. It is

well known that CREB is activated through phospho-

rylation by PKA. Phosphorylation of CREB is de-

manded for prolonged synaptic plasticity strengthen-

ing during central sensitization, and it was reported in

the transcription regulation of nociception-related

genes, such as enkephalin, dynorphin, and opioid re-

ceptors, during the activation of nociceptive neurons.

Our results showed that BCP significantly induced

mechanical allodynia as well as the upregulation of

spinal PKAca and p-CREB protein levels, at least for

15 days observation period. We found that intrathecal

administration of H-89 prevented the bone cancer-

related mechanical allodynia as well as upregulation

of PKAca and p-CREB levels. Those effects were

completely abolished by intrathecal pretreatment with

forskolin. These results suggest that the spinal

PKA/CREB signaling pathway may participate in the

development of bone cancer pain. These data are con-

sistent with previous reports that the activation of in-

tracellular PKA may contribute to the regulation of

p-CREB in central nociceptive neurons following pe-

ripheral painful stimuli [29, 30].

In summary, the present study demonstrated that

spinal PKA/CREB signaling pathway may participate

in the development of bone cancer pain. This will in-

crease understanding of bone cancer pain mechanisms

and provide an evidence for developing novel analge-

sics to block bone cancer pain.
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