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Astrocyte activation in the periaqueductal
gray promotes descending facilitation
to cancer-induced bone pain through
the JNK MAPK signaling pathway
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Kang An3, Mingjuan Liu2, Qianying Liu3, Houshen Deng2,
Qiuli He2, Bing Huang2, Jianqiao Fang1, and Ming Yao2

Abstract

Descending nociceptive modulation from the supraspinal structures has an important role in cancer-induced bone pain

(CIBP). Midbrain ventrolateral periaqueductal gray (vlPAG) is a critical component of descending nociceptive circuits; nev-

ertheless, its precise cellular and molecular mechanisms involved in descending facilitation remain elusive. Our previous

study has shown that the activation of p38 MAPK in vlPAG microglia is essential for the neuropathic pain sensitization.

However, the existence of potential connection between astrocytes and c-Jun N-terminal kinase (JNK) pathway in CIBP has

not yet been elucidated. The following study examines the involvement of astrocyte activation and upregulation of p-JNK in

vlPAG, using a CIBP rat model. Briefly, CIBP was mimicked by an intramedullary injection of Walker 256 mammary gland

carcinoma cells into the animal tibia. A significant increase in expression levels of astrocytes in the vlPAG of CIBP rats was

observed. Furthermore, stereotaxic microinjection of the astrocytic cytotoxin L-a-aminoadipic acid decreased the mechan-

ical allodynia as well as established and reversed the astrocyte activation in CIBP rats. A significant increase in expression

levels of p-JNK in astrocytes in vlPAG of CIBP rats was also observed. Moreover, the intrathecal administration of JNK

inhibitors SP600125 reduced the expression of glial fibrillary acidic protein, while microinjection of the SP600125 decreased

the mechanical allodynia of CIBP rats. These results suggested that CIBP is associated with astrocyte activation in the vlPAG

that probably participates in driving descending pain facilitation through the JNK MAPK signaling pathway. To sum up, these

findings reveal a novel site of astrocytes modulation of CIBP.
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Introduction

Cancer-induced bone pain (CIBP) is one of the most

common symptoms observed in patients with primary

and metastatic bone cancer which significantly impacts

the patients’ quality of life.1,2 Clinically, CIBP mecha-

nisms are complex and may involve a combination

of inflammatory responses and neuropathic pain.3

Nevertheless, the specific cellular and molecular mecha-

nisms underlying CIBP remain unclear. Accordingly,

there is an urgent need to explore new targets for the

therapeutic intervention.
Preclinical studies have demonstrated that hyperalge-

sia and allodynia are associated with the activation of

descending modulatory circuits involving descending
facilitation.4–6 These pathways include the activation
of descending pain nociceptive systems from the
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periaqueductal gray (PAG)7 and rostral ventromedial
medulla (RVM).8,9 The ventrolateral portion of the
PAG (vlPAG) is a core component of the descending
nociceptive system which projects to the RVM.10–14

Although numerous studies have shown that vlPAG
has an important role in descending pain 15,16,17–19 the
precise underlying cellular and molecular mechanisms
involved in descending facilitation remain elusive and
need to be further investigated.

Recent progress in research on pain has indicated that
glial cells such as microglia and astrocytes at supraspinal
sites become reactive in chronic pain conditions and in
turn contribute to the activation of descending modula-
tory circuits.7–9 Accumulating evidence demonstrates
that the activation of JNK, a member of the mitogen-
activated protein kinases (MAPK) family, induces the
production of proinflammatory cytokines in spinal
astrocytes after peripheral inflammation, nerve injury,
or CIBP.20–22 In our previous studies,7 we have con-
firmed a contribution of astrocyte activation in the
vlPAG that participates in driving descending pain facil-
itation of neuropathic pain. Due to considerable mech-
anistic differences between nerve injury and CIBP, we
investigated whether CIBP by intramedullary injection
of Walker 256 mammary gland carcinoma cells into the
tibia is capable of causing astrocyte activation in the
vlPAG, and to determine whether this astrocyte activa-
tion contributes to descending facilitation.

Materials and methods

Animals

Female adult Sprague-Dawley (SD) rats, eight weeks
old, weighing 190–220 g were obtained from
Experimental Animal Center of Zhejiang Chinese
Medicine University, China. All the animals were
raised in plastic cages (five rats in one cage) and
housed in an environment with temperature of 22
� 1�C, relative humidity of 50� 1% and a light/dark
cycle of 12/12 h. Animals had access to food and water
ad libitum. In addition, all animal studies (including the
rat euthanasia procedure) were done in compliance with
the regulations and guidelines of Zhejiang Chinese
Medicine University institutional animal care and were
conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and
the IASP guidelines for pain research. Best efforts were
exerted to minimize the amount of animals use and
their suffering.

The experimental protocol was divided into six parts:

1. Bone cancer pain model was established and validat-
ed. Rats were randomly divided into CIBP and sham
(injection heat-killed Walker 256 cell) group (n¼ 10/

group). Paw withdrawal threshold (PWT) of the ipsi-
lateral hind paw was observed one day before and 6,
12, and 18 days post-surgery. Next, additional 20 rats
were randomly divided into five groups (n¼ 4/group):
naı̈ve, sham, 6, 12, and 18 days post-surgery group.
The bone cancer pain model was examined by radi-
ography and immunochemistry.

2. It was determined whether the astrocytes and JNK
MAPK activation occurred in the vlPAG of CIBP-
treated rats. Briefly, 56 rats were randomly divided
into seven groups (n¼ 8/group): naı̈ve, CIBP (6, 12,
18 d) and sham (6, 12, 18 d) groups. After each time
point, rats were anesthetized and then perfused with
fixative. The tissue samples were analyzed using
immunohistochemistry (n¼ 4) or Western blot/real
time polymerase chain reaction (RT-PCR) (n¼ 4).

3. It was determined whether the astrocytes activation
contributes to the development of enhanced pain after
tumor cell inoculation. Rats were randomly divided
into four groups: ShamþVeh (n¼ 18), CIBPþVeh
(n¼ 18), CIBPþLAA 100 (n¼ 18), and CIBPþLAA
1 (n¼ 10) groups. Twelve days after tumor cell inoc-
ulation, the rats received a continuous vlPAG micro-
injection of either saline (Veh) or LAA 100 nmol. In a
separate group, 6 days after injection of LAA or Veh,
rats were anesthetized and then perfused with fixative.
The tissue samples were analyzed using immunohis-
tochemistry (n¼ 4) or Western blot/RT-PCR (n¼ 4).

4. It was determined whether p-JNK MAPK is present
in vlPAG glial cells and neurons. Tissue sections from
day-12 surgery animals were labeled with fluorescent
marker for p-JNK MAPK and colabeled with OX-42
(microglial marker), glial fibrillary acidic protein
(GFAP; astrocytic marker), or NeuN (neuro-
nal marker).

5. A specific role of PAG JNK in the maintenance of
bone cancer pain was examined. Briefly, a JNK inhib-
itor (SP600125) was microinjected once a day, at three
different dosages. Rats were randomly divided
into six groups: ShamþVeh (n¼ 14), CIBPþVeh
(n¼ 14), CIBPþSP 50 (n¼ 14), CIBPþSP
10 (n¼ 10), CIBPþSP 2 (n¼ 10), and ShamþSP 50
(n¼ 10) groups. Twelve days after cell inoculation,
rats received a continuous vlPAG microinjection of
either salineþ5%DMSO (Veh) or SP (50, 10, and
2 nmol) (n¼ 10). In a separate group, 4 days after
injection of SP or Veh, rats were anesthetized and
then perfused with fixative. Tissue samples were ana-
lyzed using Western blot (n¼ 4).

6. Examine the association between tumor cell
inoculation-induced astrocytes activation and JNK
MAPK phosphorylation within the vlPAG. Rats
were randomly divided into three groups (n¼ 8/
group). From day 12 post-surgery, a specific p-JNK
MAPK inhibitor SP (or Veh) was injected into the
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vlPAG of CIBP rats. On day 16, CIBP rats were

euthanized and their tissues were further analyzed

using GFAP Western blot (n¼ 4) and immunohisto-

chemistry (n¼ 4).

Preparation of cells

The Walker 256 mammary gland carcinoma cells

(Institute for Biomedical Research of Shanghai, China)

were cultured in RPMI-1640 medium containing 10%

fetal bovine serum, streptomycin (100 U/ml), and peni-

cillin (100 U/ml) in a humidified atmosphere containing

5%CO2/95% air at 37�C.
Cells were washed three times in 0.1 M sodium phos-

phate buffer saline (PBS) and resuspended in 1 ml at a

density of 2� 107 cells/ml. Cells were then injected into

the abdominal cavities of young female SD rats (weigh-

ing 60–80 g). The cancerous ascites developed after 6–7

days. The ascites were washed with sterilized PBS

by centrifugation in 10 ml of medium for 3min at

2000 r/min for three times. The resulting pellet was resus-

pended in PBS and then diluted to a final concentration

of 1� 105 cells/10 ll. The cell suspension was kept on the

ice until injection.

Bone cancer model

Injection protocol of Walker 256 mammary gland carci-

noma cell was performed as previously described (see

“Preparation of cells” section). Briefly, rats were sub-

jected to anesthesia using chloral hydrate (300 mg/kg,

i.p.). Then, a superficial incision was made to expose

the tibial plateau. A 30-gauge needle was inserted into

the bone cortex, and a light depression was made using a

50-ll microinjection. Consequently, 1� 107 cells (10 ll)
heat-killed Walker 256 cell or 1� 107 cells (10 ll) Walker

256 cells were injected into the medullary cavity of the

tibia, corresponding to control rats or tumor-bearing

rats. Afterward, the injection site was sealed with a med-

ical glue followed by copious irrigation with sterile

saline. The wound was then closed by medical glue.

Assessing the extent of bone destruction

Radiology. The rats were radiographed at 6, 12, and

18 days after inoculation to verify cancer development

in the tibia. After the rats were anesthetized with pento-

barbital sodium (50 mg/kg, i.p.), the hind limbs were

placed on X-ray firm (Kodak, Italy) and exposed to

X-ray for 1/20 s at 40 kVp. The images were taken

from sham rats and CIBP rats.

Histochemical staining. Rats tibia were embedded in paraf-

fin after demineralizing in EDTA (10%) for 2–3 weeks;

10-lm sections were cut and stained with Harris’

hematoxylin and eosin to verify malignant cell infiltra-

tion and bone destruction.

Behavioral testing

The general health of the animals was evaluated daily.
The body weight was measured at 0, 6, 12, and 18 days

post-injection, in both sham rats and CIBP rats. Animals

were familiarized with the testing environment daily for

at least two days before baseline testing. Then, the rats

were placed on a wire-mesh floor covered with a plex-

iglass chamber (20� 10� 10 cm) and allowed at least 30

min for habituation. A set of VonFrey monofilaments

(BME-404, Institute of Biological Medicine, Academy of
Medical Science, China) was used to test the mechanical

PWTs as previously described. The monofilaments were

held against the plantar surface of the hind paw until the

rats withdrew the paw or licked the feet. After five con-

secutive tests at 10-s intervals, the values were averaged

to yield a PWT. PWT was measured prior to surgery and

on days 6, 12, or 18 post-surgery, as well as at various

time points after microinjection.

vlPAG cannulation

Rats were anesthetized with 2% to 3.5% isoflurane using

a gas mixture of 25% O2 balanced with nitrogen and

were placed in a stereotaxic apparatus (RWD Life

Science Co., China) according to our previous reports.

After infiltration of lidocaine (2%) into the scalp, a

1.5-cm midline incision was made. The underlying

tissue was retracted with hemostats to expose the skull.
A 7-mm stainless steel guide cannula (23-gauge) was

implanted into the unilateral vlPAG (7.6 mm posterior

to bregma, 0.6 mm lateral from the midline, and 5.8 mm

beneath the surface of the skull).23 A dummy cannula

(28-gauge stainless steel wire) was inserted into the guide

cannula to reduce the incidence of infection and clog-

ging. Rats were given at least five days to recover before

experimentation. Drugs (0.5ll) were administered
through a 28-gauge injection cannula extending 0.5mm

beyond the tip of the guide cannula. The injection can-

nula remained in place for an additional 2 min to pre-

vent the backflow of the drug after completion of drug

infusion. The microinjection of drug was administered at

8 a.m. daily, which was 30 min before the behavioral

test. At the termination of the experiments, cannulation

sites in the vlPAG were verified histologically for proper

placement; only data from rats with correctly placed
injections were included in the analysis (Figure 1).

Animals were then subjected to intra-vlPAG microinjec-

tion with the following inhibitors: L-a-aminoadipic acid

(LAA 100 nmol or 1 nmol, Sigma, USA) was dissolved

in 1 M HCl and then diluted in sterile 0.9% saline; the

JNK inhibitor SP600125 (2, 10, and 50 nmol, Sigma, USA)
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was dissolved in 5% dimethyl sulphoxide (DMSO) and

then diluted with 0.9% saline. The vehicle group rats

underwent identical procedures with injection of 0.5

ll 5% DMSO in sterile 0.9% saline. Doses employed

were selected according to the results of our pilot studies.

Immunohistochemistry

Under deep anesthesia with chloral hydrate (500 mg/kg,

intraperitoneally), the rats were transcardially perfused

with 250 ml of saline (0.9% NaCl) followed by 300 ml

cold (4�4) 0.1 M phosphate buffer (PB, PH 7.4) contain-

ing 4% paraformaldehyde. The brain tissue between

�6.96 and �8.52 mm caudal to bregma23 which con-

tained the PAG was then removed, post-fixed in the

same fixative for 4–6 h at 4�t, then immersed in cryopro-

tective 30% sucrose in PB for 24–48 h at 4�t. PAG cor-

onal sections were cut with the vibratome to a thickness

of 30 lm. All the sections were blocked with 5% donkey

serum at room temperature (RT) for 1 h, then incubated

at 4�t overnight with one of the following primary

antibodies: rabbit anti-GFAP (1:1500 dilution,

Abcam), rabbit anti-Iba-1 (1:300, Wako), or mouse

anti-phospho-JNK MAPK (1:1000, Cell Signaling

Technology). Following three, 10-min rinses in 0.1 M

PBS, the sections were incubated with Cy3-conjugated

donkey anti-rabbit secondary antibody solution (1:400,

Jackson immunolab) or donkey anti-mouse secondary

antibody solution (1:400, Abcam) at RT for 1 h, then

washed with PBS. For double immunofluorescence

staining, PAG sections were incubated overnight at 4�t
with a mixture of the following antibodies: Mouse anti-

p-JNK and rabbit anti-Iba-1 (1:300, Wako), Mouse anti-

p-JNK and rabbit anti-GFAP (1:1500, Abcam), and

Mouse anti-p-JNK and rabbit anti-NeuN (1:200,

Millipore). This was followed by 1.5 h incubation at

RT with a mixture of Cy3-conjugated donkey anti-

mouse antibody and FITC donkey anti- rabbit antibody

(1:200, Santa Cruz). All sections were cover slipped with

30% glycerin in 0.01 M PBS, then examined with a
Nikon Confocal fluorescence microscope. The stained

sections were analyzed by Image Pro-plus 6.0 (Image

Pro-Plus Kodak, USA) and images were captured with

a CCD Spot camera. The specificity of immunostaining

was verified in the absence of primary antibodies.

Western blot analysis

Following anesthesia with isoflurane, rats were sacrificed
by decapitation. Then, 2-mm thick coronal slice of the

mesencephalon between �6.96 and �8.52 mm caudal to

bregma was collected. Radial segments corresponding to

the ipsilateral vlPAG were dissected under a stereomi-

croscope with the boundaries that were defined follow-

ing anatomical criteria.24 The vlPAG tissue was

harvested, immediately frozen in liquid nitrogen, and

stored at �80�C. Samples were then homogenized in

lysis buffer containing 150 mM NaCl, 20 mM Tris-
HCl (PH 7.6), 1 mM EDTA, 1% NP-40, 1 mM phenyl-

methanesulfonyl fluoride, protease inhibitor cocktail

(Sigma, St. Louis, MO), and phosphatase inhibitor cock-

tail (Sigma). The lysates were centrifuged at 15,000 r/min

for 15 min at 4�C, and the supernatant was then

removed. Protein concentration was determined using

a bicinchoninic acid assay (Pierce, Rockford, IL). Each

sample containing 30 lg of protein was separated on a
10% sodium dodecyl sulfate polyacrylamide gel electro-

phoresis and blotted on to a nitrocellulose membrane

(Bio-Rad). The membranes were blocked with 5%

nonfat dry milk in tris-buffered saline containing 0.1%

Tween-20 for 3 h at RT. The following primary anti-

bodies were used to probe the blots: Mouse anti-JNK

(1:4000, Cell Signaling Technology), Mouse anti-p-JNK

(1:4000, Cell Signaling Technology), and rabbit anti-
GFAP (1:2500, Abcam), respectively. For loading con-

trol, the blots were incubated with GAPDH antibody

(1:20000, mouse, Sigma). All the blots were incubated

overnight at 4�C with primary antibody. Bound primary

antibodies were detected following incubation at RT

for 1 h with the appropriate horseradish peroxidase-

conjugated anti-rabbit or anti-mouse secondary anti-

body (1:10000, Jackson immunolab). Immunoreactive

(IR) bands were detected by using enhanced chemilumi-
nescence (Thermo Scientific) and exposed to X-ray films.

GAPDH served as a loading control monitor.

Real-time polymerase chain reaction

Total RNA was extracted from vlPAG (the method of

dissection is consistent with WB experiment mentioned

Figure 1. A representative photomicrograph of a coronal slice
(vlPAG) stained with red fluorescent stain. The arrow indicates the
tip position of the cannulation sites and the circle shows the site of
injection. Scale bars¼ 100 lm. Aq: aqueduct.
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above) with the Trizol reagent (Invitrogen, Carlsbad,
CA). One microgram of total RNA was converted into
cDNA using PrimeScript RT reagent kit (Takara, Otsu,
Shiga, Japan). The cDNA was amplified using the fol-
lowing primers: GFAP forward 50- AGA AAA CCG
CAT CAC CAT TC -30, reverse 50- GCA CAC CTC
ACA TCA CAT CC -30; p-JNK forward 50- CGG
AAC ACC TTG TCC TGA AT -30, reverse 50- GAG
TCA GCT GGG AAA AGC AC -30; and GAPDH for-
ward 50- TCT CTG CTC CTC CCT GTT C -30, reverse
50- ACA CCG ACC TTC ACC ATC T -30. The PCR
was performed using a 2720 thermal cycler (Applied
Biosystems). The SYBR Premix Ex Taq II kit (Takara)
was used for all PCR reactions. The PCR reactions were
run on a Rotor-Gene 6000 RT-PCR machine (Corbett
Research, Mortlake, Australia). The melting curves were
performed to validate the utility and specificity of each
PCR product. The data were analyzed using Rotor-Gene
6000 series software and evaluated using the compara-
tive CT Method (2�DDCT).

Statistical analysis

SPSS version 20.0 was used to determine the statistical

significance. Results were expressed as mean� standard

deviation. When only two groups were compared,

Student’s t test was used. Differences between groups

were compared using one-way analysis of variance

(ANOVA) or two-way repeated measures ANOVA fol-

lowed by Bonferroni’s. P< 0.05 was considered statisti-

cally significant.

Results

Radiological, behavioral, and histochemical analysis of

tumor development in rat tibia

Tibia destruction by tumor was examined by radiogra-

phy. No structural destruction was observed in naı̈ve

group and sham group (Figure 2(a) and (b)). In contrast,

radiological analysis revealed minute bone trabecula

Figure 2. Radiological, behavioral, and histochemical analysis of tumor development in the right tibia. On day 18 after inoculation, intact
bone was observed in both naı̈ve group (a) and sham-operated rats (b); while mild (c) and evident (c and d) bone destruction were
observed in the CIBP group on 6th, 12th, and 18th day post-surgery, respectively. (f) The ipsilateral PWT progressively decreased from day
6 to day 18 in CIBP rats. Sham group rats showed no significant change in pain sensitivity. Data were expressed as mean� SEM. n¼ 10 rats
in each group (***P< 0.001; vs. Baseline, ###P< 0.001; vs. Sham group). (g) The body weight was gradually increased in both sham rats and
BCP rats during an 18-day observation period. (h) Hematoxylin and eosin staining of the right tibia showed that bone marrow spaces were
infiltrated with malignant tumor (see the arrow) on day 18 after Walker 256 cell inoculation.
CIBP: cancer-induced bone pain.
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defects in the proximal epiphysis six days after tumor cell
inoculation (Figure 2(c)). Further deterioration was
detected at 12 days post-surgery with full thickness uni-
cortical bone loss (Figure 2(d)). In addition, full-
thickness, bicortical, bone loss, as well as cortical
destruction and soft tissue tumors were observed at
day 18 after cell injection (Figure 2(e)).

All rat groups exhibited similar baseline hind PWT to
mechanical stimulation (vonFrey filaments) (P> .05; vs.
Sham group; ANOVA; n¼ 10; Figure 2(f)). PWT of the
ipsilateral hind paw progressively decreased compared
with sham rats on day 6 of CIBP (F3, 54¼ 192.6,
***P< 0.001; vs. Baseline; two-way repeated measures
ANOVA; n¼ 10; Figure 2(f)). With the progression of
bone cancer, a significant decrease in PWT of the ipsi-
lateral hind paw was observed in CIBP rats compared
with sham rats between 6 and 18 days post-surgery
(F1,18¼ 471.6, ###P< 0.001; vs. sham group; two-way
repeated measures ANOVA; n¼ 10; Figure 2(f)). These
results suggested the development of mechanical allody-
nia in the inoculated hind paw.

In addition, during the 18-day observational period,
all rats showed general good health and mild increase in
body weight in both sham group and CIBP group
(Figure 2(g)). On day 18 after tumor cell inoculation, a
malignant tumor infiltration in the bone marrow spaces
was observed by histological analysis (Figure 2(h)), while
bone destruction was not observed in the sham or vehicle
group animals (data not shown).

Increase of vlPAG GFAP expression in CIBP rats

Astrocytes are the most abundant cells in the CNS. Our
previous studies have demonstrated that astrocyte acti-
vation contributes to descending facilitation of neuro-
pathic pain.7 To examine whether the astrocyte
expression in vlPAG, immunofluorescence labeling was
used to detect GFAP in naive, sham-operated, and
tumor inoculated rats. In naive and sham-operated
rats, astrocytes appeared to be in a resting state showing
even spacing at vlPAG sections (Figure 3(b) and (c)).
Compared to naive and sham groups, vlPAG sections
exhibited increased GFAP immunostaining along with
morphological changes that were hypertrophic with
thick, more processes and increased density of GFAP
staining (Figure 3(d) to (f)). The expression of GFAP
progressively increased, by reaching the maximum
levels on day 18 following Walker 256 cells inoculation
(Figure 3(d) to (f)).

The findings were additionally confirmed by Western
blot and RT-PCR. Western blot analysis showed a
significant expression of PAG astrocyte protein on
days 6–18 (F6,21¼ 171.2, ***P< 0.001; vs. Naive
group; one-way ANOVA; n¼ 4; Figure 3(g)), while no
changes were observed in naive and sham animals

(P> 0.05; vs. Naive group; ANOVA; n¼ 4; Figure 3
(g)). In addition, RT-PCR and the number of GFAP
IR cells revealed a parallel and significant increase in
PAG GFAP mRNA at 6, 12, and 18 days in CIBP ani-
mals (F4, 15¼ 56.61, ***P< 0.001; vs. Naive group; one-
way ANOVA; n¼ 4; Figure 3(h); F4, 15¼ 77.15,
***P< 0.001; vs. Naive group; one-way ANOVA;
n¼ 4; Figure 3(i)).

Tumor-induced hypersensitivity and GFAP expression
is reversed by astrocyte cytotoxin

To determine whether astrocyte hyperactivation in the
vlPAG could ameliorate the CIBP, 0.5 ll astrocytic cyto-
toxin L-a-aminoadipate (LAA 100 nmol or 1 nmol) was
microinjected into the vlPAG once per day for a total of
seven days. On the 12th day post-surgery, CIBP rats
showed mechanical allodynia represented by significant
reductions in paw withdrawal threshold. The injection
of LAA (100 nmol) into the vlPAG of naive rats did
not produce detectable behavioral changes relative to
the baseline values (data not shown). Compared
with CIBPþ veh group, micro-administration of LAA
significantly elevated the PWTs of the CIBP rats in
a dose-dependent manner (F3,36¼ 1758, ***P< 0.001
vs. CIBPþVeh group; ###P< 0.001, ##P< 0.01 vs.
CIBPþLAA 1 nmol group; two-way ANOVA; n¼ 10;
Figure 4(d)), which effect started at postoperative day
(POD) 14, two days after the beginning of LAA treat-
ment. The analgesic effect of LAA (100 nmol) was still
observed at POD 20, two days after the treatment was
stopped. Yet, the effect of LAA (1 nmol) at lower dos-
ages lasted only for 24 h after drug withdrawal.

To identify whether the analgesic effect of LAA (100
nmol) was mediated by its influence on the astrocytes in
vlPAG, we further examined the expression of GFAP
(astrocyte marker) on POD 18 in various groups
(Figure 4(a) to (c)). Based on the immunofluorescent
staining analysis, the GFAP immunoreactivity
was barely observed in Sham rats receiving vehicle
(Figure 4(a)), while a significant increase in GFAP pos-
itive cells was observed in the rats receiving vehicle fol-
lowing tumor cell inoculation (Figure 4(b)). Intra-
vlPAG microinjection of LAA reduced the number of
GFAP positive cell (F2,9¼ 57.41, ***P< 0.001; vs.
ShamþVeh; ###P< 0.001; vs. CIBPþVeh; one-way
ANOVA; n¼ 4; Figure 4(c) and (f)). The immunofluo-
rescence data were further confirmed in Western blot
analysis (F2,9¼ 58.39, ***P< 0.001; vs. ShamþVeh;
###P< 0.001; vs. CIBPþVeh; one-way ANOVA; n¼ 4;
Figure 4(e)). All these results suggested that vlPAG
astrocyte activation has an important role in maintain-
ing the hypersensitivity in CIBP.

At the same time, we examined the effect of LAA on
microglial function on POD 18 in the vlPAG in CIBP
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model. The Iba1 immunoreactivity was barely observed

in Sham rats receiving vehicle (Figure 4(g)), while a sig-

nificant increase in Iba1 positive cells was observed in

the rats receiving vehicle on POD 18 (Figure 4(h)). In

addition, the intra-vlPAG microinjection of LAA did

not block tumor cell inoculation-induced enhancement

of Iba1 expression (F2,9¼ 80.16, ***P< 0.001; vs. Shamþ
Veh; one-way ANOVA; n¼ 4; Figure 4(i) and (k)).

The immunofluorescence data were further confirmed
by Western blot (F2,9¼ 44.42, ***P< 0.001; vs. Shamþ
Veh; one-way ANOVA; n¼ 4; Figure 4(j)).

Tumor cell inoculation induces significant upregulation
of astrocytic pJNK in vlPAG

To explore the role of pJNK in CIBP, we examined the
JNK activation in vlPAG at different time points after

Figure 3. Time-course-dependent hyperactivation of astrocytes in the VL-PAG after inoculation. (a) Low-power view of the PAG. The
dotted lines show the location of the VL-PAG. The rectangle represents the location of photomicrographs (b to f) showing GFAP
immunostaining in the VL-PAG of naive rats, sham rats, and at 6, 12, and 18 days after inoculation. (g) Western blot analysis of changes in
GFAP protein levels over time in the VL-PAG (***P< 0.001 vs. naı̈ve group; n¼ 4). (h and i) RT-PCR and the number of GFAP immu-
noreactive cells revealed a parallel and significant increase in PAG at 6, 12, and 18 days in CIBP model (***P< 0.001 vs. naı̈ve group, n¼ 4).
Scale bars¼ 100 lm. Aq: aqueduct; VL-PAG: ventrolateral periaqueductal gray; GFAP: glial fibrillary acidic protein; GAPDH: glyceraldehyde
3-phosphate dehydrogenase.
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Figure 4. Tumor cell inoculation-induced hypersensitivity and GFAP expression are reversed by astrocyte cytotoxin. Midbrain sections
obtained from Sham rat injections of Veh (a) or CIBP and receiving microinjections of Veh (b) or 100 nmol of LAA (c) in the PAG were
labeled with GFAP for immunofluorescent visualization of astrocytes. (d) LAA or Veh were administered once a day on POD 12 to 18.
Compared with CIBPþ veh group, microadministration of LAA significantly elevated the PWTs of the CIBP rats in a dose-dependent
manner (***P< 0.001 vs. CIBPþVeh group; ###P< 0.001, ##P< 0.01 vs. CIBPþLAA 1 nmol group; n¼ 10). (e) PAG tissues were collected
1 h after the last injection. The WB shows continuous VL-PAG injection of LAA reversed the upregulation of GFAP in CIBP rats. GAPDH
was used as a loading control (***P< 0.001 vs. ShamþVeh; ###P< 0.001 vs. CIBP þVeh; n¼ 4 for each group). (f) The numbers of cells
showing GFAP in each group is quantified (***P< 0.001 vs. ShamþVeh; ###P< 0.001 vs. CIBP þVeh; n¼ 4 for each group n¼ 4). Midbrain
sections obtained from Sham rat injected with Veh (g) or CIBP rats microinjected with Veh (h) or 100 nmol LAA (i) in the PAG were
labeled with Iba1 for immunofluorescent visualization of microglia. (j and k) Intra-vlPAG microinjection of LAA did not block tumor cell
inoculation-induced enhancement of Iba1 expression. Scale bar: 100 lm. Aq: aqueduct; CIBP: cancer-induced bone pain; LAA; L-a-ami-
noadipic acid.
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inoculation. Compared with naı̈ve group (Figure 5(a)),
tumor injection on day 12 resulted in a significant
increase of pJNK immunoreactivity in vlPAG
(Figure 5(c)); which was indicated by increased density
of IR staining in high-magnification images (Figure 5
(d)). In addition, there was no significant difference in
pJNK expression in PAG between Sham Saline
(Figure 5(b)) and naı̈ve (Figure 5(a)) groups. These find-
ings were confirmed by Western blot. The pJNK and
JNK levels in vlPAG of CIBP rats on days 6, 12, and
18 were examined. It was found that tumor injection
induced pJNK/JNK increase on days 12 and 18 after
inoculation (F6,21¼ 173.3, ***P< 0.001; vs. naı̈ve
group; one-way ANOVA; n¼ 4; Figure 5(e)), while no
significant changes were observed on day 6 group, and
naive and sham rats (P>0.05; vs. Naive group; ANOVA;
n¼ 4; Figure 5(e)). pJNK activation was further mea-
sured with PT-PCR. pJNK mRNA persistently
increased in vlPAG on days 12 and 18 in rats with
tumor inoculation (F4,15¼ 20.82, ***P< 0.001; vs.
naı̈ve group; one-way ANOVA; n¼ 4; Figure 5(f)),
while no significant changes were found on day 6 in
sham group (P>0.05; vs. Naive group; ANOVA; n¼ 4;
Figure 5(f)).

To detect the cellular localization of pJNK expression
in vlPAG, double immunofluorescence staining with
antibodies against pJNK and the microglial specific
marker OX42, the neuronal marker NeuN, or the astro-
cytic specific marker GFAP were performed, respective-
ly. Briefly, no colocalization was observed between
pJNK and OX42 (Figure 6(a) to (c)) or between pJNK
and NeuN (Figure 6(d) to (f)), which suggested that
neither neurons nor microglia express pJNK in vlPAG
12 days after inoculation. However, all pJNK-positive
cells were GFAP positive astrocytes (Figure 6(g) to (i)).

Inhibition of tumor-induced mechanical allodynia in
the maintenance phase by JNK inhibitor

To confirm a specific role of vlPAG JNK in the mainte-
nance of bone cancer pain, JNK inhibitor (SP600125)
was microinjected once a day at different dosages;
changes in PWT were observed 60 min after administra-
tion, from POD 13 to POD 16. Tumor cell inoculation
induced significant mechanical allodynia as shown in the
CIBPþVeh group (Veh is 5% DMSOþ normal saline).
Compared to CIBPþVeh group, microinjection of
2 nmol/0.5 ll SP600125 did not influence PWT
(P>0.05 vs. CIBPþVeh group; two-way ANOVA;
n¼ 10; Figure 7(a)). Administration of 10 nmol/0.5ll
and 50 nmol/0.5 ll SP600125 elevated PWT significantly
(F5,54¼ 1104, ***P< 0.001 vs. CIBPþVeh group; two-
way ANOVA; n¼ 10; Figure 7(a)). Furthermore, a
higher dose of SP600125 (50 nmol/0.5 ll) apparently
elevated PWT (F5,54¼ 1104, ###P< 0.001 vs. CIBPþ

SP 10 nmol/0.5 ll group; two-way ANOVA; n¼ 10;
Figure 7(a)). Nevertheless, neither high (50 nmol/0.5 ll)
nor lower doses (10 and 2 nmol/0.5 ll, data not shown)
of SP600125 changed the basal threshold in the sham-
operated group (P> 0.05 vs. ShamþVeh group; two-way
repeated measures ANOVA; n¼ 8; Figure 7(a)). To sum
up, these results demonstrate that the injection of
SP600125 (50 and 10 nmol/0.5 ll) produces an effective
and reliable anti-allodynia effect in a dose-dependent
manner on CIBP.

To determine whether the JNK pathway is inhibited
by SP600125, the midbrain tissue was collected after
behavioral testing (1 h after drug injection, at POD 16)
and examined the phosphorylation of JNK. The level of
pJNK protein showed a significant increase in CIBP rats
treated with Veh compared with the sham rats treated
with Veh (F2,9¼ 120.2, ***P< 0.001; vs. ShamþVeh
group; one-way ANOVA; n¼ 4; Figure 7(b)). After
vlPAG microinjection of SP600125 (50 nmol/0.5 ll) in
CIBP rats, pJNK protein level was significantly lower
compared with that in the CIBP rats that received the
Veh injection (F2,9¼ 120.2, ###P< 0.001; vs. CIBPþVeh
group; one-way ANOVA; n¼ 4; Figure 7(b)). These
results further indicated that JNK activation occurs
within the vlPAG during tumor cell inoculation-
induced mechanical allodynia.

Effects of microinjection SP600126 on tumor-induced
astrocytic expression

To determine whether the activation of JNK in the
vlPAG contributes to astrocyte activation, the effect of
the specific pJNK inhibitor SP600125 on expression of
GFAP in the vlPAG of CIBP rats was further analyzed.
Drug or vehicle was microinjected once a day from POD
12 to POD 16. Immunohistochemistry data revealed that
the expression of GFAP were significantly higher in
CIBP rats treated with Veh compared to sham rats
treated with Veh in vlPAG on day 16 (F2, 9¼ 99.8,
***P< 0.001; vs. ShamþVeh group; one-way ANOVA;
n¼ 4; Figure 8(a), (b), and (e)). Following injection
SP600125 on days 12, 13, 14, 15, and 16, there was a
striking decrease in the number of GFAP IR cells in
CIBP rats compared with BCP rats that received Veh
on days 12, 13, 14, and 15 (F2, 9¼ 99.8, ##P< 0.01; vs.
CIBPþVeh group; one-way ANOVA; n¼ 4; Figure 8(b),
(c), and (e)).

The findings were further confirmed by Western blot.
GFAP protein levels significantly increased in CIBP rats
treated with Veh compared with those of Veh-treated
sham rats (F2, 9¼ 166.3, ***P< 0.001; vs. ShamþVeh
group; one-way ANOVA; n¼ 4; Figure 8(d)). In com-
parison with CIBP rats treated with Veh, microinjection
of SP600125 into the vlPAG significantly decreased the
protein levels of GFAP 16 days after inoculation
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Figure 5. Tumor cell inoculation induces time-dependent activation of JNK in PAG. (a and b) Expression levels of pJNK in the PAG in
naı̈ve groups and Sham-Saline. (c) Upregulation of pJNK in PAG on postoperative day 12. (d) A high magnification image from the rectangle
area of C shows a high density of pJNK-immunoreactive staining in PAG after inoculation. (e) Western blot results show an increase of
pJNK/JNK in the PAG after tumor inoculation on days 12–18. pJNK expression gradually increased from day 12 to day 18; (***P< 0.001;
vs. naı̈ve group; n¼ 4) (f) Real-time PCR revealed a persistent pJNK upregulation in PAG from day 12 to day 18; *** indicates a statistically
significant difference (P< 0.001) vs. naive group. Four rats in each group. Scale bars: 100 lm in (c), (d), and (e), 20 lm in (d).
Aq: aqueduct; CIBP: cancer-induced bone pain; JNK: c-Jun N-terminal kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase;
mRNA: messenger RNA.
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(F2,9¼ 166.3, ###P< 0.001; vs. CIBPþVeh group; one-

way ANOVA; n¼ 4; Figure 8(d)).

Discussion

Currently, the management of CIBP, which severely influ-

ences the quality of life in cancer patients, remains far

from satisfactory.3 CIBP animal model, established by

injecting Walker 256 cells into the tibia, has permitted

scientists to elucidate the pathophysiological processes

through which cancer produces pain.25 In the present
study, we used the same model to demonstrate that
CIBP regulates the activation of astrocytes in the
vlPAG. Repetitive microinjection of the astrocyte
cytotoxin L-a-aminoadipate into the vlPAG
decreased behavioral signs of mechanical hyperalgesia/
allodynia in a dose-dependent manner and inhibited the
activation of astrocytes in the vlPAG. In addition, phos-
phorylation of JNK MAPK somewhat mediated the
behavioral signs of CIBP, as repetitive microinjection of

Figure 6. Cellular localization of pJNK expression in PAG after tumor cell inoculation. High-magnification images showing double
immunofluorescent histochemical staining with OX-42 and pJNK (a to c), with NeuN and pJNK (d to f), or with GFAP and pJNK (g to i).
Scale bar: 50 lm.
Aq: aqueduct; GFAP: glial fibrillary acidic protein; JNK: c-Jun N-terminal kinase.
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the JNK MAPK inhibitor SP600125 into the vlPAG
decreased the mechanical allodynia. The activation of

astrocyte JNK MAPK may be partly responsible for

the behavioral expression of hyperesthesia due to CIBP,
as the continuous microinjection of SP600125 into the

vlPAG decreased GFAP labeling of vlPAG tissue. The
results of the present investigation indicate that tumor

cell inoculation induces astrocyte activation in the

vlPAG, and that activated astrocyte JNK in vlPAG
may contribute to enhanced pain, probably through the

activation of descending facilitation from the PAG.
In past decades, converging lines of effort have been

dedicated to investigating the endogenous pain modulat-

ing system.10,11,26,27 PAG, one of the core components of
the descending pain modulatory system, has been proved

to project to the RVM and the spinal cord.12,28 It is now
acknowledged that the PAG, a central component of the

descending system, is an integral part of pain signal
inhibitory and facilitatory processing, particularly in

chronic pain.13 Also, the vlPAG has shown to be an

essential component of the neural substrate mediating
pain modulation.4,5,14,19,29 Despite a growing number

of evidence indicating a role vlPAG has in descending
pain modulation, the precise underlying cellular and

molecular mechanisms involved in descending modulat-

ing remain elusive.
Growing evidence has demonstrated that astrocyte

cells in spinal cord contribute to the maintenance of
inflammatory and neuropathic pain.30–35 Due to differ-

ences in animal species, sexes, and the origins of tumor

cells, there is a large variation in spinal astrocytic reac-
tion in CIBP. Astrocytic activation has been frequently

demonstrated in a vast majority of rat and mouse bone
cancer pain models36–39 despite a recent report from

Ducourneau et al.40 which showed no increase in
GFAP and S100b in female SD rats injected with

MRMT-1 cells. These studies have focused on their
roles at the peripheral and spinal levels and on the acti-
vation of astrocyte cells in supraspinal structures.

Attention in mounting number has been paid to the acti-
vation of astrocyte cells in supraspinal structures. For

example, activated astrocytes were found in RVM after
chronic constriction injury (CCI) of the rat infraorbital

nerve,9 peripheral inflammation pain induced by carra-
geenan,8 bone cancer pain,41 and in PAG following CCI

of the sciatic nerve.42–44

Our previous study7 has shown that astrocyte cells in

the vlPAG are also involved in the neuropathic pain
mediated descending pain facilitation. What’s more, we

attempted to reduce supraspinal astrocytic activation
and to correlate such inhibition of astrocytic activation
with changes in neuropathic pain. However, whether the

activated astrocytes in vlPAG is involved in the devel-
opment of bone cancer pain, which is an intricate symp-

tom comprising the similar syndrome of inflammatory
and neuropathic pain, remains unknown. It is also

debated whether a sequent activation of spinal microglia
and astrocytes occur in CIBP just like inflammatory and

neuropathic pain. Unexpectedly, in the present study, we
found that tumor cell inoculation may induce vlPAG

Figure 7. Effects of microinjection JNK inhibitor on tumor cell inoculation-induced mechanical allodynia. (a) Tumor cell inoculation
induced significant mechanical allodynia as shown by von-Frey tests. Administration of 50 nmol/0.5 ll SP600125 did not change the normal
pain threshold of the sham operated group. Injection of (50 nmol/0.5 ll, 10 nmol/0.5 ll SP600125 showed an effective and reliable anti-
allodynia effect in a dose-dependent manner on CIBP, whereas, injection of 2 nmol/0.5 ll SP600125 did not influence pain threshold after
inoculation at all. Drugs were given once a day from POD 12 to POD 16. ***P< 0.001, compared with that of CIBPþVeh group.
###P< 0.001, compared with that of CIBPþSP 10 nmol group. There were 10 rats in each group (SP600125:SP). (b) VL-PAG injection
of SP600125 reversed upregulation of pJNK in CIBP. ***P< 0.001 vs. ShamþVeh, ###P< 0.001 vs. CIBPþVeh (n¼ 4 in each group).
CIBP: cancer-induced bone pain; JNK: c-Jun N-terminal kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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astroglial activation after six days. These data were fur-

ther verified by Western blot and PT-PCR analysis,

which showed elevated expression of GFAP proteins

and mRNA on days 6–18 after cell inoculation. These

results suggested that astrocyte in the vlPAG have an

important role in induction and maintenance of CIBP.

Furthermore, our results are consistent with a previous

research45 that suggests that bone cancer induces rapid

and persistent astrocytic activation in spinal cord on

days 7–21. Continuous intra-vlPAG astrocyte cytotoxin

reduced the development of bone cancer-induced allody-

nia and hyperalgesia and inhibited hyperactive astro-

cytes without microglial disruption in the vlPAG. This

observation is also consistent with a recent study,9 which

indicated that fluorocitrate, a selective inhibition of

astrocytes, could be used to effectively inhibit the acti-

vation of astrocyte in CCI rats without apparent micro-

glial disruption in the RVM. To sum up, the above data

suggest that astrocyte activation in the vlPAG may pro-

mote descending facilitation to CIBP.

Among the multiple mechanisms of chronic pain, the

role of MAPK activation including ERK, p38, JNK,

and erk5 in central sensitization has been investigated

over recent years. Evidence indicates that JNK activa-

tion occurs at different times in different animal models.

For example, tumor cell inoculation may activate

JNK in spinal cord after 12 days; and the levels

remain elevated even after day 16 post-injection.46

CFA induces persistent increase (1–28 days) of pJNK

in both ipsilateral and contralateral spinal cord.22

Levels of p-JNK protein level in the ipsilateral spinal

cord after SNL may increase after 10 injections.21

Although growing numbers of articles have indicated

that spinal JNK activation is important in various pain

conditions,31,47–51 comparatively little is known of its

contribution to the vlPAG descending facilitatory

system. Even though the mechanical thresholds in the

present study were decreased on day 6 after tumor cell

inoculation, the pJNK levels in vlPAG did not change

compared to the naı̈ve group at the early stage (<6 day).

Figure 8. Suppression of GFAP expression by Intra-PAG JNK inhibitor. (a and b) There was a significant increase in the number of
GFAP-IR cells in PAG of CIBP model rats treated with Veh (b) compared with sham rats treated with Veh (a) on day 16. (c) Intra-PAG JNK
inhibitor provided a significant decrease of the GFAP positive cells in CIBP rats. (d and e) The number of GFAP immunoreactive cells and
Western blot analysis following VL-PAG injection of SP600125 in CIBP rats (n¼ 4). ***P< 0.001 vs. shamþVeh group; ###P< 0.001,
##P< 0.01 vs. CIBPþVeh group. Scale bar¼ 100 lm.
CIBP: cancer-induced bone pain; Aq: aqueduct; GFAP: glial fibrillary acidic protein; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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This suggested that pJNk on day 6 might not be the
relevant factor.

JNK has been found to be activated in spinal astro-
cytes but not in neurons or microglia after inflammatory
and neuropathic pain.21,22,49 In our study, after intra-
tibial inoculation with Walker 256 cells, increased
levels of pJNK were found on day 12 only in the astro-
cytes but not in neurons and microglia in vlPAG. These
findings suggest that the activation of astrocyte JNK
MAPK may contribute to the development of CIBP
through descending facilitation. Further investigations
are necessary to explore this mechanism.

Several studies have also found that JNK1 in spinal
astrocytes is required in inflammatory pain and neuro-
pathic pain condition.22,52 According to our results, both
pJNK1 and pJNK2 were increased in vlPAG on days
12–18, while continuous inhibition of JNK by SP600125
reduced the mechanical allodynia and astrocytic activa-
tion induced by CIBP surgery. These results further sup-
ported the concept that the activation of vlPAG
astrocytes may be regulated by the JNK pathway and
contribute to the development of CIBP, although the p-
JNK signals triggering astrocytic activation in the
vlPAG remain to be fully understood. In addition, the
results from the behavioral tests revealed that there was
no apparent influence of the intra-vlPAG of SP600125
on PWTs in the shamþSP group, indicating that
the administration of SP did not affect the basal
pain threshold.

In conclusion, the present study demonstrates that
CIBP activates astrocytes as well as pJNK MAPK in
astrocyte in the vlPAG. Microinjection of astrocyte
cytotoxin or JNK MAPK inhibitors reduces tumor-
induced mechanical allodynia. Western blot analysis
showed that intra-vlPAG inhibitor injections also
reverse or partially reverse astrocyte activation. Thus,
vlPAG astrocyte activation appears to contribute to
descending facilitation of CIBP development by activat-
ing the JNKMAPK signaling pathway. Additional stud-
ies are required to examine the effects of intracellular
related receptors. Even though our findings contributed
to solve a small part of this complex process, the precise
descending pain modulatory system mechanisms require
further research and confirmation.
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