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a b s t r a c t

In prior studies, models of inflammatory pain were produced through injecting complete Freund’s adju-
vant (CFA) or capsaicin directly into either the deep somatic tissue or the animal’s hind paw. In contrast,
bone cancer-induced pain (BCIP) was simulated through injecting tumor cells into the cavity of the femur
or the tibia. It has been reported that, due to differences in afferent innervation, the same stimulus to
various tissue types might result in differing patterns of pain response. Hence, the aim of this study is
to establish a rat model of bone inflammation-induced pain (BIIP) by injecting CFA into the tibial cavity,
the same site involved in the BCIP model. The differences in body weight, bone histology, mechanical
allodynia, thermal hyperalgesia, and the pain relieving effects of Celebrex on this model of BIIP were
evaluated. The results showed that there was evidence of significant inflammation seen in the bone mar-
elebrex
at

row two days after intra-tibial CFA injection, including nuclear condensation and fragmentation, massive
neutrophilic granulocytes, and prominent fibrinous exudates. Fourteen days after injection, marked fibro-
sis of the bone was detected by histological staining. After unilateral CFA injection, behavioral studies
showed mechanical allodynia to von Frey hair stimulation, but no thermal hyperalgesia was observed.
Celebrex showed significant anti-allodynic effects on the BIIP model. The results demonstrated that CFA
is an effective agent for inducing bone inflammation and subsequent pain-related behavior in rat models,

tical
and, thus, provides a prac

n addition to the neuropathic component, tumor-induced inflam-
ation is considered to be another important ingredient in

evelopment of cancer-induced pain (CIP) [2,13,29]. Previous
esearch on inflammatory pain and CIP has provided a basis
or understanding the particular neurochemical and behavioral
spects of CIP [10,24,26]. In one example, protein kinase C�, cal-
itonin gene-related peptide, substance P and its receptor in the
pinal cord were all significantly increased in complete Freund’s
djuvant (CFA)-induced inflammatory pain in mice. Notably, rather
han displaying these neurochemical changes, a mouse model of
arcoma bone cancer-induced pain (BCIP) displayed massive astro-
yte hypertrophy and increased neuronal expression of c-Fos and
ynorphin [26]. Behaviorally, the morphine dose required to block

one cancer-related pain is significantly higher than that required
o block inflammation-related pain of comparable magnitude both
n clinical and animal experiments [24]. All of these suggest that
here is a fundamental difference in the mechanisms underlying
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and valuable contrast for BCIP research.
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BCIP and inflammatory pain. This distinction elucidates some of
the complex mechanisms involved in CIP.

In these studies, inflammatory pain was produced through
injecting CFA or capsaicin directly into either the animal’s hind paw
or deep somatic tissue. In contrast, in the BCIP model tumor cells
were injected into the cavity of the femur or tibia [10,16,24,26,27].
It has been reported that even the same stimulus may result in
a different pattern of response when applied to different tissues.
This difference might be related to differences in the anatomy of
spinal pathways and the biochemical and physiological differences
between skin and deep tissues [22,23]. In one example, injection
of capsaicin into muscles or joints resulted in a long-lasting (1–4
weeks) bilateral mechanical allodynia with a simultaneous thermal
hyperalgesia, whereas capsaicin injected into the superficial skin
resulted in a secondary mechanical allodynia and thermal hyper-
algesia lasting only about 3 h [27]. Therefore, we concluded that if
it is possible to study the inflammatory process specifically in the
intra-medullary location of bone cancer, it could further facilitate

our understanding of the mechanisms of BCIP.

Here, we describe a simple, easily established, new model of
BIIP in rats by injecting CFA into the medullary cavity of the tibia,
as previously described [14]. The body weight, bone histology
and the pain-related behavioral changes, as well as the relieving

dx.doi.org/10.1016/j.neulet.2010.12.027
http://www.sciencedirect.com/science/journal/03043940
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ffects on pain-related behavior by Celebrex (a non-steroidal anti-
nflammatory drug) were evaluated in the present study. Our prior
ata showed that the rat model of BIIP was an appropriate inflam-
atory contrast for BCIP research.
Female Wistar rats (150–170 g, from Shanghai Laboratory Ani-

al Center, China Academy Sciences, Shanghai) were kept under
ontrolled conditions (23 ± 0.5 ◦C, 12 h alternating light–dark cycle,
ree food and water ad libitum). The animals were divided into
roups randomly and all experiments were carried out with
ouble blind methods. All tests were carried out in a temperature-
ontrolled room (23 ± 0.5 ◦C) from 8 a.m. to 12 a.m. to avoid
ehavioral variation by circadian rhythm. The experimental proce-
ures were approved by Animal Care and Use Committee of Fudan
niversity, and were consistent with the NIH’s Guide for the Care
nd Use of Laboratory Animals and the Ethical Issues of the IASP
31].

According to the surgical procedure for intra-tibial injection of
umor cells [14], CFA (Sigma, St. Louis, USA; 1 mg/ml), a common
nflammatory agent used for chronic inflammatory pain research
9,11], was injected into the tibial cavity as follows: The rats were
nesthetized with chloral hydrate (i.p. 400 mg/kg). The skin over-
ying the patella was disinfected with 70% (v/v) ethanol after hair
having. A 23-gauge needle punctured directly through the skin,
imed at the inner side of intercondylar eminence, pierced 1 cm
elow the knee joint into the medullary cavity of tibia, and then
emoved and replaced with a 25 or 50 �l microinjection syringe.
FA (10 �l, 20 �l or 30 �l) or normal saline (vehicle group) was
lowly injected into the tibial cavity. The syringe was removed
min later to prevent CFA or normal saline from leaking out along

he injection track. All animals were allowed to recover from the
urgery for 1 day prior to any experimentation.

According to the up-and-down method as described by Dixon
4], mechanical allodynia was measured as the hind paw with-
rawal response to von Frey filament stimulation. After acclimation
or 30 min in a plastic cage (26 cm × 20 cm × 14 cm) with a mesh
oor covered with transparent plastic boxes, an ascending series of
on Frey filaments with logarithmically incremental stiffness (0.40,
.60, 1.4, 2.0, 4.0, 6.0, 8.0, and 15.0 g) (Stoelting, Wood Dale, IL, USA)
ere applied perpendicular to the mid-plantar surface (avoiding

he less sensitive tori) of each hind paw. Each von Frey filament was
eld about 2–3 s, with a 10 min interval between each application.
trial began with the application of the 2.0 g von Frey filament. The
ositive response was defined as a withdrawal of hind paw upon the
timulus. Whenever a positive response to a stimulus occurred, the
ext lower von Frey filament was applied, and whenever a negative
esponse occurred, the next higher filament was applied. The test-
ng consisted of five more stimuli after the first change in response
ccurred, and the pattern of response was converted to a 50% von
rey threshold using the method described.

By using IITC Model 390 Paw Stimulator Analgesia Meter (Life
cience Instruments, USA) the paw withdrawal latency (PWL) to
adiant heat was examined as previously described [7]. After an
daptation period of 30 min in a clear plastic cage upon an elevated
oor of window glass, radiant heat was applied to the plantar sur-

ace of each paw until the rat lifted its paw from the glass. The
ntensity of radiant heat was adjusted to elicit the response around
2 s in normal rat and the heat was maintained at a constant inten-
ity. A cut-off of 20 s was imposed to avoid tissue damage. The time
rom onset of radiant heat application to withdrawal of the rat’s
ind paw was defined as the PWL. Both hind paws were tested

ndependently with a 10-min interval between trials. The average

f the three trials was then determined.

To assess the bone inflammation induced by CFA injection, rats
ere anesthetized with chloral hydrate and transcardially per-

used with 250 ml of 0.9% normal saline followed by 250 ml of 4%
araformaldehyde. The tibial bones were removed and decalcified
Fig. 1. Changes of body weight after the rats received intra-tibial CFA injection. Data
are expressed as mean ± SEM. *P < 0.05 vs. normal rats.

in decalcifying solution for 24 h. The bones were rinsed, dehy-
drated, embedded in paraffin, cut into 7 �m cross-sections using
a rotary microtome (Reichert-Jung 820, Cambridge Instruments
GmbH, Germany), and stained with hematoxylin and eosin.

Celebrex (Pfizer, USA) is a highly specific cyclooxygenase-2
(COX-2) inhibitor with little or no residual COX-1 activity. As pre-
viously described [13], Celebrex was suspended in 0.5% methyl
cellulose (MC) and administered twice daily in divided doses
(20 mg/kg per day) by orogastric gavage in a volume of 1 ml, at 7:00
and 19:00 every day. Vehicle rats received 0.5% MC in comparable
volumes.

Data were presented as mean ± SEM and were analyzed for
statistical significance by one-way analysis of variance (ANOVA)
followed by Shapiro–Wilk’ test, using STATA 7.0 statistical software
(Stata Corporation, College Station, TX). P < 0.05 was considered
statistically significant.

Only on days 2 post-surgical injection in the 20-�l CFA group
and on days 2 and 4 post-surgical injection in the 30-�l CFA group,
a decrease in body weight was observed. There were no statisti-
cally significant differences in body weight among the normal rats,
normal saline-injected rats and rats injected with differing doses
of CFA (Fig. 1).

To evaluate intra-tibial CFA-induced inflammation, the prox-
imal ends of the tibial bones of the rats were removed for
histological examination. Hematoxylin and eosin staining showed
that two days after intra-tibial CFA injection, significant nuclear
condensation and fragmentation, massive invasion of neutrophilic
granulocytes, as well as prominent fibrinous exudate were
observed in the bone marrow (Fig. 2A–D). Normal saline-injected
bone showed no such changes. However, there was marked fibrosis
instead of the inflammatory cells in the bone marrow 14 days after
CFA injection (Fig. 2E and F).

To examine the development of mechanical allodynia induced
by intra-tibial CFA injection, the paw mechanical withdrawal
threshold was detected using the von Frey test. Rats injected with
CFA displayed a profound decrease in mechanical threshold to von
Frey filament stimulation, on both the ipsilateral (Fig. 3A) and con-
tralateral (Fig. 3B) hind paws. There were no significant differences
in mechanical threshold among the rats receiving different doses
of CFA. In contrast, no significant differences in mechanical thresh-
old were observed between normal saline-injected rats and normal
rats.

To examine whether thermal hyperalgesia exists in this rat

model of bone inflammation, PWL was measured by Hargreaves’
test, as described above. CFA-injected rats showed no significant
change in PWL to radiant heat stimulation on either hind paw dur-
ing the entire experiment (Fig. 3C and D).
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ig. 2. Histology of tibial bone inflammation. The sections (7 �m) were taken from
nd D) inflammatory cell infiltration in bone marrow two days after CFA injection;
nd F) 400×.

Celebrex, a selective COX-2 inhibitor, is widely used for the
reatment of conditions characterized by pain or inflammation,
uch as rheumatoid arthritis and osteoarthritis, and has been
roved effectively by both clinical and animal researches [6,19,21].

n this study, we evaluated the palliative effects of Celebrex on
echanical allodynia in CFA-induced bone inflammation in rats.

he CFA-injected rats displayed a marked increase in mechanical
hreshold after treatment with Celebrex (20 mg/kg per day) as com-
ared to treatment with MC. No effect was seen on mechanical
hreshold in normal rats treated with Celebrex (Fig. 4).

In the present study, CFA was injected into the medullary cav-
ty of the tibia via bone puncture to establish a rat BIIP model. In
ccordance to a previously described surgical procedure for tibial
njection of tumor cells [14], in this study, modified bone punc-
ure was carefully performed to minimize damage to the knee
oint. There were no significant differences on body weight or
asal behavioral responses found between the control rats and the
ormal saline-injected rats, even shortly after intra-tibial injec-
ion, demonstrating that the function of knee joint remained intact
Figs. 1 and 3). The bone puncture procedure is a feasible and ethi-

ally acceptable method for intra-tibial injection.

CFA is a type of water-in-oil emulsion containing killed dried
ycobacterium butyricum and has the capability of causing inflam-
ation. It is commonly used in the establishment of animal models

f peripheral inflammatory pain following injection into the plan-
bone stained by hematoxylin–eosin. (A and B) Bone injected with normal saline; (C
d F) bone marrow fibrosis 14 days after CFA injection. (A, C and E) 100× and (B, D

tar foot, the ankle joint or the temporomandibular joint [5,8,19].
In this study, intra-tibial CFA injection successfully induced bone
inflammation, as indicated by significant nuclear condensation and
fragmentation, massive invasion of neutrophilic granulocytes and
prominent fibrinous exudates (Fig. 2A–D) at two days, and sig-
nificant fibrosis, instead of inflammatory cells (Fig. 2E and F), at
14 days after CFA injection. Further pain-related behavioral tests
showed that, beginning at two days after CFA injection, the rats dis-
played significant mechanical allodynia but no detectable thermal
hyperalgesia on both sides of the hind paws (Fig. 3). This distinction
may be due to the activation of high-threshold mechanonocicep-
tors (HTM), which are only sensitive to mechanical stimulation, as
no activation of polymodal nociceptors (POLY), which are sensitive
to mechanical and chemical and/or thermal stimulation in present
rat model. The central mechanisms which contribute to mechanical
allodynia induced by bone inflammation need to be investigated
further [28]. The present research suggests that intra-tibial CFA
injection does induce BIIP in rats. The fact that this injection pro-
duced an effective BIIP model was further demonstrated by the
anti-allodynic effect of Celebrex.
Previous research has demonstrated that the different afferent
spinal innervations of superficial and deep tissues consequently
result in distinct behavioral responses despite receiving the same
stimulation [22,23,27]. For example, cutaneous nociceptors send
dense neuronal projections to laminas I and II in the spinal cord,
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ig. 3. Changes of pain-related behavior after the rats received intra-tibial CFA (10
lament stimulation on the ipsilateral and contralateral hind paws, respectively;
espectively. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs. normal rats

hereas joint and muscle afferent neurons project to laminas I, V
nd II [3,12,17,30]. Therefore, the injection of capsaicin into muscles
r joints resulted in a different pattern of behavior than injection
f capsaicin into the superficial skin [27]. In our research, BIIP was
nduced by injection with CFA into the tibial cavity, the same site
n which we injected tumor cells in the BCIP model in a prior study.
herefore, the present model of CFA-induced BIIP is a better control
odel for BCIP than those of previous studies because they might

hare the same neural pathway despite the different methods of
timulation. Furthermore, this study showed that the pain-related
ehavior is quite similar to bilateral mechanical allodynia, but no
hermal hyperalgesia seen in the bone cancer rat models, as we
escribed previously [14].
However, there were different responses observed between the
IIP and BCIP models to Celebrex treatment. In this study, treatment
ith Celebrex (20 mg/kg per day), started on the second day after
FA injection, had a significant analgesic effect on the BIIP model

ig. 4. Alleviating effects of Celebrex on mechanical allodynia with von Frey filament sti
ntra-tibial CFA injections. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs. norm
�l, 30 �l) injection. (A) and (B) show mechanical response thresholds to von Frey
d (D) show thermal hyperalgesia on the ipsilateral and contralateral hind paws,
.05, ##P < 0.01 vs. normal saline-injected rats.

(Fig. 4). It has been reported that the development and mainte-
nance of BCIP were partially attributable to inflammatory activity,
which is provoked by cytokines and prostaglandins produced by
the cancer cells [13,16]. NSAIDs have been demonstrated as effec-
tive agents in relieving mild CIP [15,18]. However, both our prior
study and previous reports have shown that Celebrex does not
significantly improve bone cancer-related pain behavior in either
rats or mice [14,16,20,25]. These results suggest that the underly-
ing mechanism of CIP is distinct from that of inflammatory pain
[10,24,26].

It has been reported that many factors contribute to the devel-
opment and maintenance of BCIP, such as nerve injury by tumor
growth, increased osteoclast activity, as well as pro-inflammatory

factors produced by the tumor cells [1,13,29]. CIP generates a
unique set of neurochemical changes in the spinal cord and sen-
sory neurons that are distinct from peripheral inflammatory pain
[10,26]. Consequently, the differing response to Celebrex further

mulation of the ipsilateral (A) and contralateral (B) hind paws in rats that received
al rats. #P < 0.05, ##P < 0.01 vs. normal saline-injected rats.
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emonstrates the distinct intrinsic mechanisms behind BCIP and
IIP. Further investigations of the different intrinsic mechanisms

n these two chronic pain conditions are needed to understand the
nique mechanisms of BCIP.

The present study describes the development of a practical and
aluable BIIP rat model by intra-tibial CFA injection. In this BIIP rat
odel, intra-tibial CFA injection induced significant inflammation

n the bone marrow and bilateral mechanical allodynia, which was
lleviated by Celebrex. The differing response to Celebrex between
CIP and BIIP further confirms the distinct mechanisms. Further

nvestigations are required to fully understand these mechanisms.
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