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Opioid therapy for knee osteoarthritis and
postoperative persistent pain after knee arthroplasty

Drugs and pain in revision total knee arthroplasty

Knee OA is a common musculoskeletal disorder in middle-
aged and elderly adults. The number of patients with this
disorder is increasing, as the population increases in age,
especially in the US, Japan and Western Europe. In Japan,
60% of women >80 years of age have complained of
osteoarthritic knee pain [1]. Knee OA, as well as other mus-
culoskeletal disorders, are treated primarily with non-sur-
gical methods such as rehabilitation and NSAIDs.

Recently, because of their potent analgesic effect as
well as concerns about severe side effects due to
NSAIDs, opioids are becoming increasingly prevalent in
treating musculoskeletal disorders, including knee OA. In
the USA, prescriptions for patients with chronic non-
cancer pain doubled from 8% in 1980 to 16% in 2000
[2]. A large-scale retrospective study with 15160 chronic
pain patients treated consecutively with opioids showed
that 2% of these patients were at risk of developing opioid
dependence. Patients with psychiatric disorders had an
especially high risk of developing opioid dependence
(odds ratio 1.46) [3]. Previous research on opioid efficacy
was <1-2 years in duration [4], and no study has investi-
gated the long-term efficacy of opioids for chronic non-
cancer pain.

With the increase in the number of patients with knee OA
worldwide, the number of total knee arthroplasty (TKA)
cases has also increased. TKA is a useful surgical proced-
ure for pain relief and improves the patient’s ability to walk.
Overall, the clinical outcomes of TKA are predominately
positive; however, a patient may require revision surgery
because of persistent postoperative pain, mechanical
loosening or infection. Persistent postoperative pain can
occur for a variety of reasons or may be idiopathic (i.e. pain
of unknown origin). The number of patients who require
revision arthroplasty is increasing and, unfortunately,
revision arthroplasty does not produce promising results
when compared with the primary surgery. Moderate to
severe pain was reported by Singh and Lewallen [5] in
7.5% of patients 2 years after the initial knee arthroplasty,
while 24% of patients reported pain after revision
arthroplasty. In an article published in this issue [6],
respondents to a questionnaire who underwent revision
TKA reported NSAID usage of 13% at 2 years and 17%
at 5 years after surgery, while 5% and 6% (at 2 and 5 years,
respectively) required opioids to manage their pain post-
surgery [6].

The risk associated with postoperative persistent
pain includes pre-, peri- and postoperative factors.

Preoperative factors include female gender, younger age,
low income, low self-assessment of health, low educa-
tional background, preoperative pain and preoperative
psychological factors (anxiety, catastrophe and depres-
sion). Perioperative factors include wound size, duration
of the operation, intraoperative nerve injury and electrical
scalpel use. Postoperative factors include severe peri-
operative pain, high doses of postoperative analgesia,
surgery on a previously injured site and reoperation [7].
Because severe pain immediately after surgery is a risk
factor for persistent postoperative pain, sufficient anal-
gesics must be provided during and immediately after the
surgery [8], but prolonged opioid administration should be
avoided [4]. Patients with depression are more likely to
develop postoperative persistent pain, and these patients
require as much as 4.5 times more opioids than other pa-
tients, even 5 years after the revision knee arthroplasty [6].
Moreover, poor postoperative outcomes occur in patients
who are treated with opioids prior to the primary surgery,
with a significantly higher incidence of postoperative per-
sistent idiopathic pain and a significantly higher rate of
revision arthroplasty [9]. Postoperative pain can be alle-
viated by preoperative education, cognitive behavioural
therapy for potential postoperative pain and adequately
managing perioperative pain [10].

Fig. 1 indicates the therapeutic algorithm that was used
to determine the postoperative persistent pain after knee
arthroplasty. When mechanical loosening, infection in the
joint or fractures around the joint are evident, surgical or
pharmacological methods, including opioid treatment,
should be employed. Neuropathic pain should be treated
with NSAIDs and anticonvulsant drugs, such as pregabalin.
A nerve block may also be used to control neuropathic
pain. When the pain is idiopathic, however, other factors,
including socio-psychological factors, should be examined
and psychiatric approaches, such as antidepressant treat-
ment as well as cognitive behavioural therapy, can be intro-
duced. In actual clinical practice, however, few patients
have pain due to only organic causes or completely lack
these organic causes. Most patients have pain that is often
believed to have both organic and idiopathic causes.

Today, opioids are prescribed without careful consider-
ation when treating chronic non-cancer pain, including
postoperative persistent pain after knee arthroplasty.
Because the analgesic effects of opioids occur quickly
and patients who believe opioids are the most potent
analgesics may experience a strong placebo effect,

© The Author 2014. Published by Oxford University Press on behalf of the British Society for Rheumatology. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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physicians find it easier to prescribe medication than to
opt for non-pharmacological interventions, such as pa-
tient education, exercise and cognitive behavioural ther-
apy. Patients with opioid dependence may think these
drugs are effective because withdrawal symptoms
appear as the drug effects wear off. At present, the
long-term efficacy and adverse effects of opioid therapy
for chronic non-cancer pain remain uncertain, therefore
opioid administration without careful consideration is in-
appropriate, except when its potent analgesic effects are

utilized for perioperative pain control.

Future studies should focus on whether opioid treatment
for persistent postoperative pain actually improves the pa-
tient’s quality of life. Furthermore, the consequences of
knee arthroplasty in patients with depression should be
investigated because depression is the most important
risk factor for excessive opioid use [6]. These studies
should determine whether treating depression prior to sur-
gery improves the outcome of knee arthroplasty. While opi-
oids are extremely effective as analgesics, caution should
be exercised in their use to treat pain so that new problems

do not develop.
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Abstract. We investigated the role of interferon regulatory factor 8 (IRF8) in a model of chronic
pain in which repeated cold stress (RCS) exposure produces tactile allodynia. RCS exposure
produced a decrease in paw withdrawal threshold (PWT) to mechanical stimulation. Spinal
microglia of RCS-exposed mice were morphologically activated. Expression of IRF8 was signifi-
cantly increased in the spinal cord of RCS-exposed mice and was localized in microglia. IRF8-
knockout mice failed to show the RCS-induced decrease in PWT. Thus, RCS exposure activates
spinal microglia and upregulation of IRF8 in these cells is involved in the development of tactile
allodynia after RCS exposure.

Keywords: interferon regulatory factor-8, microglia, repeated cold stress

Microglia, the resident macrophages of the central However, the role of IRF8 in other animal models of
nervous system (CNS), respond to a wide range of chronic pain is unknown. In the present study, we used a
stimuli that may threaten CNS homeostasis. Peripheral model of chronic pain based on repeated cold stress
nerve damage induces microglial activation in the spinal (RCS) (5) [also called intermittent cold stress (ICS) (6)],
cord. This activation involves hypertrophy, proliferation, which results in tactile allodynia. RCS (5) [and ICS (6)]
and altered gene expression (1 —3). We have recently has been previously used as an experimental animal
demonstrated that the transcription factor interferon model of fibromyalgia (5 — 7), which is highly debilitat-
regulatory factor 8 (IRF8) is expressed in microglia ing chronic pain whose mechanisms are poorly understood.
after peripheral nerve injury (4). Furthermore, we have Male C57BL/6 mice (Clea Japan, Tokyo), IRF8-KO
shown that IRF8-knockout (IRF8-KO) mice are resistant mice (8) and their wild-type (IRF8-WT) littermates,
to peripheral nerve injury—induced tactile allodynia (4), and Sprague-Dawley rats (Japan SLC, Shizuoka) were
innocuous stimuli-mediated abnormal pain hyper- used. Mice and rats were aged 9—12 and 8 weeks,
sensitivity. However, IRF8-KO mice show no major respectively, and housed at 22°C £ 1°C, under a 12-h
deficits in acute and inflammatory pain responses (4). light-dark cycle, and fed food and water ad libitum before
Overall, these results indicate that microglial IRF8 plays and after RCS. All experimental procedures were

a major role in the pathogenesis of neuropathic pain..  performed under the guidelines of Kyushu University
and Nagoya University.

: - ; RCS exposure was performed as previously reported
*Corresponding author. inoue@phar.kyushu-u.acjp A
Published online in J-STAGE on October 2, 2014 (5, 6). The temperature of the chamber was automatically
doi: 10.1254/jphs.14143SC controlled between 4°C and 22°C. After measuring the
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paw withdrawal threshold (PWT), animals were kept at
4°C from 16:30 (for mice) or 19:00 (for rats) on the first
day to 10:00 and then exposed to 22°C (room tempera-
ture) followed by their respective cold temperatures at
30-min intervals from 10:00 to 16:30 (for mice) or 17:30
(for rats) (Fig. 1A). These procedures were repeated for
7 days (for mice) or 5 days (for rats). During the stress
period, two mice were kept in each cage (12 x 15 x 10.5
cm) and two to three rats were housed per metal-mesh
cage (22 x 43 x 19 cm), both receiving ad libitum access
to food and water.

Mechanical sensitivity was assessed the day before
and 1 - 14 days after RCS, as described in our previous
study (4). Mice were individually placed in an opaque
plastic cylinder (located on a wire mesh) for 1 h to allow
for acclimatization to the new environment. Calibrated
von Frey filaments (0.02 — 2.0 g; North Coast Medical,
Gilroy, CA, USA) were then applied to the plantar
surfaces of hindpaws of the mice. The 50% PWT was
determined.

For immunohistochemistry, animals were deeply
anesthetized after RCS exposure by pentobarbital and
perfused transcardially with phosphate-buffered saline
(PBS) followed by ice-cold 4% paraformaldehyde/PBS.
Lumbar spinal cord segments (mice: L3, 4, and 5; rats:
L4, 5, and 6) were removed, postfixed in the same fixa-
tive, and placed in 30% sucrose solution for 24 h at 4°C.
Transverse spinal cord sections (30 zm) were cut on a
cryostat and incubated in blocking solution (3% normal
goat or donkey serum), and then incubated for 48 h at
4°C in the primary antibodies: ionized calcium-binding
adapter molecule-1 (Ibal; 1:5000; Wako, Osaka) and
IRF8 (1:500; Santa Cruz Biotechnology, Dallas, TX,
USA), followed by the secondary antibodies conjugated
to Alexa Fluor™ 488 or 546 (1:1000; Life Technologies
Japan, Tokyo) and mounted in Vectashield (Vector
Laboratories, Burlingame, CA, USA). Three to five
sections from the spinal cord segments of each mouse
were randomly selected and analyzed using the LSM510
Imaging System (Carl Zeiss Japan, Tokyo).

For quantitative real-time PCR experiments, mice
were deeply anesthetized with pentobarbital, perfused
transcardially with PBS, and the L3, L4, and L5 dorsal
spinal cords were removed immediately. The tissues
were vertically separated by median, and hemisections
of the dorsal spinal cord were subjected to total RNA
extraction using Trisure (Bioline, London, UK) accord-
ing to the protocol of the manufacturer and purified with
an RNeasy mini plus kit (Qiagen, Valencia, CA, USA).
The amount of total RNA was quantified by measuring
0OD260 using a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). For reverse transcrip-
tion, 100 ng of total RNA was transferred to the reaction

with Prime Script reverse transcriptase (Takara Bio, Otsu).
Quantitative PCR was performed with Premix Ex Taq
(Takara) using a 7500 real-time PCR system (Life
Technologies Japan), and the data were analyzed using
7500 System SDS Software 1.3.1 (Life Technologies
Japan). Expression levels were normalized to the
values for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and then results were presented relative to
those of naive mice. The sequences of TaqMan primer
pairs and probe are described below. Mouse IRFS:
5-GGATATGCCGCCTATGACACA-3' (forward), 5'-
CATCCGGCCCATACAACTTAG-3' (reverse), 5'-
FAM-CCATTCAGCTTTCTCCCAGATGGTCATC-
TAMRA-3' (probe) as well as the primers and probe for
GAPDH, were obtained from Life Technologies Japan.

Statistical analyses (using Prism 4.03; GraphPad
Software, San Diego, CA, USA) was performed using
the Student’s r-test or two-way ANOVA followed by the
Bonferroni post hoc test. Significance was reached at
values of P <0.05, P <0.01, or P <0.001.

We first examined mechanical pain hypersensitivity
following RCS by measuring PWT of mice before and
after RCS. RCS produced a profound long-term decrease
in PWT to mechanical stimulation (Fig. 1B), indicating
the production of tactile allodynia following RCS. We
determined whether spinal microglia were activated in
RCS mice and found that immunoreactivity for Iba-1
was higher in the L4 dorsal horn of mice exposed to
RCS for 7 days compared with controls (non-RCS mice)
(Fig. 1C). This response was mainly observed in the
medial part of the dorsal horn. Furthermore, dorsal horn
microglia were hypertrophic and showed prominent
immunoreactivity for Ibal (Fig. 1C). These results
suggest that RCS induces a switch in phenotype from
the resting to the activated state in a population of
microglia in the dorsal homn. In contrast, these changes
were weak in the L3 and L5 segments (Fig. 1D), suggest-
ing that microglial activation in the dorsal horn of RCS-
exposed mice may occur in a segment-dependent
manner. The spatial- and segment-specific activation
of microglia in the dorsal horn of RCS-exposed mice
was similarly observed in rats that were exposed to RCS
(Fig. 1E), suggesting that RCS-induced microglial acti-
vation in the dorsal horn may not be a species-restricted
phenomenon.

We have previously shown that the transcription factor
IRF8 plays a crucial role in microglial activation and
pain hypersensitivity (4). Therefore, in the present study,
we investigated the involvement of IRF8 in RCS-induced
tactile allodynia. RT-PCR revealed that IRF8 mRNA
was significantly increased in the dorsal spinal cord
immediately 7 days after RCS exposure (P < 0.001), but
not in the L3 and L5 dorsal horn (Fig. 2A). Immuno-
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Fig. 1. Morphological changes of microglia
in the dorsal homn after repeated cold stress
(RCS) exposure. A) Schematic of RCS expo-
sure in mice. B) The withdrawal threshold of
mechanical stimulation to the hindpaw was
examined in mice with and without RCS.
*P <0.05, **P <0.01, ***P < (.001 vs. naive
control group. n=4. C) Immunofluorescence
of Ibal (a microglia marker) in L4 dorsal
horn of mice with or without RCS exposure
(scale bar =200 xm). Insets; high-magnification
images of Ibal immunostaining in the dorsal
horn (scale bar=40 um). D, E) Segmental
pattern of microglial activation in the dorsal
horn after RCS exposure in mice (D) and rats
(E). Immunofluorescence of Ibal in the lumbar
segments (mice: L3, 4, and 5; rats: L4, 5, and
6) of the dorsal horn after RCS exposure
[scale bar =200 um (D, E)].

Fig. 2. IRF8 upregulated in spinal microglia
after RCS exposure contributes to RCS-
induced tactile allodynia in mice. A) Real-
time polymerase chain reaction analysis of
IRF8 mRNA in the spinal dorsal hom of
non-RCS (Naive)- and RCS-exposed mice.
Values represent the relative ratio of IRF8
mRNA (normalized to GAPDH mRNA) to
naive mice (n=4) (***P <0.001 vs. naive
mice). B) Double immunolabeling of IRF8
with Ibal in the spinal dorsal hom (scale
bar =25 ym). C) Intensity of IRF8 immuno-
fluorescence per microglia (normalized to
naive mice) (n=4) (***P <(0.001 vs. naive
mice). D) Paw withdrawal threshold of wild-
type littermates (IRF8-WT) and IRF8-KO
mice before (Pre) and after RCS exposure
(n=28-10) (**P < 0.001 vs. the value of each
time point of IRF8-WT mice).
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fluorescence revealed that IRF8 co-localized with Ibal,
suggesting that the nuclear localization of IRF8 in
microglia (Fig. 2B). Consistent with the upregulation of
IRF8 mRNA expression (Fig. 2A), immunofluorescence
intensity of IRF8 in individual microglia was signifi-
cantly enhanced after RCS exposure (Fig. 2C, P <0.001).
We then investigated whether IRF8 contributed to RCS-
induced tactile allodynia using IRF8-KO mice. IRF§-WT
mice exhibited a profound long-term decrease in PWT,
which was not observed in IRF8-KO mice (Fig. 2D,
P <0.001). These behavioral data indicate that upregula-
tion of IRF8 in the spinal cord is required for the
development of tactile allodynia after RCS exposure.

In the present study, activation of dorsal horn
microglia occurred in mice and rats exposed to RCS.
In mice, the activation was shown by the upregulation of
IRF8 as well as morphological alterations in microglia,
both of which have been implicated in the transformation
of microglia to the reactive state. We further showed
that the loss of IRF8 suppressed RCS-induced pain
hypersensitivity. Therefore, the upregulation of microglial
IRF8 may play an important role in RCS-induced pain
hypersensitivity in mice. However, the involvement of
other cell types (e.g., DRG macrophages) expressing
IRF8 cannot be excluded in the suppression of RCS-
induced tactile allodynia that we observed in IRF8-KO
mice.

Our findings also suggest that IRF8 is important
for relaying signals responsible for activating microglia,
a process that may contribute to subsequent pathological
states. IRF8 activates the transcription of genes associ-
ated with the reactive state of microglia [e.g., T/r2 (en-
coding Toll-like receptor 2)], chemotaxis [e.g., P2ryl2
(encoding P2Y12 receptor)], and inflammatory compo-
nents [e.g., lllb and Ctss (encoding interleukin-18 and
cathepsin S, respectively)] without affecting proliferation
of microglia after peripheral nerve injury (4). The mecha-
nism by which upregulated IRF8 in spinal microglia
contributes to RCS-induced tactile allodynia remains
unknown. However, IRF8-dependent expression of
genes in activated microglia may be involved in RCS-
induced tactile allodynia.

Interestingly, our findings showed that RCS-induced
microglial activation was mainly observed in the medial
side of the dorsal horn, which is an area innervated by
myelinated fibers (9). Furthermore, microglial activation
in mice was more pronounced in the L4 segment of the
dorsal horn than in the L3 or LS segments. L4 DRG
neurons, whose central fibers mainly project to the L4
dorsal horn, predominantly contribute to the sciatic nerve
(10). In rats, L5 DRG neurons (corresponds to mouse L4)
contribute to the sciatic nerve (10), and RCS-induced
microglial activation in rats was intense in the L5 spinal

cord. A similar spatial pattern of microglial activation in
the dorsal horn has been reported in models of diabetic -
neuropathy (11), paclitaxel-induced neuropathy (12), and
chronic fatigue syndrome (13). Although the mechanism
for the segment-selective activation of dorsal horn
microglia following RCS is unclear, microglial activa-
tion may involve RCS-induced damage and/or aberrant
activity of a subpopulation of primary afferent sensory
fibers of the sciatic nerve projecting to the L4 (in mice)
or L5 (for rats) dorsal horn. Considering that the major
origin of primary afferent neuronal endings in the mouse
hindpaw is the L4 segment of DRG neurons, microglial
activation observed in the L4 dorsal spinal cord may
play a role in RCS-induced tactile allodynia. Future
studies should therefore focus on understanding how
RCS induces activation of dorsal horn microglia.
RCS-induced tactile allodynia has been reported as
a rodent model of fibromyalgia (5 — 7). Blood of fibro-
myalgia patients has been shown to contain increased
levels of proinflammatory cytokines (14). Our study
may suggest that activated microglia are involved in
fibromyalgia, but a relationship between the reactive
states of spinal microglia and the levels of proinflam-
matory cytokines in peripheral blood has not been inves-
tigated in human patients. Because microglial activation
in the CNS occurs in humans with chronic pain (15), this
relationship would be important to determine.
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Abstract

of paclitaxel-induced neuropathy.

on paclitaxel-induced allodynia.

Background: Paclitaxel is an effective chemotherapeutic agent widely used for the treatment of solid tumors. The major
dose-limiting toxicity of paclitaxel is peripheral neuropathy. The mechanisms underlying the development and
maintenance of paclitaxel-induced peripheral neuropathy are still unclear, and there are no currently established
effective treatments. Accumulating evidence in models of neuropathic pain in which peripheral nerves are
lesioned has implicated spinal microglia and chemokines in pain hypersensitivity, but little is know about their
roles in chemotherapy-induced peripheral neuropathy. In the present study, we investigated the role of CC-chemokine
ligand 3 (CCL3) in the spinal cord in the development and maintenance of mechanical allodynia using a rat model

Findings: Repeated intravenous administration of paclitaxel induced a marked decrease in paw withdrawal threshold
in response to mechanical stimulation (mechanical allodynia). In these rats, the number of microglia in the spinal dorsal
horn (SDH) was significantly increased. Paclitaxel-treated rats showed a significant increase in the expression of mRNAs
for CCL3 and its receptor CCR5 in the SDH. Intrathecal administration of a CCL3-neutralizing antibody not only
attenuated the development of paclitaxel-induced mechanical allodynia but also reversed its maintenance. Paclitaxel
also upregulated expression of purinoceptor P2X7 receptors (P2X7Rs), which have been implicated in the release
of CCL3 from microglia, in the SDH. The selective P2X7R antagonist A438079 had preventive and reversal effects

Conclusions: Our findings suggest a contribution of CCL3 and P2X7Rs in the SDH to paclitaxel-induced allodynia and
may provide new therapeutic targets for paclitaxel-induced painful neuropathy.

Keywords: Paclitaxel, Microglia, Chemokines, Spinal cord, Allodynia, Rats

Findings

Introduction

Paclitaxel is an effective chemotherapeutic agent widely
used for the treatment of breast, ovarian, and non-small-
cell lung cancer [1]. Paclitaxel often induces peripheral
neuropathy, which is characterized by a sensory abnor-
mality of extremities usually occurring in a stocking-
and-glove distribution in addition to motor dysfunction
in patients [2]. Peripheral neuropathy is the major
dose-limiting toxicity of paclitaxel and may persist for
months to years [3], having a long-term negative impact
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Department of Molecular and System Pharmacology, Graduate School of
Pharmaceutical Sciences, Kyushu University, 3-1-1 MaidashiHigashi-ku,
Fukuoka 812-8582, Japan
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on patients’ quality of life. However, the mechanisms
underlying paclitaxel-induced peripheral neuropathy re-
main unknown, and there are no established treatments.
A growing body of evidence indicates that activated
microglia in the spinal dorsal horn (SDH) play important
roles in pathological chronic pain in different animal
models [4-6]. Activated microglia produce many types of
inflammatory mediators, such as proinflammatory cyto-
kines and chemokines, which contribute to the initiation
and maintenance of pain hypersensitivity [6-8]. It was
recently reported that paclitaxel treatment induces acti-
vation of microglia in the SDH in rats and mice [9] and
that intrathecal administration of minocycline, a reagent
that can inhibit microglial activation attenuates paclitaxel-
induced pain hypersensitivity [10]. We have previously

© 2014 Ochi-ishi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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shown that microglia produce and release CC-chemokine
ligand 3 (CCL3; also known as MIP-1a) [11] and that in a
model of spinal nerve injury, spinal CCL3 expression is
upregulated in microglia and contributes to mechanical
allodynia [12]. Furthermore, intrathecal administration of
CCL3 to naive animals produces mechanical allodynia
[12,13]. CCL3 is known to activate its cognate receptors
CCR5 and CCR1 [14], and a pharmacological blockade of
spinal CCL3 signaling by intrathecal administration of
CCR5 antagonists reduces pain hypersensitivity after trau-
matic nerve injury [12,15]. These results suggest that
spinal CCL3 plays an important role in traumatic nerve
injury-induced allodynia. However, there are no reports
demonstrating whether CCL3 in the spinal cord contrib-
utes to chemothe rapy-induced neuropathic pain. Thus,
the aim of the present study was to investigate the role of
spinal CCL3 in mechanical allodynia using a rat model of
paclitaxel-induced neuropathy.

Methods

All experimental procedures were approved by the Institu-
tional Animal Care and Use committee review panels at
Kyushu University.

Male Sprague-Dawley rats (8~11 weeks old) were ob-
tained from Japan SLC (Hamamatsu, Japan). The rats were
housed at a temperature of 22 + 1°C with a 12-hour light-
dark cycle and had ad libitum access to food and water.

Paclitaxel (LKT Laboratories, St. Paul, USA) was dis-
solved in a 1:1 mixture of ethanol and Cremophor EL
(Sigma-Aldrich, St. Louis, USA) to make a stock solution
of 12 mg/mL. Prior to administration, the paclitaxel so-
lution was further diluted with sterile saline (1:3). Under
isoflurane (2%) anesthesia, rats were administered the
solution via the tail vain on days 0 and 3 after paw with-
drawal threshold was measured. We used a previously
characterized model of paclitaxel-induced peripheral
neuropathy produced by repeated infusions of paclitaxel
at a cumulative dose of 36 mg/kg (2 x 18 mg/kg, 3 days
apart) [9]. Control rats received equivalent volumes of
the Cremophor/ethanol vehicle.

For immunohistochemical experiments, rats were deeply
anesthetized by pentobarbital and perfused transcardially
with phosphate-buffered saline (PBS, composition in mM:
NaCl 137, KCI 2.7, KH,PO, 1.5, NaH,PO, 8.1; pH 7.4)
followed by ice-cold 4% paraformaldehyde/PBS. The L5
segment of the lumbar spinal cord was removed, postfixed
in the same fixative, and placed in 30% sucrose solution
for 24 hr at 4°C. Transverse L5 spinal cord sections
(30 um) were cut on a Leica CM 1850 cryostat (Leica
Biosystems, Wetzlar, Germany) and incubated for 2 hr
at room temperature in a blocking solution (3% normal
goat serum), and then incubated for 48 hr at 4°C in the
primary antibody for ionized calcium-binding adapter
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molecule 1 (Ibal, 1:2000, Wako, Osaka, Japan), a
marker of microglia. Spinal sections were incubated
with secondary antibodies conjugated to Alexa Fluor
488 (1:1000, Life Technologies Japan, Tokyo, Japan) and
mounted in Vectashield containing 4',6-diamidino-2-
phenylindole (DAPI, Vector Laboratories, Burlingame,
USA). Two to three sections from the L5 spinal cord
segments of each rat were randomly selected and ana-
lyzed using an LSM510 Imaging System (Carl Zeiss
Japan, Tokyo, Japan). The numbers of Ibal™ cells in the
SDH (lamina I — IV) were counted.

For quantitative real-time PCR, rats were deeply anes-
thetized with pentobarbital, perfused transcardially with
PBS, and the L5 spinal cord was removed immediately.
The tissues were separated into ventral and dorsal horn.
The sample was homogenized with TRIsure (Bioline,
London, UK) and RNA was purified using an RNeasy mini
plus kit (Qiagen, Valencia, USA). The amount of RNA was
quantified using NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, USA). RNA was transcribed using
PrimeScript Reverse Transriptase (Takara Bio, Otsu,
Japan). Quantitative PCR was performed using Premix Ex
Taqg (Takara) together with a 7500 real-time PCR system
(Life Technologies Japan, Tokyo, Japan), and the data were
analyzed using 7500 System SDS Software 1.3.1 (Life
Technologies Japan, Tokyo, Japan). Expression levels of
genes of interest were normalized to the values for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
were expressed as fold change over control rats. The se-
quences of TagMan primer pairs and probes are described
below: rat Ibal, 5'-GATTTGCAGGGAGGAAAAGCT-3’
(forward), 5'-AACCCCAAGTTTCTCCAGCAT-3" (reverse),
5'-CAGGAAGAGAGGTTGGATGGGATCAA-3" (Tagman
probe); rat CCL3, 5-CCACTGCCCTTGCTGTITCTT-3
(forward), 5'-GCAAAGGCTGCTGGTTTCAA-3" (reverse),
5 -CGCCATATGGAGCTGACACCCCG-3' (Tagman probe);
rat CCR1, 5'-CTAAGATGGCTAGGGCCCAAATA-3’
(forward), 5-TCCCTGAGGGCCCGAACTGTCA-3’
(reverse), 5'-CCTGGGCTTATACAGTGAGATCTTC-
3" (Tagman probe); rat CCR5, 5'-GACCGGGTATA
GACTGAGCTTACAC-3" (forward), 5'-ACTCTTGG
GATGACACACTGCTGCCTC-3" (reverse), 5'-CAGG
CAATGCAGGTGACAGA-3’ (Tagman probe); and rat
purinoceptor P2XR7, 5'-CATGGAAAAGCGGACAT
TGA-3" (forward), 5'-CCAGTGCCAAAAACCAGGAT-
3" (reverse), 5'-AAAGCCTTCGGCGTGCGTTTTGA-3’
(Tagman probe).

Mechanical allodynia was assessed using von Frey fila-
ments (North Coast Medical, Gilroy, USA). Rats were
placed in an aluminum cage with a wire mesh grid floor
in a quiet room, 30 min before the start of testing. The
von Frey filament (1.0-15.0 g) was inserted through the
mesh floor bottom and was applied to the middle of the
plantar surface of the hindpaw. The 50% paw withdrawal
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threshold (PWT) was determined using the up-down
method [16].

For intrathecal administration, under isoflurane (2%)
anesthesia, rats were implanted with a 32-gauge intrathecal
catheter (ReCathCo, Allison Park, USA) through the
atlanto-occipital region into the lumbar enlargement of the
spinal cord. Seven days after implantation, the catheter
placement was verified by the observation of transient
hindpaw paralysis induced by intrathecal injection of lido-
caine (2%, 5 pL). Animals that failed to display paralysis fol-
lowing lidocaine administration were not included in the
experiments. To test for possible effects on the develop-
ment of paclitaxel-induced mechanical allodynia, rats were
injected with a CCL3-neutralizing antibody (4 ng/10 uL;
R&D Systems, Minneapolis, UAS) (or control IgG2A) and
the selective P2X7R antagonist A438079 (1 pg/10 ul,
Tocris Bioscience, Bristol, UK) (or PBS) once a day for
7 days starting from 1 day before the first injection of pacli-
taxel. Intrathecal administration of these drugs was done
soon after the completion of behavioral measurement
(10:00 ~ 12:00). For experiments testing their effects on
maintenance of paclitaxel-induced mechanical allodynia,
these agents were administered intrathecally to paclitaxel-
treated rats, once, on day 7.

Data are expressed as the means + SEM. Statistical ana-
lyses of the results were conducted with the Student’s t
test, one-way ANOVA with post hoc Dunnetts multiple
comparisons, and two-way ANOVA with Bonferroni’s
post hoc analysis. The threshold for statistical significance
was set at a P value < 0.05.

Results
First, to confirm mechanical pain hypersensitivity in rats
that had been administered paclitaxel via the dosing regi-
men used in this study, we measured PWT in response to
mechanical stimulation of paclitaxel-treated rats. As
shown in Figure 1A, paclitaxel produced a profound,
long-term decrease in PWT. We next immunohisto-
chemically examined activation of microglia in the SDH
using an antibody against Ibal, a marker of microglia, in
paclitaxel-treated rats. In the L5 SDH of paclitaxel-treated
rats, Ibal immunofluorescence was clearly increased
(Figure 1B). At high magnification, Ibal-positive microglia
showed an activated morphology such as thickened cell
bodies and retracted processes (Figure 1B insets). The
number of Ibal-positive microglia in the L5 SDH was sig-
nificantly increased on days 7 and 14 after the first injec-
tion of paclitaxel (Figure 1C). In addition, we also
observed a significant increase in the level of mRNA for
Ibal in the SDH (data not shown). These results together
indicate that microglia become activated in the SDH of
paclitaxel-treated rats.

To examine changes in expression of CCL3 in the SDH,
we performed real-time RT-PCR analysis. Seven days after
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the first paclitaxel injection, the expression of CCL3
mRNA was markedly increased in the SDH (Figure 2A).
The increase in CCL3 mRNA in the SDH was detected as
early as day 3 (but was not statistically significant at this
time), and the highest level was observed on day 7. The
upregulation of CCL3 was still evident, to a slightly lesser
extent, on day 14 (Figure 2A). The time course of CCL3
upregulation paralleled that of the number of microglia in
the SDH (Figure 1C). We also examined the expression of
CCR5 and CCR1 (receptors for CCL3 [14]) mRNAs in the
SDH. CCR5 expression was significantly increased in the
SDH on days 7 and 14 after the first paclitaxel administra-
tion (Figure 2B). By contrast, the CCR1 mRNA expression
level was unchanged at all time points tested (Figure 2C).

To determine the role of spinal CCL3 in paclitaxel-
induced mechanical allodynia, we tested the effect of a
CCL3-neutralizing antibody on the PWT in paclitaxel-
treated rats. Repeated intrathecal injection of an anti-CCL3
antibody [once a day from day O (before the first paclitaxel
injection) until day 6] prevented the decrease in PWT in
paclitaxel-treated rats (Figure 3A). We also tested the effect
of a single intrathecal injection of the CCL3 antibody on
day 7 after the first paclitaxel injection, a time correspond-
ing to the highest expression level of CCL3. Intrathecal
CCL3 antibody injection significantly increased the PWT in
paclitaxel-treated rats (Figure 3B). These results indicate
that spinal CCL3 contributes to the development and
maintenance of paclitaxel-induced mechanical allodynia.

We have previously demonstrated that activating puri-
nergic P2X7Rs in cultured microglia causes release of
CCL3. Thus, we further investigated the involvement of
spinal P2X7Rs. We examined expression of P2X7Rs in
the SDH and found that paclitaxel treatment signifi-
cantly increased expression of P2X7R mRNA in the
SDH on day 7. To determine the role of spinal P2X7Rs
in the development of mechanical allodynia, we repeat-
edly administered A438079, a selective antagonist for
P2X7Rs [17,18], into the intrathecal space. As shown in
Figure 4B, repeated intrathecal administration of A438079
prevented the decrease in the PWT in paclitaxel-treated
rats (Figure 4B). We also found that a single intrathecal
administration of A438079 to paclitaxel-treated rats on
day 7 reversed mechanical allodynia (Figure 4C).

Discussion

In the present study, we demonstrated for the first time
that the chemokine CCL3 in the spinal cord is involved in
the mechanical allodynia caused by paclitaxel treatment in
rats. Our behavioral data showing both the preventive and
reversal effects of chronic and single intrathecal adminis-
tration, respectively, of a CCL3-neutralizing antibody on
the paclitaxel-induced allodynia suggest that CCL3 plays
important roles not only in the development of paclitaxel-
induced allodynia, but also in its maintenance. Although
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Figure 1 Administration of paclitaxel causes activation of microglia in the SDH. (A) Threshold for withdrawal in response to mechanical
stimulation to the hindpaw before and after injection of vehicle or paclitaxel (**P < 0.01, ** P <0001 vs. vehicle group, n = 6). (B) Immunofluorescence
for Iba1, a marker of microglia, in the SDH of vehicle (control)- or paclitaxel-treated rats (Scale bar, 200 um). Insets: high magnification images (Scale
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the type of cells responsible for upregulating CCL3 ex-
pression in the SDH of paclitaxel-treated rats remains to
be determined, the temporal correlation between the up-
regulation of CCL3 expression and the increase in the
number of microglial cells in the SDH leads us to
hypothesize that the CCL3 may be derived from activated
microglia. Indeed, the morphological hypertrophy of
microglia and the increase in the number of microglia,
both of which are major immunohistochemical features of
microglial activation, were evident in the SDH of
paclitaxel-treated rats. Furthermore, our previous study
revealed production and release of CCL3 from cultured
microglia [11]. In a recent study using rat brain slices
in vitro, neuronal injury was shown to induce the
microglial production of CCL3 [19]. We have also re-
cently demonstrated upregulation of CCL3 expression
in spinal microglia after traumatic nerve injury in rats
[12], which strongly supports our hypothesis. Moreover,

P2X7Rs have been implicated in CCL3 release from micro-
glia [11], and our study showed that pharmacological
blockade of spinal P2X7Rs suppressed paclitaxel-
induced mechanical allodynia, the effect of which was
similar to that of the CCL3-neutralizing antibody.
P2X7R expression has been reported to be upregulated
predominantly in microglia in the SDH after traumatic
nerve injury [20,21]. Thus, microglial cells could be a
candidate for the source of CCL3 in the SDH of
paclitaxel-treated rats. However, we can not exclude a
possible involvemen t of other cell types expressing
CCL3 in the SDH. Indeed, in addition to microglia, cul-
tured astrocytes also express CCL3 [22]. Consistent
with previous studies, we also found that paclitaxel
treatment changed the morphology and expression of
GFAP in the SDH (data not shown). Recent studies
have implicated spinal astrocytes in chemotherapy-
induced mechanical hypersensitivity [23,24].
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Figure 2 Upregulation of CCL3 and CCR5 mRNAs in the SDH following administration of paclitaxel. Real-time RT-PCR analyses of mRNA
levels for CCL3 (A), and the chemokine receptors CCR1 (B) and CCR5 (C) in the SDH of paclitaxel- and vehicle-treated rats at each time point after the
first injection of paclitaxel (n =4-6, **P < 0.001 vs. control). Values represent the relative ratio of each mRNA (normalized to the level of GAPDH mRNA)
in paclitaxel-treated rats to that in naive control rats (fold change over control rats). Values are means + s.em.
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The present study showed that a single intrathecal ad-
ministration of either a CCL3-neutralizing antibody or the
selective P2X7R antagonist reversed the established mech-
anical allodynia in paclitaxel-treated rats. Considering that
microglia release CCL3 in response to P2X7R activation
[11], the most parsimonious hypothesis is that ongoing
signaling via CCL3 (presumably released from P2X7R-
stimulating microglia) is crucial for maintaining paclitaxel-
induced pain hypersensitivity. Although the detailed
mechanisms by which CCL3 mediates paclitaxel-induced
mechanical allodynia are not clear, spinal CCL3 might
affect spinal pain processing. The ability of spinal CCL3 to
produce mechanical allodynia has been demonstrated by
our and other studies showing that intrathecal administra-
tion of CCL3 to naive animals produces pain hypersensi-
tivity in response to mechanical stimulation [12,25]. The
expression of CCR5 in the SDH was markedly upregulated,

and the time course of its upregulation matched that of
CCL3 expression in the SDH. CCR5 was implicated in pain
hypersensitivity in a model of neuropathic pain caused by
traumatic nerve injury [12,15]. CCR5 expression has been
reported to be localized to activated microgila in the spinal
cord in response to nerve injury [12,26]. It is thus specu-
lated that spinal CCL3 released from microglia in response
to activation of P2X7Rs by extracellular ATP (which is pre-
sumably released from neighboring neurons [27] or glial
cells [28]) further activates microglia via CCR5 in an auto-
crine manner, which may in turn lead to an alteration of
dorsal horn pain processing. On the other hand, there was
a lack of changes in CCR1 expression in the SDH of
pactitaxel-treated rats, although a previous study has re-
ported the upregulation of CCR1 in the spinal cord after
traumatic nerve injury [13]. Considering recent findings
showing the failure of a selective CCR1 antagonist to
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Figure 4 P2X7Rs are upregulated by paclitaxel treatment and contribute to mechanical allodynia. (A) Real-time RT-PCR analysis of P2X7R
mRNA in the SDH of paclitaxel- and vehicle-treated rats 7 days after the first injection of paclitaxe! (n =6, ***P < 0.001). Values represent the relative ratio of
P2X7R mRNA (normalized to the level of GAPDH mRNA) in paclitaxel-treated rats to that in vehicle control rats (fold change over control rats). (B) A438079
(@ selective P2X7R antagonist; 1 pmol/10 pl) was intrathecally administered once a day for 7 days (from a day before the first paclitaxel injection to day 7)
(n=6, **P <0.001, vs. vehicle-treated control group). (C) A438079 (1000 nmol/10 pL) was intrathecally administered once on day 7 (n =6,
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suppress paclitaxel-evoked cold hypersensitivity [29], spinal
CCL3-CCR5 signaling may play an important role in
paclitaxel-induced neuropathic pain. However, how CCL3-
stimulated microglia affect pain processing in the dorsal
horn remains to be determined.

In summary, the present study revealed CCL3 as an im-
portant player in the development and maintenance of
mechanical allodynia following paclitaxel treatment. There-
fore, our findings not only provide evidence for a new
mechanism underlying the pathogenesis of chemotherapy-
induced peripheral sensory neuropathy, but also suggest a
novel therapeutic approach to neuropathic pain.
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