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Abstract
Paclitaxel is a commonly used cancer chemotherapy drug that frequently causes painful peripheral
neuropathies. The mechanisms underlying this dose-limiting side effect are poorly understood.
Growing evidence supports that proinflammatory cytokines, such as interleukin-1 (IL-1) and tumor
necrosis factor (TNF), released by activated spinal glial cells and within the dorsal root ganglia (DRG)
are critical in enhancing pain in various animal models of neuropathic pain. Whether these cytokines
are involved in paclitaxel-induced neuropathy is unknown. Here, using a rat neuropathic pain model
induced by repeated systemic paclitaxel injections, we examined whether paclitaxel upregulates
proinflammatory cytokine gene expression, and whether these changes and paclitaxel-induced
mechanical allodynia can be attenuated by intrathecal IL-1 receptor antagonist (IL-1ra) or intrathecal
delivery of plasmid DNA encoding the anti-inflammatory cytokine, interleukin-10 (IL-10). The data
show that paclitaxel treatment induces mRNA expression of IL-1, TNF, and immune cell markers
in lumbar DRG. Intrathecal IL-1ra reversed paclitaxel-induced allodynia and intrathecal IL-10 gene
therapy both prevented, and progressively reversed, this allodynic state. Moreover, IL-10 gene
therapy resulted in increased IL-10 mRNA levels in lumbar DRG and meninges, measured 2 weeks
after initiation of therapy, whereas paclitaxel-induced expression of IL-1, TNF, and CD11b mRNA
in lumbar DRG was markedly decreased. Taken together, these data support that paclitaxel-induced
neuropathic pain is mediated by proinflammatory cytokines, possibly released by activated immune
cells in the DRG. We propose that targeting the production of proinflammatory cytokines by
intrathecal IL-10 gene therapy may be a promising therapeutic strategy for the relief of paclitaxel-
induced neuropathic pain.
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Introduction
The chemotherapeutic drug paclitaxel (Taxol®) frequently induces painful peripheral
neuropathies (Dougherty et al., 2004). The mechanisms underlying this dose-limiting side
effect are unclear and few drugs prevent or control it. Available drug therapies primarily target
neurons. However, in the past decade, data strongly support that proinflammatory cytokines,
in particular interleukin-1 (IL-1) and tumor necrosis factor (TNF), produced by activated glia
(microglia and astrocytes), are critical in the creation and maintenance of neuropathic pain in
animal models (Marchand et al., 2005;Moalem and Tracey, 2006;Watkins and Maier, 2003).

Targeting glial proinflammatory cytokines may therefore provide an effective approach for the
control of neuropathic pain. A promising candidate therapeutic is the anti-inflammatory
cytokine interleukin-10 (IL-10), a powerful suppressor of the production and activity of several
proinflammatory mediators (Moore et al., 2001;Strle et al., 2001). Indeed, IL-10 has been
reported to be effective in the control of acute and chronic pain. Intrathecal IL-10 protein blocks
the development of IL-1-mediated pain changes induced by intrathecal dynorphin (Laughlin
et al., 2000) and by peri-sciatic snake venom phospholipase A2 (Chacur et al., 2004).
Intrathecal IL-10 protein also reverses sciatic nerve chronic constriction injury (CCI)-induced
mechanical allodynia and thermal hyperalgesia (Milligan et al., 2005a). In addition, intrathecal
administration of adenoviral or adeno-associated viral vectors containing cDNA encoding
IL-10 prevented and/or reversed mechanical allodynia induced by intrathecal. HIV-1 gp120,
sciatic nerve inflammation (sciatic inflammatory neuropathy, SIN), and CCI (Milligan et al.,
2005a;Milligan et al., 2005b). More recently, we have been pursuing intrathecal delivery of
‘naked’ plasmid DNA encoding rat IL-10, which results in a far more prolonged reversal of
CCI-induced allodynia (Milligan et al., 2006).

Recently, a rat model has been described wherein repeated intraperitoneal injections of low
doses of paclitaxel induce stable mechanical allodynia, but no significant systemic toxicity or
motor impairment (Polomano et al., 2001). The behavioral responses last for several weeks to
months (Flatters and Bennett, 2004;Polomano et al., 2001), thus modeling painful neuropathies
in patients that can persist for months after termination of chemotherapy. Pain enhancement
in this model is relatively resistant to opioid treatment and does not appear to involve activation
of NMDA receptors (Flatters and Bennett, 2004). In contrast, ethosuximide, an anti-epileptic
and calcium channel blocker, was effective in reversing mechanical allodynia/hyperalgesia in
this model (Flatters and Bennett, 2004). Whether proinflammatory cytokines contribute to
paclitaxel-induced neuropathic pain is as yet unknown.

Thus, the purpose of the present study is to assess whether paclitaxel-induced neuropathic pain
in rats is mediated by pro-inflammatory cytokines, and is associated with spinal cord glial
activation. We therefore examined whether paclitaxel-induced low-threshold mechanical
allodynia is associated with increases in the expression of spinal glial activation markers and
whether it can be reversed by intrathecal IL-1 receptor antagonist (IL-1ra) and/or intrathecal
IL-10 gene therapy. In addition, the present study explores whether these putative pain
modulatory effects are associated with changes in proinflammatory cytokine expression in
spinal cord, meninges, and/or dorsal root ganglia.
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Materials and Methods
Subjects

Pathogen-free adult male Sprague-Dawley rats (325-375 g; Harlan Labs, Madison, WI) were
used in all experiments. Rats were housed in temperature (23 ± 3 °C) and light (12 h: 12 h
light:dark cycle; lights on at 7 AM) controlled rooms with standard rodent chow and water
available ad libitum. Behavioral testing and injections were performed during the light cycle.
All procedures were approved by the Institutional Animal Care and Use Committee of the
University of Colorado at Boulder.

Drugs and plasmid DNA
Paclitaxel (Taxol®; Bristol-Myers Squibb, Princeton, NJ; 6 mg/ml in Cremophor EL/ethanol
1:1) was diluted in 0.9% sterile saline to a concentration of 1 or 2 mg/ml prior to injection. The
vehicle was a 1:1 mixture of Cremophor EL/ethanol diluted in saline as above. Endotoxin-free
solutions of recombinant human interleukin-1 receptor antagonist (IL-1ra; 100 μg/μl) and its
vehicle were kindly provided by Amgen (Thousand Oaks, CA) and stored at 4°C. Plasmid
DNA encoding for rat interleukin-10 (pDNA-IL-10) was identical to the expression cassette
used in our previous studies with adeno-associated virus, encoding the rat IL-10 gene with a
point mutation (F129S) under the control of a hybrid cytomegalovirus (CMV) enhancer/
chicken β-actin promoter (Milligan et al., 2005b). Here it was used in the absence of the viral
vector; that is, as naked DNA. The control plasmid (pDNA-Control) was constructed from the
pDNA-IL-10 plasmid by enzymatic excision of the IL-10 gene and insertion of a poly-A
sequence thereby keeping all other elements of the backbone identical. Plasmids were
amplified in SURE2 cells (Stratagene, La Jolla, CA), and purified using an Endotoxin-Free
Qiagen Giga purification kit (Qiagen, Valencia, CA), according to the manufacturer’s
instructions. Purified plasmid DNA was suspended in sterile Dulbecco’s phosphate-buffered
saline (PBS; 0.1 micron pore-filtered, pH 7.2; Gibco, Grand Island, NY) with 3% sucrose
(Sigma, St. Louis, MO) and stored at -20 °C. Concentration and purity of plasmid DNA
solutions were determined by measuring the absorbance at 260 nm and 280 nm in a
spectrophotometer. Final concentration of plasmid solutions ranged from 5-6 μg/μl.

Drug administration and experimental procedures
Paclitaxel (1 or 2 mg/kg per injection) or vehicle was administered intraperitoneally (i.p.) on
four alternate days (Days 0, 2, 4, and 6; cumulative dose 4 or 8 mg/kg), as described previously
(Polomano et al., 2001).

Acute intrathecal (i.t.) injections were performed under brief isoflurane anesthesia (3% in
oxygen) using an 18-gauge sterile needle, temporarily inserted between lumbar vertebrae L5
and L6, as a guide for a PE10 injection catheter, to allow injection of compounds at the level
of the lumbosacral enlargement, as described previously (Ledeboer et al., 2005). Drugs were
injected over ∼10-20 sec. IL-1ra was administered in a dose of 150 μg in 1.5 μl followed by
an 8 μl saline flush. Plasmid DNA was given in a final injection volume of 16-20 μl, either
undiluted (for 100 μg dose) or 1:4 diluted in PBS/3% sucrose (for 25 μg dose). No abnormal
motor behaviors were observed following any injection.

The details for each experiment are listed in Table 1. In all experiments, the first administration
of paclitaxel or its vehicle was given on Day 0, and response thresholds of the hind paws to
touch/pressure stimuli (von Frey test) were assessed as indicated in the figures for each
experiment. In Experiment 2, 2 rats of each group were perfused on either Day 35 or 42 and
tissues were collected for immunohistochemistry analysis. In Experiment 7, animals were
sacrificed on Day 36 and tissues were collected for RT-PCR analysis.
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von Frey test for mechanical allodynia
The von Frey test (Chaplan et al., 1994) was performed within the sciatic innervation area of
the hind paws as previously described (Milligan et al., 2000). Briefly, calibrated Semmes-
Weinstein monofilaments (von Frey hairs; Stoelting, Wood Dale, IL) were applied randomly
to left and right hind paws to elicit paw withdrawal responses. The monofilaments used ranged
from 3.61 (0.407 g) to 5.18 (15.136 g) bending force. Assessments were made prior to
(baseline) and at specific times after drug injections, as detailed below for each experiment.
Behavioral testing was performed blind with respect to drug administration. The behavioral
responses were used to calculate the 50% paw withdrawal threshold (absolute threshold), by
fitting a Gaussian integral psychometric function using a maximum-likelihood fitting method,
allowing parametric statistical analyses (Harvey, 1986;Treutwein and Strasburger, 1999), as
described in detail previously (Milligan et al., 2000). Paclitaxel treatment results in bilateral
allodynia (data not shown). Because thresholds did not differ between left and right hind paws
at any time point in any group, values from both paws were averaged for further analyses and
data presentation.

Tissue collection
Upon completion of behavioral testing in Experiment 2 (see below), rats were anesthetized
with sodium pentobarbital (Abbot Laboratories, North Chicago, IL) and transcardially perfused
with saline, followed by 4% paraformaldehyde (PFA)/0.1 M phosphate buffer (PB; pH 7.4).
The spinal cord was dissected, post-fixed overnight at 4°C, and segments of ∼5 mm were
embedded in gelatin blocks. These blocks were then fixed overnight at 4°C in 4% PFA/PB,
cryoprotected in 25% sucrose/PB, and sectioned on a cryostat at 35 μm. Upon completion of
behavioral testing in Experiment 7, rats were perfused with ice-cold, isotonic saline. Lumbar
spinal cord segments of ∼3-5 mm were removed, divided in left and right halves (each half
containing both dorsal and ventral parts), and flash frozen in liquid nitrogen. Lumbar meninges,
and left and right L4-6 dorsal root ganglia (DRG) were also removed and flash frozen in liquid
nitrogen. Samples were stored at -80°C until assayed.

Immunohistochemistry
Immunoreactivity for the microglial activation markers OX-42 (labels complement type 3
receptors; CD11b) and OX-6 (labels major histocompatibility complex [MHC] class II), and
the astrocyte activation marker glial fibrillary acidic protein (GFAP), was assessed. Sections
were treated with 0.3% H2O2 in Tris-buffered saline (TBS) for 20 min at room temperature to
suppress endogenous peroxidase activity. Sections were then incubated overnight at 4°C in
monoclonal mouse anti-rat OX-42 (1:1,000; Pharmingen, San Diego, CA), mouse anti-rat
OX-6 (1:1,000; Serotec, Oxford, UK), or polyclonal rabbit anti-rat GFAP antibody (1:2,000;
DAKO, Carpinteria, CA) in TBS with 3% normal goat serum and 0.5% Triton-X-100.
Subsequently, sections were incubated with the appropriate secondary biotinylated antibodies
(1:400; Jackson ImmunoResearch, West Grove, PA) for 2 h at RT, incubated in avidin-biotin
complex solution (ABC; 1:400; Vector Laboratories, Burlingame, CA) for 1 h at RT, followed
by reaction with 0.5 mg/ml 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma). Finally,
sections were mounted on gelatin-coated slides, dried, dehydrated, and coverslipped with
Permount. Staining was evaluated by light microscopy.

RNA isolation and cDNA synthesis
Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Samples were treated with DNase (Invitrogen) to remove
contaminating DNA, and concentration and purity were determined by measuring the
absorbance at 260 nm and 280 nm in a spectrophotometer.
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Total RNA was reverse transcribed into cDNA using the Superscript II First-Strand Synthesis
System from Invitrogen. cDNA was synthesized using 1 μg of total RNA, 50 ng of random
primers, 0.5 mM dNTP mix, 10 mM dithiothreitol, 1x RT buffer and 200 U of SuperScript II
reverse transcriptase in a total volume of 20 μl. The reaction was carried out at 42°C for 50
min and terminated by deactivation of the enzyme at 70°C for 15 min. Control reactions lacking
either reverse transcriptase or template were included to assess carryover of genomic DNA
and non-specific contamination, respectively.

Real-Time Polymerase Chain Reaction (PCR)
Amplification of cDNA was performed using the QuantiTect SYBR Green PCR Kit (Qiagen)
on a MyiQ Single Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA), as
described previously (Ledeboer et al., 2005). Primer specifications are listed in Table 2. The
threshold cycle (CT, the number of cycles to reach threshold of detection) was determined for
each reaction, and the levels of the target mRNAs were quantified relatively to the level of the
housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) using the
comparative CT (Δ CT) method (Livak and Schmittgen, 2001).

Statistical analysis
All statistical comparisons were computed using Statview 5.0.1 for the Macintosh. Data from
the von Frey test were analyzed as the interpolated 50% threshold (absolute threshold) in
log10 of stimulus intensity (monofilament stiffness in mg × 10). Baseline measures for the von
Frey test were analyzed by one-way ANOVA. Time-course measures were analyzed by
repeated measures ANOVA followed by Fisher’s protected least significant difference post-
hoc comparisons, where appropriate. PCR data were analyzed by two-way ANOVA, followed
by Fisher’s protected least significant difference post-hoc comparisons, where appropriate. If
necessary, data were log-transformed prior to analysis. P values < 0.05 were considered to
indicate a significant difference.

Results
Experiment 1: Time course of paclitaxel-induced mechanical allodynia

To establish the relative magnitude and duration of effects using different paclitaxel doses,
mechanical allodynia was assessed using the von Frey test in rats following i.p. vehicle or
paclitaxel (separate groups receiving a cumulative dose of 4 or 8 mg/kg). Both paclitaxel-
treated groups developed reliable bilateral allodynia between Days 14-21 (Fig. 1). Mechanical
allodynia lasted for approximately 6 weeks in the 4 mg/kg group (p<0.05 vs. vehicle for Days
24-63, 78), and about 16 weeks in the 8 mg/kg group (p<0.05 vs. vehicle for Days 24-140),
consistent with previous observations (Flatters and Bennett, 2006). In contrast, vehicle-treated
rats did not exhibit significant allodynia. Paclitaxel-treated rats exhibited normal posture,
grooming and locomotor behavior, and gained body weight normally, comparable to vehicle-
injected rats. Thus, the duration of the allodynia appears to be dose-dependent, though the
magnitude of allodynia did not differ between groups that received low and high doses of
paclitaxel, consistent with previous reports (Polomano et al., 2001;Smith et al., 2004).

Experiment 2: Effect of paclitaxel on glial cell immunoreactivity in spinal cord
To examine whether paclitaxel leads to spinal microglial and/or astroglial cell activation,
immunohistochemistry was performed on lumbar and cervical spinal cord of rats treated with
vehicle or paclitaxel (cumulative dose 8 mg/kg). Behavioral assessments confirmed stable
withdrawal thresholds in vehicle-injected rats, and development of bilateral mechanical
allodynia in paclitaxel-injected rats (data not shown). As shown in Fig. 2A, B, the dorsal horn
of lumbar (L5/L6) spinal cord of paclitaxel-treated rats showed no evident differences in GFAP
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immunoreactivity in vehicle- and paclitaxel-treated animals. However, paclitaxel injections
resulted in increased OX-42 immunoreactivity throughout the lumbar spinal cord, both in the
dorsal horn (Fig. 2C, D) and in the ventral horn and white matter (Fig. 2E, F). In addition, a
higher number of OX-6-positive cells were observed throughout the white matter, and in the
gray matter predominantly in the ventral horn in paclitaxel-treated rats, compared to vehicle-
injected animals (Fig. 2G, H). Similar changes were observed in the cervical spinal cord (data
not shown). Thus, paclitaxel appears to induce microglial, but not astroglial, activation,
throughout the spinal cord 5-6 weeks after initiation of paclitaxel dosing.

Experiment 3: Reversal of paclitaxel-induced mechanical allodynia by i.t. IL-1ra
To examine the involvement of spinal proinflammatory cytokines in paclitaxel-induced
mechanical allodynia, we first assessed the efficacy of i.t. administration of IL-1ra protein.
IL-1ra has previously been used in various models of pain facilitation, including inflammatory
and neuropathic pain, to examine the involvement of IL-1/IL-1 receptors (Chacur et al.,
2004;Laughlin et al., 2000;Milligan et al., 2003;Watkins et al., 1997). Baseline assessments
on the von Frey test revealed no differences between groups (Fig. 3). Repeated i.p. injections
of paclitaxel (cumulative dose 4 mg/kg) induced reliable bilateral allodynia by Day 14 after
the first injection. I.t. IL-1ra (150 μg), administered after the Day 18 test, transiently reversed
mechanical allodynia in both hind paws (p<0.05 vs. vehicle for 1-3 h), with maximal reversal
observed 2 h after IL-1ra injection. Allodynia fully returned by 24 h. These results implicate
the spinal proinflammatory cytokine IL-1 in mediating paclitaxel-induced allodynia.

Experiment 4: Reversal of paclitaxel-induced mechanical allodynia by i.t. pDNA-IL-10
We next examined the efficacy of IL-10 gene therapy in reversing paclitaxel-induced allodynia.
We have recently shown that prolonged reversal of CCI-induced mechanical allodynia could
be obtained by two successive i.t. injections of pDNA-IL-10 separated by 3 days (Milligan et
al., 2006). The duration of reversal by pDNA-IL-10 is dose-dependent, with doses of 100 and
25 μg given on the first and second injection, respectively, being the most effective in reversing
CCI-induced allodynia, lasting for at least 3 months (Sloane et al., in preparation). This dose
combination was used in all subsequent experiments. In order to assess potential effects of i.t.
injections of plasmid DNA lacking the IL-10 gene, a control plasmid (pDNA-Control) was
also tested in some experiments using the same doses.

Baseline responses to the von Frey test showed no differences between groups (Fig. 4).
Repeated i.p. injections of paclitaxel (cumulative dose 4 mg/kg) induced reliable bilateral
allodynia by 3 weeks after the first injection. Following the paired i.t. injections of pDNA-
IL-10 on Days 35 and 38, paclitaxel-treated rats showed a partial, but reliable reversal of
allodynia, which lasted through Day 33 after the first pDNA-IL-10 injection (p<0.05 vs. PBS-
injected rats for Days 4-33). From Day 37 after the first pDNA-IL-10 injection, allodynia was
no longer significantly different between groups.

Experiment 5: Prevention of paclitaxel-induced mechanical allodynia by i.t. pDNA-IL-10
In addition, we investigated whether IL-10 gene therapy could also prevent or delay the onset
of paclitaxel-induced allodynia. Considering a significant percentage of patients will develop
neuropathic pain upon repeated dosing of paclitaxel during the course of treatment (Postma et
al., 1995), we explored whether pDNA-IL10 could arrest the further development of allodynia
once allodynia was initially observed. In this experiment, IL-10 gene therapy was initiated on
Day 12 after the first paclitaxel injection, when rats were just beginning to exhibit mild
allodynia. As shown in Fig. 5, PBS-injected controls progress to a more severe allodynia,
whereas thresholds in pDNA-IL-10-treated rats remain stable (p<0.05 vs. PBS for Days 15,
17, 24, 27, 30). Thresholds of pDNA-Control-injected rats were not significantly different from
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either PBS- or pDNA-IL-10-injected groups up to Day 21, but differed from pDNA-IL-10-
treated rats thereafter (p<0.05 vs. pDNA-IL-10 for Days 24, 27).

Experiment 6: Reversal of higher dose paclitaxel-induced mechanical allodynia by i.t. pDNA-
IL-10

We further explored whether pDNA-IL-10 was able to reverse allodynia induced by the higher
dose of paclitaxel, i.e., 8 mg/kg, to allow for a more prolonged timecourse to be examined.
Baseline responses to the von Frey test did not differ between groups (Fig. 6). Repeated i.p.
injections of paclitaxel induced reliable bilateral allodynia by 3 weeks after the first injection,
as compared to vehicle-injected controls. Following the paired i.t. injections of pDNA-IL-10
on Days 35 and 38, paclitaxel-treated rats again showed a partial reversal of allodynia, which
lasted through Day 37 after the first pDNA-IL-10 injection (p<0.05 vs. paclitaxel/PBS for Days
1-37). The response thresholds of animals injected with i.p. vehicle were not affected by i.t.
pDNA-IL-10, suggesting that pDNA-IL-10 does not alter normal pain responsivity.

The first i.t. injection of pDNA-Control in paclitaxel-treated rats induced a significant reversal
of allodynia, which lasted for about 7 days (p<0.05 vs. paclitaxel/PBS for Days 1-7; Fig. 6).
Rats returned to allodynia by Day 9 and remained allodynic for the duration of the timecourse.
Thus, non-IL-10-encoding plasmid DNA injections lead to a significant though relatively
short-lived reversal of allodynia. This observation is consistent with our prior investigations
in the CCI model showing that plasmid DNA induces a short-term behavioral reversal of CCI-
induced allodynia via spinal release of endogenous IL-10 (Sloane et al., in preparation).

The longer duration of allodynia induced by the higher paclitaxel dose allowed us to examine
the efficacy of a third pDNA-IL-10 injection, given after the paclitaxel/pDNA-IL-10-treated
group returned to allodynia. This was based on our previous work in the CCI model showing
that an additional single pDNA-IL-10 injection is more efficacious in reversing allodynia than
it would be if no prior pDNA-IL-10 injections had occurred (Sloane et al., in preparation).
Following this third i.t. injection of pDNA-IL-10, a moderate reversal was observed, lasting
for approximately 3-4 weeks (p<0.05 vs. paclitaxel/PBS for Days 1-22; Fig. 6).

Experiment 7: Effect of paclitaxel and i.t. pDNA-IL-10 on mRNA expression in lumbar spinal
cord, meninges, and DRG

Finally, to examine the mechanism of action of pDNA-IL-10, rats were sacrificed at the time
of maximal behavioral reversal of allodynia by i.t. pDNA-IL-10 (18 days after initiation of
gene therapy; ∼5 weeks after the first paclitaxel injection) in a separate experiment. Fig. 7A
and B show the von Frey assessments, confirming that paclitaxel (cumulative dose 4 mg/kg)
leads to reliable mechanical allodynia, as compared to vehicle-injected groups, and that i.t.
pDNA-IL-10 and pDNA-Control lead to a prolonged and short-term reversal of allodynia,
respectively. As in Experiment 6, neither pDNA-IL-10 nor pDNA-Control significantly
affected thresholds of vehicle-injected rats. We assessed mRNA levels of various immune/
glial cell markers and cytokines in left lumbar (L4-6) DRG, lumbar meninges, and left spinal
cord (Fig. 7C-J). Lumbar DRG were analyzed because paclitaxel can easily access the DRG,
who lack a blood-nerve barrier (Devor, 1999), and it has been reported to accumulate there
(Cavaletti et al., 2000). Lumbar meninges were collected because data obtained in the CCI
model suggest that i.t. delivered plasmid DNA is predominantly taken up by meningeal cells
surrounding the lumbosacral CSF space (Milligan et al., 2006).

Lumbar DRG—In lumbar DRG, mRNA expression was assessed for GFAP, a marker for
satellite glial cells, and for CD11b and MHC class II, markers for macrophages and/or dendritic
cells. GFAP mRNA levels were similar in all groups (data not shown), whereas CD11b was
significantly induced by paclitaxel (Fig. 7C), and MHC II tended to be increased by paclitaxel
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(Fig. 7D). IL-10 gene therapy did not affect MHC II mRNA, but, in contrast, significantly
reduced CD11b mRNA expression levels (p<0.05 vs. paclitaxel/pDNA-Control and vs.
paclitaxel/PBS). As shown in Fig. 7E and F, paclitaxel also strongly induced IL-1β and TNF-
α mRNA expression, and these increases were inhibited by IL-10 gene therapy (p<0.05 vs.
paclitaxel/pDNA-Control and vs. paclitaxel/PBS). Paclitaxel also induced total IL-10 mRNA
(Fig. 7G). Gene therapy with either plasmid tended to further increase total IL-10 mRNA. In
contrast, using primers specific for plasmid-derived IL-10 mRNA (i.e. produced by the cells
that have taken up the plasmid), plasmid-derived IL-10 mRNA was only increased in the
paclitaxel/pDNA-IL-10 group (p<0.05 vs. paclitaxel/PBS; Fig. 7H). Notably, almost all of the
IL-10 mRNA produced in DRG of paclitaxel/pDNA-IL-10-treated rats appears to be plasmid-
derived, as these levels were similar to total IL-10 mRNA levels.

Meninges In lumbar meninges, CD11b and MHC II mRNA levels were also assessed, as
macrophages and dendritic cells are the predominant immune cells found in the meninges.
Neither paclitaxel nor IL-10 gene therapy affected CD11b or MHC II expression in this tissue
(data not shown). Also, no effect of either paclitaxel or IL-10 gene therapy was observed on
IL-1β or TNF-α mRNA expression (data not shown). However, both total IL-10 and plasmid-
derived IL-10 were significantly increased in the paclitaxel/pDNA-IL-10-treated group
(p<0.05 vs. paclitaxel/pDNA-Control and vs. paclitaxel/PBS; Fig. 7I and J). Plasmid-derived
IL-10 mRNA was also induced in rats treated with the vehicle of paclitaxel plus pDNA-IL-10
(p<0.05 vs. vehicle/PBS).

Spinal cord Since we observed microglial activation in the lumbar spinal cord following
paclitaxel as visualized by immunohistochemistry (Exp. 2), CD11b and MHC II mRNA were
also analyzed in the spinal cord. No significant paclitaxel-induced changes were found in the
levels of either mRNA species. However, CD11b mRNA expression tended to be increased
when comparing plasmid-treated groups (both pDNA-Control and pDNA-IL-10) with PBS-
treated groups (data not shown). In addition, neither paclitaxel nor IL-10 gene therapy affected
mRNA expression of proinflammatory cytokines, total IL-10, or plasmid-derived IL-10 in
spinal cord (data not shown).

Discussion
These studies evaluate the efficacy of IL-10 gene therapy in attenuating painful neuropathy in
rats produced by the chemotherapeutic paclitaxel. The data demonstrate that intrathecal pDNA-
IL-10 reduced paclitaxel-induced bilateral mechanical allodynia (von Frey test) for several
weeks. In contrast, control plasmid was only transiently effective. pDNA-IL-10 administered
shortly after the last paclitaxel administration delayed subsequent onset and progression of
allodynia. This study also provides evidence that the behavioral effects of intrathecal pDNA-
IL-10 were associated with decreased expression of the immune cell marker CD11b and the
proinflammatory cytokines TNF-α and IL-1β in lumbar DRG.

Clinically, paclitaxel therapy causes a dose-related, predominantly sensory neuropathy, which
often progressively worsens after multiple treatments and persists for months (Dougherty et
al., 2004;Postma et al., 1995;Quasthoff and Hartung, 2002;Rowinsky et al., 1993). In rodents,
relatively high dose paclitaxel regimens cause axonal degeneration, demyelination, and
sensory loss (Authier et al., 2000;Cavaletti et al., 1997;Cavaletti et al., 1995;Cliffer et al.,
1998;Wang et al., 2002), but lower doses (as used in the present study) induce pain behaviors
without marked neuropathology (Flatters and Bennett, 2004;Polomano et al., 2001;Smith et
al., 2004). Paclitaxel-induced allodynia/hyperalgesia in rodents can be attenuated by calcium-
reducing drugs (Siau and Bennett, 2006), knockdown of the transient receptor potential
vanilloid 4 (TRPV4) (Alessandri-Haber et al., 2004) or β1 integrin gene expression in sensory
nerves (Dina et al., 2004), and a cannabinoid (Pascual et al., 2005). Glutamate transporter
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downregulation in the spinal dorsal horn has also been implicated (Weng et al., 2005). Recently,
abnormalities in axonal mitochondria of sensory nerves have been suggested to contribute to
paclitaxel-induced pain (Flatters and Bennett, 2006).

Here, we confirmed that low paclitaxel doses induce long-lasting tactile allodynia in rats of
which the duration, but not magnitude, is dose-dependent (Polomano et al., 2001). We
demonstrate that IL-1ra transiently alleviated paclitaxel-induced allodynia with similar
duration of reversal (2-3 hours; consistent with its half-life) as previously observed in CCI
(Milligan et al., 2005a), suggesting that spinal IL-1/IL-1 receptors are involved in paclitaxel-
induced allodynia.

Previously, we observed that one intrathecal pDNA-IL-10 injection reverses CCI-induced
allodynia for ∼3-5 days, whereas two injections spaced ∼3 days apart results in long-term (>2
months) behavioral reversal in this model (Milligan et al., 2006). pDNA-IL-10 treatment
increased IL-10 mRNA and/or protein in meninges and lumbosacral CSF, compared to
controls. Moreover, intrathecal injection of an anti-IL-10 antibody (but not control antibody)
blocks the effects of IL-10 gene therapy (Sloane et al., in preparation) suggesting behavioral
efficacy is dependent on IL-10. A similar phenomenon occurs in paclitaxel-treated rats, i.e.,
one intrathecal pDNA-IL-10 injection results in a ∼5-day reversal only (unpublished
observations), whereas two injections lead to a partial, but prolonged reversal of paclitaxel-
induced allodynia. Possibly, the cellular uptake of pDNA of the second injection may be
facilitated by the previous pDNA injection, somehow leading to a ‘primed’ or sensitized state.
This may also explain our observation that a third intrathecal pDNA-IL-10 injection produces
a more prolonged reversal than a single injection would if no prior pDNA-IL-10 injections had
occurred.

Animals treated with pDNA-Control showed a short-term behavioral reversal. This agrees with
our prior observations in the CCI model (Sloane et al., in preparation), that also indicate that
this effect was dependent on the induction of endogenous IL-10, as co-treatment with anti-
IL-10 antibody blocked it. That study also showed that an intrathecal pDNA-Control injection
induced IL-10 protein levels in CSF compared to control rats, 3 days post-injection. This anti-
inflammatory response may be due to bacterial-derived unmethylated cytosine-linked guanine
dinucleotide (CpG) motifs in the pDNA, which activate macrophages and dendritic cells via
Toll-like receptor 9 (TLR9) to initiate innate immune responses (Gordon, 2002;Krieg, 2002).
Through an alternative activation pathway, this response may suppress inflammation (Goerdt
and Orfanos, 1999;Gordon, 2003).

Our investigation of the mechanism of action of IL-10 gene therapy revealed that pDNA-IL-10
decreased paclitaxel-induced mRNA expression of CD11b, a macrophage/dendritic cell
marker, in lumbar DRG. Both types of immune cells are found in healthy DRG (Lu and
Richardson, 1993;Olsson, 1990). However, peripheral nerve injury induces further infiltration
of these cells into the DRG (Hu and McLachlan, 2002;Lu and Richardson, 1993). Thus, our
data suggest that paclitaxel either activates resident CD11b+ immune cells, or increases their
recruitment.

The data further show that paclitaxel treatment markedly induces TNF-α and IL-1β mRNA
levels in lumbar DRG, which were decreased in rats treated with pDNA-IL-10, but not those
treated with pDNA-Control. Although TNF-α and IL-1β can be expressed by DRG neurons in
both naïve and neuropathic rats (Copray et al., 2001;Li et al., 2004;Schafers et al., 2003a), we
speculate that they are predominantly derived from macrophages, as their decreased expression
in pDNA-IL-10-treated rats correlates with decreased CD11b expression within the same rats.
Regardless of the cellular source(s) of TNF and IL-1, both can act directly on DRG neurons
in vitro (Inoue et al., 1999;Pollock et al., 2002), and receptors for these cytokines are identified
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on DRG neuronal cell bodies (Copray et al., 2001;Li et al., 2004;Pollock et al., 2002). Also,
TNF injected into lumbar DRG of naïve rats elicits long-lasting allodynia, and further enhances
allodynia induced by DRG compression or spinal nerve injury (Homma et al., 2002;Schafers
et al., 2003b). Proinflammatory cytokines may thus sensitize primary sensory afferents, thereby
modifying sensory input to the spinal dorsal horn to facilitate pain. Together, our findings
suggest that in pDNA-IL-10-treated rats either resident CD11b-positive macrophages are less
activated, and therefore express lower levels of proinflammatory cytokines, and/or the number
of recruited macrophages is decreased.

Our results further indicate that in lumbar meninges total and plasmid-derived IL-10 mRNA
were markedly induced in pDNA-IL-10-treated rats compared to either vehicle- or pDNA-
Control-treated animals, but not in lumbar cord. This is consistent with data from CCI animals,
showing that, upon i.t. injection, pDNA is predominantly expressed by meningeal cells,
presumably macrophages and dendritic cells, surrounding the injection site, but not detected
in spinal cord parenchyma except for superficial layers of the dorsal horn (Milligan et al.,
2006). Interestingly, we also detected plasmid-derived IL-10 mRNA in lumbar DRG. At
present it is unclear whether pDNA-IL-10 reaches the DRG via retrograde transport from the
spinal cord, is taken up directly by DRG cells from the CSF, or is taken up by meningeal cells
very closely associated with the DRG.

Paclitaxel did not affect immune or glial cell marker or cytokine expression in meninges and
spinal cord, possibly because any changes in these tissues were too subtle or too localized to
be detected at this time point. However, since IL-10 receptors are expressed on microglial cells
(Ledeboer et al., 2002;Mizuno et al., 1994), and suggested by our immunohistochemical
evaluation, we speculate that spinal cord activated microglia may be involved. Recent reports
show that i.p. propentofylline, thalidomide, and minocycline, all glial activation inhibitors that
cross the blood-brain barrier, of which minocycline is considered to be selective for microglia,
attenuate paclitaxel- or vincristine-induced neuropathic pain (Cata et al., 2006;Sweitzer et al.,
2006), supporting a role for activated (micro)glial cells in these conditions. However, since
these compounds were systemically administered, effects on peripheral nerves and/or DRG
can not be excluded.

To what extent paclitaxel and/or pDNA-IL-10 in our current model target cells in the DRG,
CSF, and/or spinal cord, remains to be investigated. Overall, our data are consistent with recent
research showing intravenous paclitaxel induces the number of activated macrophages within
the DRG and microglial activation in the lumbar spinal cord (Peters et al., 2006). Moreover,
in vitro studies indicate that paclitaxel activates macrophages in a lipopolysaccharide (LPS)-
like manner, f.e., it induces TNF-α and IL-1β expression (Bogdan and Ding, 1992;Ding et al.,
1990;Moos and Fitzpatrick, 1998). These actions can be inhibited by IL-10 (Bogdan and Ding,
1992;Mullins et al., 2001) and appear to involve the LPS recognition/signaling receptors CD14,
CD11b, and Toll-like receptor 4 (TLR4) (Byrd-Leifer et al., 2001;Perera et al., 2001).
Microglia also express these receptors, and particularly TLR-4 has been implicated as a key
receptor in the initiation of nerve injury-induced behavioral hypersensitivity (Tanga et al.,
2005).

In conclusion, we demonstrate that paclitaxel-induced painful neuropathy can be attenuated
by intrathecal IL-10 gene therapy. Our data strongly suggest pDNA-IL-10 acts at least at the
level of the DRG, as its prolonged suppression of paclitaxel-induced allodynia is associated
with decreased CD11b, TNF-α, and IL-1β expression in lumbar DRG, suggesting IL-10 inhibits
activation and/or recruitment of CD11b-positive immune cells into the DRG and subsequent
proinflammatory cytokine production. This non-viral gene therapy may represent a novel
approach for the control of paclitaxel-induced neuropathic pain. Since the clinical presentation
and time course of neuropathic pain is remarkably similar for all classes of chemotherapeutic
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drugs, and chemotherapy-induced sensory disturbances may result from shared/convergent
mechanisms (Cata et al., 2006), we speculate that IL-10 gene therapy may also be efficacious
in attenuating painful neuropathies induced by other chemotherapeutics.
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Fig 1.
Time course of mechanical allodynia induced by repeated administration of paclitaxel. Rats
received 4 i.p. injections of paclitaxel (1 or 2 mg/kg) on alternate days for a cumulative dose
of 4 or 8 mg/kg, respectively, and low-threshold mechanical sensitivity was assessed by the
von Frey test, before (baseline, BL), and up to Day 153. Data represent means ± SE.
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Fig 2.
Repeated administration of paclitaxel increases expression of the microglial activation markers
OX-42 and OX-6, but not of the astrocyte marker GFAP, in lumbar (L5/L6) spinal cord. Rats
received i.p. injections of vehicle or paclitaxel (cumulative dose 8 mg/kg) on alternate days,
and were sacrificed on Day 35 or 42 to collect tissues for immunohistochemistry analysis.
Representative photomicrographs are shown of GFAP (A, B) and OX-42 (C, D)
immunoreactivity in the dorsal horn, and of OX-42 (E, F) and OX-6 (G, H) immunoreactivity
in the ventral part of the lumbar spinal cord of rats treated with vehicle (A, C, E, G) or paclitaxel
(B, D, F, H). Scale bar is 100 μm in E and F, and 200 μm in A-D, G, H.
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Fig 3.
A single i.t. injection of IL-1ra transiently reverses paclitaxel-induced mechanical allodynia.
Rats received i.p. injections of paclitaxel (cumulative dose 4 mg/kg) on alternate days, and
IL-1ra (150 μg) or vehicle was administered intrathecally 18 days after the first paclitaxel
injection (indicated by the arrow). Low-threshold mechanical sensitivity was assessed by the
von Frey test, before (baseline, BL), on Day 18, and 1, 2, 3, 5, and 24 h after the i.t. injection.
Data represent means ± SE. *p<0.05 vs. paclitaxel/vehicle.
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Fig 4.
Intrathecal IL-10 gene therapy partially reverses paclitaxel-induced mechanical allodynia. Rats
received i.p. injections of paclitaxel (cumulative dose 4 mg/kg) on alternate days, and two i.t.
injections of pDNA-IL-10 (100 and 25 μg, respectively) or vehicle were given 5 weeks after
the first paclitaxel injection, 3 days apart (indicated by the arrows). Low-threshold mechanical
sensitivity was assessed by the von Frey test, before (baseline, BL), weekly after the first
paclitaxel injection, and up to 53 days after the first i.t. injection. Data represent means ± SE.
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Fig 5.
Intrathecal IL-10 gene therapy can arrest the development of mechanical allodynia induced by
paclitaxel. Rats received i.p. injections of paclitaxel (cumulative dose 4 mg/kg) on alternate
days, and two i.t. injections of pDNA-IL-10 (100 and 25 μg, respectively) or vehicle were
given on Days 12 and 15 after the first paclitaxel injection (indicated by the arrows). Low-
threshold mechanical sensitivity was assessed by the von Frey test, before (baseline, BL), and
up to 30 days after the first paclitaxel injection. Data represent means ± SE.
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Fig 6.
Intrathecal IL-10 gene therapy partially reverses mechanical allodynia induced by a higher
dose of paclitaxel. Rats received i.p. injections of paclitaxel (cumulative dose 8 mg/kg) or
vehicle on alternate days, and two i.t. injections of pDNA-IL-10 (100 and 25 μg), pDNA-
Control (100 and 25 μg), or vehicle were given 5 weeks after the first paclitaxel injection, 3
days apart (indicated by the arrows). Low-threshold mechanical sensitivity was assessed by
the von Frey test, before (baseline, BL) and weekly after the first paclitaxel or vehicle injection,
and up to 43 days after the first i.t. injection. A third i.t. injection of pDNA-IL-10 (25 μg),
pDNA-Control (25 μg), or vehicle was given on Day 43 after the first i.t injection (indicated
by the arrow), and von Frey responses were subsequently assessed up to 66 days later. Data
represent means ± SE.
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Fig 7.
Effects of paclitaxel and IL-10 gene therapy on mRNA expression of immune/glial cell markers
and proinflammatory cytokines in lumbar DRG and lumbar meninges. Rats received i.p.
vehicle or paclitaxel (cumulative dose 4 mg/kg), and i.t. pDNA-IL-10, pDNA-Control, or
vehicle (PBS) on Days 18 and 21 after the first i.p. injection. Assessments on the von Frey test
confirmed that these treatments did not affect basal thresholds (A) and that paclitaxel induced
mechanical allodynia (B), which was reversed by pDNA-IL-10 (long-term) and pDNA-Control
(short-term). Tissues were collected on Day 36 for RT-PCR analysis; C-H show mRNA
expression in lumbar DRG of CD11b, MHC class II, IL-1β, TNF-α, total IL-10 and plasmid-
derived IL-10, respectively. I and J show mRNA levels in lumbar meninges of total IL-10 and
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plasmid-derived IL-10, respectively. * p<0.05 vs. respective vehicle group; # p<0.05 vs.
paclitaxel/pDNA-Control and vs. paclitaxel/PBS groups. Data represent means ± SE.
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Table 1
Experimental design

Exp. # n/group Paclitaxel dose (cumulative) Intrathecal treatment Day(s) of injection
(Dose in μg)

1 3-4 4 or 8 mg/kg - -
2 4 8 mg/kg - -
3 6-7 4 mg/kg IL-1ra or vehicle 18 (150)
4 5 4 mg/kg pDNA-IL-10 or PBS 35 (100), 38 (25)
5 5-6 4 mg/kg pDNA-IL-10, pDNA-Control, or

PBS
12 (100), 15 (25)

6 5 8 mg/kg pDNA-IL-10, pDNA-Control, or
PBS

35 (100), 38 (25), 78
(25)

7 4-8 4 mg/kg pDNA-IL-10, pDNA-Control, or
PBS

18 (100), 21 (25)
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Table 2
Oligonucleotide primers used for the amplification of rat cDNAa

Gene GenBank Accession no. Sequence (5′- 3′)

GAPDH M17701 GTTTGTGATGGGTGTGAACC (forward)
TCTTCTGAGTGGCAGTGATG (reverse)

CD11b NM_012711 CTGGGAGATGTGAATGGAG (forward)
ACTGATGCTGGCTACTGATG (reverse)

GFAP AF028784 AGGGACAATCTCACACAGG (forward)
GACTCAACCTTCCTCTCCA (reverse)

MHC IIα AJ554216 AGAGACCATCTGGAGACTTG (forward)
CATCTGGGGTGTTGTTGGA (reverse)

IL-1β M98820 GAAGTCAAGACCAAAGTGG (forward)
TGAAGTCAACTATGTCCCG (reverse)

TNF-α D00475 CTTCAAGGGACAAGGCTG (forward)
GAGGCTGACTTTCTCCTG (reverse)

IL-10b NM_012854 TAAGGGTTACTTGGGTTGCC (forward)
TATCCAGAGGGTCTTCAGC (reverse)

pIL-10c NM_012854 CAGTGGAGCAGGTGAAGA (forward)
CCGCCAGTGTGATGGATA (reverse)

a
Primers were designed using the Qiagen Oligo Analysis & Plotting Tool, and were purchased from Proligo (Boulder, CO, USA).

b
Detects ‘total’ IL-10, i.e. both endogenous and plasmid-derived IL-10 mRNA.

c
Detects only plasmid-derived IL-10 mRNA.
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