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Abstract

Fractalkine, a chemokine binding to only one known receptor CX3CR1, has recently been proposed to be a neuron-to-glia signal
in the spinal cord leading to microglial activation and glially dependent pain facilitation. The previous studies explored that block-
ade of endogenous fractalkine, using anti-CX3CR1 neutralizing antibody, dose-dependently attenuated neuropathic pain. The pres-
ent study examined the role of endogenous fractalkine in inflammatory pain. Intra-articular injection of complete Freund’s adjuvant
(CFA)-induced rat ankle joint monoarthritis (MA) model was used. Western blot analysis revealed that CX3CR1 expression in the
spinal cord was significantly increased following CFA-induced MA. Intrathecal injection of anti-CX3CR1 neutralizing antibody
both delayed the development of mechanical allodynia and thermal hyperalgesia, and reversed established pain facilitation. Further-
more, blockade of CX3CR1 significantly suppressed activation of spinal glia, especially microglia, evoked by MA. These data pro-
vided new evidence for the contribution of endogenous fractalkine to the initiation and early maintenance of inflammatory pain
facilitation via activating spinal microglia.
� 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Recent evidence strongly supports the involvement of
spinal glia in diverse enhanced pain states. Following
inflammation and damage of peripheral tissues, periph-
eral nerves and spinal nerves, spinal glia become activat-

ed, and the degree and time course of glial activation
correlate with pain facilitory behaviors (Milligan et al.,
2003; Watkins and Maier, 2003; Ledeboer et al., 2005;
Twining et al., 2005). Activated glia release various
substances, such as pro-inflammatory cytokines and
other mediators, which can enhance pain transmission
(Watkins et al., 2001; Watkins and Maier, 2003; Deleo
et al., 2004; McMahon et al., 2005). However, what
causes glial activation in response to peripheral inflam-
mation and damage? One alternative is classical
‘‘pain’’ neurotransmitters/neuromodulators including
glutamate, ATP, substance P, calcitonin-gene-related
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peptide (CGRP), nitric oxide (NO), and prostaglandins
(PGs) (Tsuda et al., 2005; Watkins et al., 2005). Another
is novel neuron-to-glia signals, such as fractalkine
(Milligan et al., 2004; Verge et al., 2004; Watkins
et al., 2005).

Fractalkine is a member of the chemokine superfam-
ily and the sole member of the CX3C chemokine class
(Combadiere et al., 1998; Asensio and Campbell, 1999;
Bajetto et al., 2002; Hughes et al., 2002). In the central
nervous system (CNS), fractalkine is a unique chemo-
kine, which acts exclusively on the fractalkine receptor
(CX3CR1) (Chapman et al., 2000). Intriguingly,
CX3CR1 is expressed predominantly by spinal microg-
lia, suggesting that fractalkine might prime microglia
to become activated in response to peripheral injury or
inflammation (Verge et al., 2004; Lindia et al., 2005).
A series of studies from Watkins’ group demonstrated
that (1) intrathecal (i.t.) fractalkine induces thermal
hyperalgesia and mechanical allodynia in naive rats;
(2) i.t. CX3CR1 neutralizing antibody or the microglia
inhibitor, minocycline, blocks fractalkine-induced pain
enhancement; (3) blockade of spinal fractalkine recep-
tor, CX3CR1, both delays the initial development of
neuropathic pain and attenuates established neuropathic
pain (Milligan et al., 2004, 2005). Thus, fractalkine may
represent a new target for the treatment of neuropathic
pain. However, the role of this chemokine in inflamma-
tory pain has not been well understood.

In clinical pathological pain, arthritic pain is another
major health care burden besides neuropathic pain, with
increasing incidence. Currently, the major recommended
strategy for arthritis treatment includes non-steroidal
anti-inflammatory drugs, steroids and opiates, while
these are associated with serious side effects (Altman
et al., 2000). Therefore, a safe and effective therapeutic
strategy in arthritis is desired. Complete Freund’s adju-
vant (CFA) has been utilized to induce rat arthritic
immunopathological disease that displays many of the
pathological features of human rheumatoid arthritis
(Colpaert, 1987). The purpose of the present study is
to examine whether the blockade of spinal CX3CR1
could antagonize activation of spinal glia, delay or
attenuate thermal hyperalgesia and mechanical allodyn-
ia in CFA-induced ankle joint monoarthritic rats.

2. Materials and methods

2.1. Animals

Experiments were performed on adult male Sprague–Daw-
ley rats (Experimental Animal Center, Shanghai Medical Col-
lege of Fudan University, China) weighing 200–250 g. Rats
were housed in groups of 2 in suspended cages and maintained
on a 12:12 h light–dark cycle and a constant room temperature
of 21 �C with free access to food and water. Prior to experi-
mental manipulation, animals were handled daily at least for

3 days. All experimental protocols and animal handling proce-
dures were approved by Animal Care and Use Committee
(ACUC) of Fudan University, and were consistent with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All efforts were made to minimize the
number of animals used and their suffering.

2.2. Induction of monoarthritis (MA)

Monoarthritis (MA) was induced by an injection of com-
plete Freund’s adjuvant (CFA, Sigma) into the unilateral ankle
articular cavity. The rat was briefly anesthetized with isoflu-
rane (Shanghai Chemical Reagent (SCR) Co., Shanghai, Chi-
na). The skin around the site of injection was sterilized with
75% alcohol. The left leg of the rat was held and the fossa of
the lateral malleolus of the fibula was located. A 28 gauge
needle was inserted vertically to penetrate the skin, and turned
distally to insert into the articular cavity from the gap between
the tibiofibular and tarsus bone until a distinct loss of resis-
tance was felt. A volume of 50 ll CFA was then injected. Sham
MA control animals were similarly injected with sterile normal
saline (NS).

2.3. Intrathecal surgery and drug injection

As previous description (Zhang et al., 2002), an intrathecal
catheter (PE-10 tube) was inserted through the gap between
the L4 and L5 vertebrae and extended to the subarachniod
space of the lumbar enlargement (L4 and L5 segments) under
Chloral Hydrate (300 mg/kg, intraperitoneal (i.p.), SCR Co.,
Shanghai, China) anesthesia. The catheter was filled with ster-
ile endotoxin free 0.01 M phosphate buffered saline (PBS,
approximately 4 ll), and the outer end was plugged. The cann-
ulated rats were allowed to recover for 3–4 days and were
housed individually. Rats that showed any neurological deficit
resulting from the surgical procedure were excluded from the
experiment.

Endotoxin-free goat anti-CX3CR1 (Santa Cruz Biotechnol-
ogy, CA, USA) was diluted in 0.01 M sterile PBS. Endotoxin-
free rat recombinant fractalkine (chemokine domain amino
acid residues 25–100; R& D Systems) was diluted in sterile
PBS containing 0.1% bovine serum albumin (BAS, SERVA).
The anti-CX3CR1 antibody, normal goat IgG (control, Santa
Cruz Biotechnology, CA, USA), vehicle (sterile PBS contain-
ing 0.1% BAS), or fractalkine was injected over a period of
2 min via the catheter at a volume of 10–15 ll, followed by
5 ll PBS for flushing. The location of the distal end of the
i.t. catheter was verified at the end of each experiment by visual
inspection after sacrifice.

2.4. von Frey test for mechanical allodynia

The hindpaw withdrawal threshold (PWT) was determined
using a calibrated series of von Frey hairs (Stoelting, IL, USA)
ranging from 1 to 26 g. Animals were placed individually into
Plexiglass chambers with customized platform that contains
1.5 mm diameter holes in a 5 mm grid of perpendicular rows
throughout the entire area of the platform (Pitcher et al.,
1999). The protocol used in this study was a variation of that
described by Takaishi et al. (1996). After acclimation to the
test chamber, a series of nine calibrated von Frey hairs were
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applied to the central region of the plantar surface of one hind-
paw in ascending order (1, 1.4, 2, 4, 6, 8, 10, 15, and 26 g). A
particular hair was applied until buckling of the hair occurred.
This was maintained for approximately 2 s. The hair was
applied only when the rat was stationary and standing on all
four paws. A withdrawal response was considered valid only
if the hindpaw was completely removed from the customized
platform. Each hair was applied five times at 5 s intervals. If
withdrawal responses did not occur more than twice during
five applications of a particular hair, the next ascending hair
in the series was applied in a similar manner. Once the hind-
paw was withdraw from a particular hair three out of the five
consecutive applications, the paw was re-tested with the next
descending hair until less than three withdrawal responses
occurred in five applications. The paw withdrawal threshold
(PWT) was defined as the lowest hair force in grams that
produced at least three withdrawal responses in five tests. After
the threshold was determined for one hindpaw, the same test-
ing procedure was repeated on the other hindpaw at 5-min
interval.

2.5. Hargreaves’ test for thermal hyperalgesia

After acclimation to the test chamber, thermal hyperalgesia
was assessed by measuring the latency of paw withdrawal in
response to a radiant heat source. Rats were placed individual-
ly into Plexiglass chambers on an elevated glass platform,
under which a radiant heat source (model 336 combination
unit, IITC/life Science Instruments, Woodland Hill, CA,
USA) was applied to the glabrous surface of the paw through
the glass plate. The heat source was turned off when the rat lift-
ed the foot, allowing the measurement of time from onset of
radiant heat application to withdrawal of the rat’s hindpaw.
This time was defined as the hindpaw withdrawal latency
(PWL). The heat was maintained at a constant intensity, which
produced a stable withdrawal latency of approximately 10–12 s
in the absence of arthritis. A 20 s cut-off was used to prevent
tissue damage in the absence of a response. Both hindpaws
were tested for three trials at each time period with 10 min
intervals between each trial. The average of the three trials
was then determined.

2.6. Western blot analysis

After defined survival times, rats were killed by overdose
of urethane (SCR Co., Shanghai, China). The L5 spinal
cord from naive, sham MA, or MA rats were rapidly
removed. The L5 spinal cord segment was dissected accord-
ing to the termination of the L4 and L5 dorsal roots, and
then split into a left (ipsilateral to MA side) and right (con-
tralateral) half from the ventral midline. After dissection, all
tissues were rapidly frozen in liquid nitrogen and stored at
�70 �C until further processing. In order to assess the devel-
opment of arthritic pain, rats were tested for both mechan-
ical allodynia and hyperalgesia immediately before
sacrificed.

Frozen spinal cords were directly homogenized in a lysis
buffer (12.5 ll/mg tissue) containing a cocktail of protease
inhibitors and PMSF (Sigma). Supernatant, after
10,000 rpm centrifugation for 15 min, was used for Western
blotting.

Equal amount of protein (20 lg) was loaded on each lane
and separated by 10% SDS–PAGE for the CX3CR1 detection.
The resolved proteins were transferred onto PVDF mem-
branes. The membranes were blocked in 10% nonfat dry milk
for 2 h at room temperature (RT), and incubated overnight at
4 �C with goat anti-CX3CR1 (1:2000, Santa Cruz Biotechnol-
ogy) or mouse anti-Tubulin (1:10,000, Sigma) primary anti-
body. The blots were incubated for 2 h at RT with
horseradish peroxidase (HRP)-conjugated donkey anti-goat
or donkey anti-mouse secondary antibody (1:5000, Santa Cruz
Biotechnology). Signals were finally visualized using enhanced
chemiluminescence (ECL, Pierce) and exposed onto X-films
for 1–10 min. Pre-absorption of the primary antibodies with
the blocking peptide (Santa Cruz Biotechnology) served as
specificity control. All Western blot analysis was performed
at least three times, and parallel results were obtained. X-ray
films with blotting bands for each sample from different rats
were scanned, and the density of band area was quantified with
a method described by Zhuang et al. (2005). The same size
square was drawn around each band to measure the density
and background near that band was subtracted. Tubulin
expression was used as loading control for protein expression,
and CX3CR1 level was normalized against tubulin level. The
expression level for protein is an average of densities per band
area from different treatment rats.

2.7. Immunohistochemistry

After defined survival times, rats were given an overdose of
urethane (2 g/kg, i.p.) and perfused intracardially with saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(PB, pH 7.4). The L4/5 segments of spinal cord and bilateral
L4/5 DRGs were then removed, post-fixed in the same fixative
for 4 h at 4 �C, and immersed from 10% to 30% gradient
sucrose in PB for 24–48 h at 4 �C for cryoprotection. Trans-
verse spinal and DRG sections (20–30 lm) were cut in a cryo-
stat and processed for immunofluorescence. All the sections
were blocked with 10% donkey serum in 0.01 M phosphate
buffered saline (PBS, pH 7.4) with 0.3% Triton X-100 for 1 h
at RT and incubated overnight at 4 �C with mouse anti-OX-
42 (1:3000, Serotec), mouse anti- glial fibrillary acidic protein
(GFAP, 1:1000, Sigma), or rabbit anti-ATF3 (1:200, Santa
Cruz Biotechnology) primary antibody in PBS with 1% normal
donkey serum and 0.3% Triton X-100. Following three 15 min
rinses in 0.01 M PBS, the sections were incubated in fluoresce-
in isothiocyanate (FITC)-conjugated donkey anti-mouse IgG
(1:200, Jackson Immunolab) or rhodamine-conjugated donkey
anti-rabbit IgG (1:200, Jackson Immunolab) for 90 min at
4 �C, then washed in PBS. Omission of primary antibody
served as negative control. All sections were coverslipped with
a mixture of 50% glycerin in 0.01 M PBS, and then observed
with a Leica fluorescence microscope, and images were cap-
tured with a CCD spot camera. Because the morphology of
either microglia or astrocytes is complex and immunoreactive
staining includes both cell bodies and their processes, cell
counts may not sufficiently quantify activation. Therefore,
the optical density of immunoreactive staining for OX-42 or
GFAP was measured with the Leica Qwin 500 image analysis
system (Germany). The relative density of images was deter-
mined by subtracting the background density in each image.
For each animal, six sections of spinal L4�5 were randomly
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selected for quantitative evaluation. These corrected density
values of six sections were averaged to provide a mean density
for each animal.

All the testing (including behavior, Western blot and immu-
nohistochemistry) was performed blinded.

2.8. Statistical analysis

Data were expressed as means ± SEM. Pre-MA baseline
measures were analyzed by one-way analysis of variance
(ANOVA) for von Frey and Hargreaves’ tests. Post-drug
time course measures for allodynia and hyperalgesia were
analyzed by two-way ANOVA (treatment · time)] followed
by Newman–Keuls post hoc test. Western blot analysis
was performed by one-way ANOVA followed by Dunnett
multiple comparisons. Immunohistochemical analysis was
performed by student’s t-test. p < 0.05 was considered statis-
tically significant.

2.9. Experimental procedures

2.9.1. Experiment 1: effects of MA on CX3CR1 expression in

the spinal cord

After baseline behavioral assessments, rats received intra-
articular injection of 50 ll CFA (day 0). On day 1, 3, and 11
after CFA, rats were sacrificed and the L5-spinal cord was
removed for Western blot analysis. Sham MA rats received
an intra-articular injection of sterile NS (50 ll) and were killed
at day 3 after NS injection. Naive rats could move freely in
their home cages before they were killed. In order to assess
the development of allodynia and hyperalgesia, behaviors were
tested immediately before sacrifice.

2.9.2. Experiment 2: effects of i.t. CX3CR1 neutralizing

antibody on the onset of MA-induced mechanical allodynia and

thermal hyperalgesia

After baseline behavioral assessments, rats received twice
i.t. injections of either CX3CR1 neutralizing antibody (0.3,
or 3 lg) or control IgG (3 lg) at 12 and 1 h prior to intra-ar-
ticular injection of CFA. Behaviors were tested 4, 8, 12 h
and 1–3 days later.

2.9.3. Experiment 3: effects of i.t. CX3CR1 neutralizing

antibody on established mechanical allodynia and thermal

hyperalgesia

After baseline behavioral assessments, rats received an
intra-articular injection of either CFA or equivolume sterile
NS (day 0). Behaviors were assessed 24 h later to confirm
development of mechanical allodynia and thermal hyperalge-
sia in MA rats. Directly after behavioral testing at 24 h, rats
received an i.t. injection of either CX3CR1 neutralizing anti-
body (3 lg) or control IgG (3 lg). von Frey and Hargreaves’
tests were then performed 1, 2, 3, 4, 6, 8, 12, 24, and 48 h
later.

2.9.4. Experiment 4: effects of i.t. CX3CR1 neutralizing

antibody on MA-induced glial activation in the lumbar spinal

cord

Rats from Experiment 2 were perfused for OX-42 and
GFAP immunohistochemical analysis on day 1, 3, and 11 after
intra-articular injection of CFA.

2.9.5. Experiment 5: effects of i.t. CX3CR1 neutralizing

antibody on thermal hyperalgesia induced by i.t. fractalkine

After baseline behavioral assessment, rats received an i.t.
injection of either 30 ng fractaline or vehicle. Behavioral
response to thermal stimulation was assessed for 100 min.
Some additional rats received twice i.t. injection of either
anti-CX3CR1 neutralizing antibody (3 lg) or control IgG
(3 lg) at 12 and 1 h (as Experiment 2) prior to i.t. fractalkine
(25 ng). Assessment of Hargreaves’ test was performed before
i.t. CX3CR1 neutralizing antibody (or control IgG) and i.t.
fractalkine, as well as a period of 100 min after i.t. fractalkine.

3. Results

3.1. Monoarthritis induces up-regulation of CX3CR1

expression in the spinal cord

The goat polyclonal antibody was directed to the
N-terminus of CX3CR1 of mouse origin. This antiserum
was first identified by Western blotting of rat spinal
preparation. A single immunoreactive band was detect-
ed at 31 kDa, consistent with the size of the native
mouse CX3CR1. Pre-absorption of CX3CR1 antibody
with the blocking peptide abolished the immunolabeling
(Fig. 1).

Following intra-articular injection of CFA, Western
blot analysis revealed an increase in the level of
CX3CR1 on both sides of the spinal cord after MA.
In the ipsilateral spinal cord, CX3CR1 levels were signif-
icantly increased at all time points examined after MA
(F4,15 = 6.752, p < 0.01). On the contralateral spinal
cord, the up-regulation of CX3CR1 level occurred from
day 3 to 11 after MA. The difference in the level of
CX3CR1 among the different treated groups was signif-
icant (F4,15 = 4.628, p < 0.05) (Fig. 2).

Fig. 1. Identification of CX3CR1 by Western blotting of rat spinal
cord preparation. A single immunoreactive band (lane A) was detected
at 31 kDa, corresponding to the size of the native mouse CX3CR1.
Pre-absorption of CX3CR1 antibody with the blocking peptide
abolished the immunoreactive band (lane B).
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3.2. Intrathecal injection of anti-CX3CR1 neutralizing

antibody delays the onset of MA-induced mechanical

allodynia and thermal hyperalgesia

Baseline measures of the paw withdrawal threshold
(PWT) to von Frey hairs and the paw withdrawal laten-
cy (PWL) to radiant heat stimulation did not differ
across groups prior to intra-articular injection of CFA
(One-way ANOVA, PWTs: F11,81 = 1.511, p > 0.05;
PWLs: F11,81 = 1.294, p > 0.05). As in our previous
study (Sun et al., 2006), unilateral intra-articular injec-
tion of CFA-induced profound mechanical allodynia
and thermal hyperalgesia within 4 h and persisted for
more than 3 days in the ipsilateral hindpaw to CFA
injection (Fig. 3).

To address the role of CX3CR1 in the development of
allodynia and hyperalgesia during arthritic pain, anti-
CX3CR1 neutralizing antibody (0.3 or 3 lg) or control
IgG (3 lg) was injected intrathecally 12 and 1 h prior to
intra-articular injection of CFA. I.t. CX3CR1 neutraliz-
ing antibody dose-dependently blocked MA-induced
mechanical allodynia and thermal hyperalgesia. A higher
dose of CX3CR1 neutralizing antibody (3 lg) delayed the
development of pain hypersensitivity over 12 h. Two-way
ANOVA revealed significant effect of intrathecal
CX3CR1 neutralizing antibody (3 lg) treatment (PWTs:

F1,84 = 47.254, p < 0.01; PWLs: F1,84 = 45.188, p < 0.01)
and interaction between CX3CR1 antibody treatment
and time (PWTs: F5,84 = 9.369, p < 0.01; PWLs:
F5,84 = 8.372, p < 0.01). Neither PWTs nor PWLs of the
contralateral intact hindpaw in MA rats and both hind-
paws in sham MA rats were affected by i.t. CX3CR1 anti-
body. Control IgG (3 lg) did not alter PWTs and PWLs
of either the ipsilateral or contralateral hindpaw in MA
rats (Fig. 3).

3.3. Intrathecal injection of anti-CX3CR1 neutralizing

antibody reverses the established mechanical allodynia

and thermal hyperalgesia

To assess CX3CR1 was involved in the maintenance
of the MA-induced allodynia and hyperalgesia, the
effects of i.t. CX3CR1 neutralizing antibody (3 lg) on
the PWTs to von Frey hairs and PWLs to thermal stimuli
were examined 24 h after intra-articular injection of
CFA when the mechanical allodynia and thermal hyper-
algesia stably occurred. I.t. CX3CR1 neutralizing anti-
body (3 lg) completely reversed established allodynia
and hyperalgesia from 6 to 12 h. After 24 h, the mechan-
ical allodynia and thermal hyperalgesia were fully
restored. Two-way ANOVA revealed significant effect
of intrathecal CX3CR1 antibody treatment (PWTs:
F1,168 = 386.335, p < 0.01; PWLs: F1,168 = 82.208,
p < 0.01) and interaction between CX3CR1 antibody
treatment and time (PWTs: F11,168 = 24.382, p < 0.01;
PWLs: F11,168 = 10.038, p < 0.01). Control IgG (3 lg)
had no effect on the PWTs and PWLs of either the
ipsilateral or contralateral hindpaw (Fig. 4).

3.4. Intrathecal injection of anti-CX3CR1 neutralizing

antibody inhibits MA-induced glial activation in the spinal

cord

To examine whether blockade of CX3CR1 prevents
MA-induced microglial and astrocytic activation, OX-
42 (microglial marker) and GFAP (astrocytic marker)
immunoreactivity was assessed on the lumbar spinal
cord of MA and sham MA rats. As expected (Ragha-
vendra et al., 2004; Tanga et al., 2004), unilateral
intra-articular injection of CFA produced a robust
increase in the expression for OX-42 immunoreactivity
on both sides of the lumbar spinal cord with the more
prominent increase being on the ipsilateral spinal cord
on day 1, 3, and 11 post-MA (Fig. 5). As shown in
Fig. 5A, activated microglia showed short, thickened,
or even absent processes and large soma (ameboid).
The mean optical density of OX-42 immunoreactivity
in the spinal cord was extremely increased in MA rats
compared with that in sham MA or naive rats. Pre-ad-
ministered intrathecally CX3CR1 neutralizing antibody
before MA significantly suppressed OX-42 expression
on both sides of the spinal cord on day 1 and 3 post-

Fig. 2. Time course of CX3CR1 expression on the lumbar spinal cord
following intra-articular injection of CFA. (A) Western blot analysis
shows an increase in the level of CX3CR1 on the lumbar spinal cord of
CFA-induced monoarthritis (MA) rats. Tubulin served as loading
control. (B) Quantification of CX3CR1 level on both sides of the spinal
cord. *p < 0.05, **p < 0.01 vs sham MA.

68 S. Shan et al. / Pain 129 (2007) 64–75



MA. Eleven days after MA, inhibition of CX3CR1
neutralizing antibody on microglial activation was
completely eliminated. Pre-administered control IgG
failed to affect MA-induced microglial activation
(Fig. 5A and B).

Unlike microglial activation, a slight increase in acti-
vated astrocytes was seen on the lumbar spinal cord by
3 days, and a robust increase by 11 days after MA. I.t. con-
trol IgG had no effect on MA-induced up-regulation of
GFAP immunoreactivity, whereas pre-administered
CX3CR1 neutralizing antibody prior to MA significantly
attenuated MA-induced GFAP expression on the ipsilat-
eral spinal cord on day 3 but not on day 11 (Fig. 6A and
B). The difference in GFAP expression on the contralater-
al spinal cord between IgG- and anti-CX3CR1 antibody-
treated groups was not statistically significant (Fig. 6B).

3.5. Intrathecal injection of anti-CX3CR1 neutralizing

antibody blocks intrathecal fractaline-induced thermal
hyperalgesia

To determine whether the neutralizing antibody for
CX3CR1 blocks CX3CR1-mediated biological actions
of fractalkine, the effect of fractalkine on behavioral

response to thermal stimulation was first examined. I.t.
fractalkine (25 ng) produced robust thermal hyperalge-
sia on the Hargreaves’ test. Two-way ANOVA revealed
significant effect of i.t. fractalkine treatment (left:
F1,127 = 129.231, p < 0.01; right: F1,127 = 106.607,
p < 0.01) and interaction between fractalkine treatment
and time (left: F7,127 = 8.543, p < 0.01; right:
F7,127 = 8.543, p < 0.01; 11.293). I.t. vehicle did not alter
bilateral PWLs (Fig. 7).

Then, the blockade of CX3CR1 neutralizing anti-
body on fractalkine-induced thermal hyperalgesia was
observed. Anti-CX3CR1 neutralizing antibody (3 lg)
or control IgG (3 lg) was injected intrathecally 12 and
1 h prior to i.t. fractalkine. Pretreatment with anti-
CX3CR1 neutralizing antibody, but not control IgG,
fully prevented fractalkine-induced thermal hyperalgesia
(Fig. 7). Thus, fractalkine-induced thermal hyperalgesia
is mediated via activation of the fractalkine receptor,
CX3CR1.

4. Discussion

A new finding of the present study is upregulation
of CX3CR1 level on the spinal cord following

Fig. 3. Intrathecal pre-administration of anti-CX3CR1 neutralizing antibody (3 lg) blocked the onset of mechanical allodynia (A) and thermal
hyperalgesia (B) in the ipsilateral hindpaw of monoarthritis (MA) rats, but did not alter the PWTs and PWLs in the contralateral hindpaw (C and D)
of MA rats and both hindpaws of sham MA rats. Anti-CX3CR1 neutralizing antibody or control IgG was injected intrathecally 12 and 1 h prior to
MA. *p < 0.05, **p < 0.01 vs control IgG; ##p < 0.01 vs 0.3 lg CX3CR1 antibody.
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CFA-induced MA. The time course of the upregulated
CX3CR1 on the ipsilateral spinal cord followed by
intra-articular injection of CFA paralleled the microglial
activation and the initiation and maintenance of
monoarthritic pain. This result partly supported and
extended an earlier finding that both zymosan-induced
sciatic inflammatory neuropathy (SIN), and chronic
constriction injury (CCI)-induced trauma increased
CX3CR1 mRNA expression on the ipsilateral spinal
cord, and the most robust signal enhancement was
observed at 24 h and still apparent 2 weeks later (Verge
et al., 2004). With respect to the ipsilateral, a delayed
up-regulation of CX3CR1 was observed on the contra-
lateral spinal cord, suggesting that contralateral increase
in CX3CR1 may be secondary. Fractalkine, as a neu-
ron-to-glia signal, releases from inflamed sensory neu-
rons and dorsal horn neurons in response to joint
inflammation. Microglial binding of fractalkine rapidly
induces the release of the glial-excitatory substances that
then act on other glia. Via gap junctions and propagated
calcium waves, excitation of glia at the ipsilateral dorsal
horn can reach the contralateral one, causing release of
neuro- and glial-excitatory substances, leading to up-
regulation of contralateral CX3CR1 level (Hassinger
et al., 1995; Innocenti et al., 2000; Parri et al., 2001).

These are supported to some extent by the findings that
CX3CR1 mRNA and OX-42-IR increased on both ipsi-
lateral and contralateral spinal cord in the inflammation
models (Sweitzer et al., 1999; Verge et al., 2004).

A different result from the present study was reported
by Lindia et al. (2005), who found that the upregulation
of CX3CR1 on the spinal cord only occurred in the
nerve injury condition, but not the peripheral inflamma-
tory model. The reason for the conflicting result is not
very clear, but the differences in technical terms and
inflammatory model may be primary. For example, in
the study by Lindia et al. (2005), CX3CR1 expression
was assessed by immunohistochemistry in a cutaneous
tissue inflammatory model, whereas in the present study,
CX3CR1 expression level on the spinal cord from deep
tissue inflammatory (joint inflammation) rats was ana-
lyzed by Western blot. As we know, nociceptive afferent
fibers terminate predominantly on the dorsal horn of the
spinal cord. The dorsal horn is subdivided into six dis-
tinct layers (laminae) on the basis of the cytological fea-
tures and its resident neurons. Cutaneous nociceptive
Ad- and C-fibers terminate predominately in laminae I
and II, comparatively weak input to laminae V and X.
Unmyelinated nociceptive afferents from the joints and
muscle project primarily to laminae I, V, and VI

Fig. 4. Intrathecal injection of anti-CX3CR1 neutralizing antibody (3 lg) inhibited established mechanical allodynia (A) and thermal hyperalgesia
(B) in the ipsilateral hindpaw of monoarthritis (MA) rats, whereas the PWTs and PWLs in the contralateral hindpaw were not altered (C and D).
Anti-CX3CR1 antibody or control IgG was given one day after MA. *p < 0.05, **p < 0.01 vs control IgG.
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Fig. 5. (A) Photomicrographs showing OX-42 (microglial marker) immunoreactivity on the ipsilateral spinal cord. (Aa) sham MA; (Ab) MA; (Ac, e,
g) control IgG (3 lg) + MA on day 1 (Ac), day 3 (Ae) and day 11 (Ag) after MA; (Ad, f, h) CX3CR1 neutralizing antibody (3 lg) + MA on day 1
(Ad), day 3 (Af) and day 11 (Ah) after MA. (Aa–h) 10·; (Aa 0–h 0) 40·. (B) Quantification of OX-42 immunoreactivity on both sides of the spinal
cord. Anti-CX3CR1 antibody or control IgG was given 12 and 1 h prior to MA. **p < 0.01 vs sham MA; ##p < 0.01 vs control IgG.
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(Haevner et al., 2003). The different spinal targets of pri-
mary afferent nociceptive information from cutaneous
and joint inflammation may be one of the explanations.
In addition, it is possible that the inflammation of tissue
could damage primary sensory neurons, which in turn
leads to an activation of microglia on the dorsal horn.
To address this issue, we examined whether MA causes

damage of primary afferent sensory neurons using
immunohistochemistry of ATF3, a marker of damage
neurons. Unexpectedly, no ATF3 positive cells were
found on the L4/5 DRG from either sham MA or
MA rats (Fig. 8), suggesting that damage of primary
afferent neurons has not happened within the time win-
dow examined after MA.

Fig. 6. (A) Photomicrographs showing GFAP (astrocytic marker) immunoreactivity on the ipsilateral spinal cord. (Aa) sham MA; (Ab) MA; (Ac, e)
control IgG (3 lg) + MA on day 3 (Ac) and day 11 (Ae) after MA; (Ad,f) CX3CR1 neutralizing antibody (3 lg) + MA on day 3 (Ad) and day 11 (Af)
after MA. (Aa–f) 10·; (Aa 0–f 0) 40·. (B) Quantification of GFAP immunoreactivity on the both sides of the spinal cord. Anti-CX3CR1 antibody or
control IgG was given 12 and 1 h prior to MA. *p < 0.05 vs sham MA; #p < 0.05 vs control IgG.
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The previous studies from Waktins’ group have
shown that blockade of endogenous fracktalkine, using
neutralizing antibody against rat fractalkine receptor,
CX3CR1, either delayed the development of mechanical
allodynia and thermal hyperalgesia or attenuated the
established hypersensitive behaviors in two neuropathic
pain models: CCI and SIN (Milligan et al., 2004). As an
effort to elucidate a unifying role for fracktalkine in neu-
ropathic and inflammatory pain, we further examined
whether peripheral inflammation-induced mechanical
allodynia and thermal hyperalgesia can be blocked by
anti-CX3CR1 neutralizing antibody in CFA-induced
ankle joint monoarthritis model. In agreement with
the previous study on neuropathic pain model (Milligan
et al., 2004), the present study showed that intrathecal
administration of anti-CX3CR1 neutralizing antibody
both delayed the onset of MA-induced pain hypersensi-
tivity and attenuated established mechanical allodynia
and thermal hyperalgesia in early phase of inflamma-
tion, suggesting that endogenous fracktalkine contrib-

utes to either the development or at least the early
maintenance of monoarthritic pain.

Another intriguing result in the current study is that
intrathecal pretreatment of rats with the anti-CX3CR1
neutralizing antibody led to a marked decrease in
MA-induced microglial and astrocytic activation (as
determined by OX-42 and GFAP immunoreactivity),
especially the microglial activation, on the spinal cord
for 3 days post-MA. This result strongly supported the
proposal that fractalkine on the spinal cord may poten-
tially be a glial-excitatory signal leading to glial activa-
tion. It has been demonstrated that, in the spinal
dorsal horn, fractalkine was expressed by intrinsic neu-
rons and sensory afferents in naive rats (Verge et al.,
2004), even also by astrocytes in spinal nerve ligation
(SNL) rats (Lindia et al., 2005), whereas fractalkine
receptor, CX3CR1, was predominantly expressed by
microglia (Verge et al., 2004; Lindia et al., 2005). In
parallel with this, Milligan et al. (2005) reported that
blockade of microglial activation with minocycline, a

Fig. 7. Intrathecal injection of fractalkine (25 ng) produced thermal hyperalgesia in the bilateral hindpaws of naı̈ve rats. Pre-administration of anti-
CX3CR1 neutralizing antibody (3 lg) prevented fractalkine-induced thermal hyperalgesia. Anti-CX3CR1 neutralizing antibody or control IgG was
injected intrathecally 12 and 1 h prior to intrathecal fractaline. *p < 0.05, **p < 0.01 vs vehicle; #p < 0.05, ##p < 0.01 vs control IgG.

Fig. 8. Photomicrographs showing ATF3 immunoreactivity on L4 DRG. No positive nuclei were seen on the ipsilateral DRGs by 3 days after sham
MA (A) and MA (B).
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microglial inhibitor, prevented intrathecal fractalkine-
induced mechanical allodynia and thermal hyperalgesia.
Thus, fractalkine-induced pain hypersensitive behaviors
were mediated via the activation of spinal microglia.

It should be mentioned that pretreatment of anti-
CX3CR1 antibody prevented MA-induced up-regula-
tion of OX-42-IR for 3 days, but blocked behavioral
hypersensitivity for less than 48 h. This contradiction
may be explained that OX-42-IR is not a sensitive indi-
cator of behavioral hypersensitivity. Dissociation
between OX-42-IR and mechanical allodynia was
reported in some neuropathic pain models (Colbum
et al., 1997; Winkelstein and DeLeo, 2002). More sensi-
tive markers of nociceptive behavioral changes are need-
ed and further experiments are still required.

As mentioned in introduction, fractalkine is a chemo-
kine that is tethered to the extracellular surface of neu-
rons and can be released forming a diffusible signal
(Chapman et al., 2000). Its only receptor, CX3CR1, is
expressed by microglia (Schall, 1997; Hesselgesser and
Horuk, 1999; Verge et al., 2004; Lindia et al., 2005). Pri-
or works have led to the concept that fractalkine may
play a role in signaling between neuron and microglia
(Harrison et al., 1998; Nishiyori et al., 1998; Maciejew-
ski-Lenoir et al., 1999). In vitro exposure of neuronal
mixed cultures and brain slices to glutamate, tumor
necrosis factor or interferon gamma was sufficient to
release fractalkine (Chapman et al., 2000; Erichsen
et al., 2003). Fractalkine could exert a pro-inflammatory
role in that fractalkine induces microglial migration and
activation. This activation, if occurred in the spinal
cord, in turn would lead to pain facilitation. We specu-
late that, in response to peripheral inflammation, strong
neuronal activation may release fractalkine that attracts
CX3CR1-expressing microglia. Microglia binding of
fractalkine leads to release of the glial-excitatory sub-
stances that then induce astrocytic activation (Milligan
et al., 2004; Verge et al., 2004). Activated microglia
and astrocytes release a variety of neuro- and glial-excit-
atory substances, i.e., nitric oxide, prostaglandin, and
pro-inflammatory cytokines (Tikka and Koistinaho,
2001; Watkins and Maier, 2002; Sommer, 2003; Ragha-
vendra et al., 2004; Wieseler-Frank et al., 2004). These
substances have each been implicated in initiation and
maintenance of pain hypersensitivity. This may explain
why prevention of CX3CR1 activation is able to block
the development and maintenance of MA-induced
mechanical allodynia and thermal hyperalgesia.

In conclusion, the present study demonstrated for the
first time that CX3CR1 expression level was significantly
increased in the spinal cord following CFA-induced rat
monoarthritis. Intrathecal injection of anti-CX3CR1
neutralizing antibody not only delayed or blocked the
development and early maintenance of mechanical allo-
dynia and thermal hyperalgesia, but also suppressed
MA-induced spinal microglial and astrocytic activa-

tions. Taken together, these data indicate that endoge-
nous fractalkine may contribute to the development
and maintenance of MA-induced pain hypersensitivity
via activation of spinal glia.
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