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Abstract
Antinociceptive tolerance to opioids is a well-described phenomenon, which severely limits the
clinical efficacy of opioids for the treatment of chronic pain syndromes. The mechanisms that
drive antinociceptive tolerance, however, are less well understood. We have previously shown that
glia have a central role in the development of morphine tolerance and that administration of a glial
modulating agent attenuated tolerance formation. Recently, we have demonstrated that morphine
enhances microglial Iba1 expression and P2X4 receptor-mediated microglial migration via direct μ
opioid receptor signaling in in vitro microglial cultures. We hypothesize that P2X4 receptors drive
morphine tolerance and modulate morphine-induced spinal glial reactivity. Additionally, we
hypothesize that perivascular microglia play a role in morphine tolerance and that P2X4 receptor
expression regulates perivascular microglia ED2 expression. To test these hypotheses, rats were
implanted with osmotic minipumps releasing morphine or saline subcutaneously for seven days.
Beginning three days prior to morphine treatment, P2X4 receptor antisense oligonucleotide
(asODN) was injected intrathecally daily, to selectively inhibit P2X4 receptor expression. P2X4
receptor asODN treatment inhibited morphine-induced P2X4 receptor expression and blocked
antinociceptive tolerance to systemically administered morphine. P2X4 receptor asODN treatment
also attenuated the morphine-dependent increase of spinal ionized calcium binding protein (Iba1),
glial fibrillary acidic protein (GFAP) and μ opioid receptor protein expression. Chronic morphine
also decreased perivascular microglial ED2 expression, which was reversed by P2X4 receptor
asODN. Together, these data suggest that modulation of P2X4 receptor expression on microglia
and perivascular microglia may prove an attractive target for adjuvant therapy to attenuate opioid-
induced antinociceptive tolerance.
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Introduction
Opioids are the mainstay of acute pain management; however, their use in the treatment of
chronic pain is limited primarily by poor efficacy, untoward side-effects and antinociceptive
tolerance. Historically, opioid tolerance research has focused on neuronal mechanisms of
adaptation and sensitization. Recently, our laboratory, among others, has begun to
investigate the critical role of glia in morphine tolerance [30,42].

We have previously reported that morphine administration produces robust microglial and
astrocytic changes, as evidenced by increased cellular hypertrophy and microglial CD11b,
Iba1 expression and astrocytic GFAP expression both in vitro [18] and in vivo [30,32,33,42].
We and others have also shown that administration of the glial modulators propentofylline
[33] and minocycline [8] reduced spinal CD11b and GFAP expression and attenuated
antinociceptive tolerance to morphine. This suggests that glial reactivity, defined as
increased glial hypertrophy, migration and release of pro-inflammatory factors, may have a
critical role in the loss of antinociceptive efficacy of opioids.

Perivascular microglia are a subtype of microglia which closely appose astrocytes and
endothelial cells surrounding CNS vasculature and express ED2, a molecule associated with
anti-inflammatory processes [10,56]. We have previously shown that ED2 expression is
reduced following L5 spinal nerve transection and that a cannabinoid receptor 2 agonist
enhanced spinal ED2 expression and inhibited tactile allodynia [36]. These results suggest
that ED2 expressing perivascular microglia may have a role in the resolution of insult to the
CNS.

Building upon our prior in vivo findings, we recently reported the effects of morphine on in
vitro microglial migration, Iba1 and P2X4 receptor protein expression [18]. We showed that
morphine enhanced P2X4 receptor-mediated microglial migration via the PI3K/Akt pathway
and in a μ opioid receptor-dependent manner. It has previously been shown that P2X4
receptors play a role in chronic pain [45]. Tsuda et al. (2003) showed that pharmacological
inhibition of P2X4 receptor function and asODN inhibition of P2X4 receptor expression
inhibited tactile allodynia following L5 spinal nerve transection. It is now recognized that
chronic neuropathic pain and morphine tolerance share many of the same features and
mechanisms [24,25,37]; however, the role of P2X4 receptors in morphine tolerance has yet
to be explored.

The study presented here was designed to investigate the role of P2X4 receptors, microglia
and perivascular microglia in the development of morphine tolerance. We hypothesize that
P2X4 receptors drive morphine tolerance and modulate morphine-induced spinal glial
reactivity. Building upon our prior studies showing that ED2 expression in perivascular
microglia is regulated following L5 spinal nerve transection, we hypothesized that
perivascular microglia play a role in morphine tolerance and that P2X4 receptor expression
regulates perivascular microglia ED2 expression. To test these hypotheses, intrathecal
injection of asODN against P2X4 receptors was employed to inhibit receptor expression in
the lumbar spinal cords of rats receiving chronic subcutaneously administered morphine.
Herein, we show that P2X4 receptor asODN attenuated the development of antinociceptive
tolerance to continuous morphine administration, reduced morphine-induced increases in
spinal P2X4 receptor, Iba1, GFAP and μ opioid receptor expression and increased ED2
expression.
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Methods
Animals

All procedures used in these studies were approved by the Dartmouth College Institutional
Animal Care and Use Committee and adhered to the guidelines of the Committee for
Research and Ethical Issues of the International Association for the Study of Pain [55]. Male
Sprague-Dawley rats weighing 175-200 g at the beginning of the study were housed in
12:12 hr light: dark cycle with free access to food and water. All behavioral experiments
were performed in the morning between the hours of 8:00 and 11:00 am.

Osmotic Mini-Pump Implantation
Osmotic mini-pumps (ALZET Osmotic Pumps, Durect Corporation), model 2ML1 (10 μl/
hr, 2 ml capacity, 8 days) were filled with saline, morphine sulfate (kind gift of the National
Institute on Drug Abuse) or morphine plus naloxone (Sigma) and primed in 0.9% saline at
37°C for 16 hr prior to implantation. All morphine pumps were filled with 0.833 mg/kg/hr
morphine to deliver the equivalent of twice daily 10 mg/kg injections over the course of 24
hr. Due to the constraints of pump size and animal weight, both morphine and naloxone
were administered via a single pump. 0.416 mg/kg/hr naloxone was dissolved in the
morphine solution to deliver the equivalent of twice daily 5 mg/kg naloxone injections over
the course of 24 hr. For pump implantation, a 3 cm incision was made between the scapulae
under isoflurane anesthesia and the skin was separated from the underlying fascia to create a
subcutaneous pocket. Pumps were inserted with the flow regulators facing caudally and the
incision was closed with surgical staples.

Intrathecal asODN Injection
The asODN sequences used here have been previously recorded [45]. P2X4 receptor asODN
(5′-CAGCCCGCCATGGCTC-3′) and a mismatch asODN control (5′-
ACCGCCGCCAGTCGCCT-3′) were purchased from Integrated DNA Technologies. Daily
intrathecal injection of asODN was delivered via lumbar puncture. Rats were anesthetized
with inhaled isoflurane anesthesia and a 25g needle was inserted into the intrathecal space
between L4 and L5 lumbar vertebrae. 5 nmoles (10 μl) of either mismatch or anti-P2X4
receptor asODN was injected into the subarachnoid space via a Hamilton syringe. Positive
placement of the needle was confirmed by observation of a tail flick after needle insertion
and injection. Daily intrathecal injections were performed in the afternoon between 2:00 and
4:00 pm.

Mechanical and Thermal Hyperalgesia
The antinociceptive efficacy of chronic morphine and the development of antinociceptive
tolerance were measured via behavioral testing of mechanical and thermal hyperalgesia. To
test for mechanical hyperalgesia, paw withdrawal thresholds (g) to mechanical pressure
were assessed via an Analgesia-meter (Ugo Basile), which registered the gram force weight
being applied to the dorsal surface of the right hind paw. The paw withdrawal weight was
registered for five trials and the mean of these trials was taken as the withdrawal threshold
for the session. Animals were held by the investigator with care to induce the least stress
possible. Baseline testing was completed daily for 4 days prior to osmotic pump
implantations.

To test for thermal hyperalgesia, paw withdrawal latencies (s) to thermal stimulation were
assessed via a Paw Thermal Stimulator with radiant heat source (8 V halogen lamp) focused
on the plantar surface of the right hind paw [15]. Paw withdrawal latencies were measured
with a timer that was started at the beginning of heat exposure and tripped when the paw
was removed from the heat. A temperature of 54°C was used for all experiments with a
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cutoff of 24 s to avoid tissue damage. During each testing session, 5 trials were completed
and the mean of these trials taken as the withdrawal latency for the session. Rats were
acclimatized to the testing chambers for at least 30 min prior to each testing session and
baseline testing was completed daily for 4 days prior to osmotic pump implantation.

Western Blot Analysis
Lumbar spinal cord (5 mm, L4-L6) tissue was harvested from 4 or 5 rats per group, placed
in PBS with protease inhibitor (1:1000, Sigma), then sonicated and centrifuged. The protein
in the supernatant was then quantified using the Lowry method (DC Assay, Bio-Rad). Forty
micrograms of protein and a standard marker were subjected to SDS-PAGE (10% gels, Bio-
Rad), transferred to PVDF membranes (Bio-Rad) and were blocked with 5% milk in TBS-
Tween 20 (0.05%, Sigma). The membranes were probed with rabbit anti-P2X4 receptor
primary antibody (1:250, Alomone Labs) for 16 hr at 4°C. Membranes were then incubated
with goat anti-rabbit HRP-conjugated secondary antibody for 1 hr at 22°C and visualized
with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) for 5 min and
imaged using the Syngene G-Box (Synoptics). Membranes were stripped and reprobed with
mouse monoclonal anti-β-actin primary antibody (1:1000, Abcam). Band intensities were
quantified using the analysis software provided with the Syngene G-Box, as relative
intensity of P2X4 receptor band divided by the intensity of the β-actin band. Data are
expressed as fold change in band intensity normalized to naïve control ± SEM.

Immunofluorescence
Lumbar spinal cord (5mm, L4-L5) tissue from the remaining rats in each group (n=5) was
harvested for sectioning and immunofluorescence analysis. Rats were anesthetized with
isoflurane and transcardially perfused with PBS followed by 4% formaldehyde in PBS. The
lumbar spinal cord was removed, postfixed with 4% formaldehyde in PBS for 2 hr and
cryoprotected with 30% sucrose for 48 hr. Tissue was imbedded in OCT, frozen at −80°C
and cut into 20 μm sections. Antibodies against P2X4 receptor (1:250, Calbiochem), Iba1
(1:1000, Wako), CD11b (1:250, Serotec), GFAP (1:5000, Dako), μ opioid receptor (1:5000,
Neuromics), CGRP (1:500, Neuromics), NeuN (1:10,000, Chemicon) and ED2 (1:150,
Serotec) were incubated with tissue sections in 1% normal goat serum and 0.01% Triton-
X-100 (Sigma) for 16 hr at 4°C. The appropriate fluorescent secondary antibodies (1:250,
Alexa Fluor 488 or 555) were used for each primary antibody. Non-specific staining was
assessed by omitting primary antibody from the procedure. Sections for single antibody
immunofluorescence were imaged with a Q-fired cooled CCD camera attached to an
Olympus microscope. For quantification of Iba1, GFAP and μ opioid receptor
immunofluorescence, an area encompassing the dorsal horn of the spinal cord was outlined
and immunofluorescence intensities above background were quantified using SigmaScan
Pro imaging analysis software as previously described [35,36]. The total number of pixels
above a predefined threshold for 6 tissue sections per animal was averaged to provide a
mean fluorescence pixel value for each rat. For quantification of ED2 immunofluorescence,
all ED2 positive cells were counted throughout the gray matter of 6 spinal cord sections (20
μm thick) per animal and were averaged to provide a mean number of cells per section. All
data are expressed as mean (n=5 animals per group) ± SEM. For dual immunofluorescence,
only primary antibodies raised in different species were used with the appropriate
fluorescent secondary (rabbit anti-P2X4 receptor & mouse anti-CD11b, rabbit anti-μ opioid
receptor & mouse anti-CD11b, rabbit anti-μ opioid receptor & chicken anti-CGRP, rabbit
anti-μ opioid receptor & mouse anti-NeuN, rabbit anti-Iba1 & mouse anti-ED2, rabbit anti-
P2X4 & mouse anti-ED2) Confocal microscopy of dual antibody immunofluorescence was
performed with a Zeis LSM 510 Meta confocal microscope (Englert Cell Analysis
Laboratory of Dartmouth Medical School).
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Study Design
Animals were randomly divided into one of five treatment groups (n=10): naïve, P2X4
receptor asODN alone, MM asODN plus morphine, morphine alone and P2X4 receptor
asODN plus morphine. An additional control group, mismatch asODN alone, was added for
the immunofluorescence analyses. Beginning three days prior to pump implantation (day
-3), rats in the asODN treatment groups received intrathecal injection of asODN (5 nmoles
in 10ul) daily. Beginning on day 0, rats receiving morphine treatment were implanted with
primed subcutaneous osmotic minipumps releasing 0.833 mg/kg/hr (2x 10 mg/kg injections
per day equivalent) for seven days. Rats were tested daily (days -3 to 7) in a blinded manner
for thermal and mechanical hyperalgesia behavior and were euthanized on day 7 for western
blot and immunofluorescence analysis.

For the P2X4 receptor expression time course study, animals were randomly divided into
one of four groups (n=4 or 5): naïve and 1, 4 or 7 days of continuous subcutaneous
morphine delivered by osmotic minipump (0.833mg/kg/hr). Rats were euthanized on days 1,
4 or 7 for western blot analysis.

For the opioid receptor-dependence of morphine-induced of P2X4 receptor expression study,
animals were randomly divided into one of three groups (n=4 or 5): naïve, morphine alone
and morphine plus naloxone (μ opioid receptor antagonist). Beginning on day 0, rats
receiving morphine treatment were implanted with primed subcutaneous osmotic minipumps
releasing 0.833 mg/kg/hr (2x 10 mg/kg injections per day equivalent) for seven days. Rats
receiving morphine plus naloxone treatment were implanted with primed subcutaneous
osmotic minipumps co-releasing 0.833mg/kg/hr morphine (2x 10mg/kg injections per day
equivalent) and 0.416 mg/kg/hr naloxone (2x 5mg/kg injections per day equivalent). Rats
were tested daily on days 0, 1, 4 and 7 in a blinded manner for thermal and mechanical
hyperalgesia behavior and were euthanized on day 7 for western blot analysis.

Statistical Analysis
All values are expressed as mean ± SEM. Statistical analyses were performed with
GraphPad Prism 4 (GraphPad Software Inc.) with the significance level set at p<0.05. Two-
way ANOVA analyses were used for all behavioral experiments and one-way ANOVA
analyses were used for all western blot and immunofluorescence experiments and group
differences assessed by Bonferroni post-hoc analyses.

Results
Mechanical and Thermal Hyperalgesia

Continuous subcutaneous morphine administration produced significant acute increases in
both paw withdrawal thresholds (grams) to mechanical stimulation (Fig 1a) and paw
withdrawal latencies (seconds) to thermal stimulation (Fig 1b). A total loss of
antinociceptive efficacy of morphine was observed in both behavioral testing paradigms by
day 3 post-pump implantation. In both behavioral paradigms, daily P2X4 asODN injection
maintained the efficacy of morphine and prevented the development of antinociceptive
tolerance. In mechanical hyperalgesia testing (Fig 1a), morphine efficacy peaked at 6 hr post
pump implantation in the morphine alone (47.0 ± 0.44g, p<0.001), mismatch asODN plus
morphine (46.9 ± 0.37g, p<0.001) and P2X4 receptor asODN plus morphine (48.4 ± 0.32g,
p<0.001) groups compared to naïve (35.5 ± 0.32g). By 3 days post pump implantation, the
animals in the morphine alone (35.7 ± 0.45g) and mismatch asODN plus morphine (36.3 ±
0.45g) showed significant reductions in the efficacy of continuous morphine. However,
daily injection of P2X4 receptor asODN maintained morphine efficacy through day 7 (46.1
± 0.25g, p<0.001, compared to all treatment groups). In thermal hyperalgesia testing (Fig
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1b), morphine efficacy also peaked at 6 hr post pump implantation (morphine alone 12.5 ±
0.43s, p<0.001; mismatch asODN plus morphine 12.9 ± 0.27s, p<0.001; P2X4 receptor
asODN plus morphine 13.9 ± 0.36s, p<0.001) compared to control (naïve 6.3 ± 0.09s). A
reduction of morphine antinociceptive efficacy was observed on day 3 in the morphine alone
(6.9 ± 0.30s) and mismatch asODN plus morphine (6.9 ± 0.38s). Daily P2X4 receptor
asODN injection maintained the efficacy of morphine and prevented antinociceptive
tolerance through day 7 (12.2 ± 0.19s, p<0.001, compared to all treatment groups).

P2X4 Receptor Western Blot
Western blot analyses were completed to determine the effect of continuous morphine
treatment, daily intrathecal injection of P2X4 receptor asODN and continuous naloxone (μ
opioid receptor antagonist) administration on P2X4 receptor expression (Fig 2). Experiments
assessing the time course of P2X4 receptor expression revealed that continuous morphine
treatment for 1, 4 or 7 days increased P2X4 receptor expression 1.34 ± 0.07 (p<0.01), 1.37 ±
0.04 (p<0.01) and 1.54 ± 0.08 (p<0.001) fold compared to naïve (Fig 2a). Experiments
assessing the effects of asODN inhibition of P2X4 receptor expression similarly showed that
7 days of morphine treatment increased P2X4 receptor expression 1.37 ± 0.09 (p<0.01) and
1.41 ± 0.09 (p<0.01) fold respectively in the MM asODN plus morphine and morphine alone
group compared to naïve (Fig 2b). P2X4 receptor asODN treatment reduced the morphine-
induced P2X4 receptor expression to 1.12 ± 0.07 fold (p<0.05 compared to morphine alone,
p>0.05 compared to naïve).

To test if the effect of morphine on P2X4 receptor expression was opioid receptor
dependent, naloxone (μ opioid receptor antagonist) was coadministered with morphine.
Coadministration of naloxone blocked acute morphine analgesia in mechanical and thermal
behavioral testing (Fig 2c). Naloxone also reduced morphine-induced P2X4 receptor
expression from 1.52 ± 0.17 to 0.94 ± 0.07 fold (Fig 2d, p<0.05).

P2X4 Receptor and CD11b Immunofluorescence
P2X4 receptor protein has previously been shown to be predominantly expressed in
microglia in the rat spinal cord [12,45,47,54]. We have confirmed that, in our spinal cord
tissue sections P2X4 receptor staining was highly colocalized with CD11b, a marker of
microglia (Fig 3). In higher magnification images of individual microglial cells from spinal
cord slices of morphine tolerant rats, it was observed that P2X4 receptors were localized in
clusters on the cell membrane (Fig 3b). Images from naïve rats showed less intense
microglial P2X4 receptor and CD11b protein expression (Fig 3c) compared to those from
morphine treated animals. We also confirmed that P2X4 receptor immunofluorescent
staining did not colocalize with neurons (NeuN) or astrocytes (GFAP, data not shown).

Iba1 Immunofluorescence
Analyses of Iba1 immunofluorescence were performed to identify microglial reactivity in
the lumbar spinal cord dorsal horn across treatment groups (Fig 4). In naïve rats, staining
revealed ramified microglia and Iba1 immunofluorescence of 8,205 ± 578 mean
fluorescence pixels (Fig 4). After 10 days of daily intrathecal injections, the images from the
P2X4 receptor asODN rats showed an increase in Iba1 immunofluorescence to 12,614 ±
1,395 mean fluorescence pixels (p<0.05 compared to naïve). To test if this was a specific
response to the P2X4 receptor asODN or a non-specific response to daily intrathecal
injections, an additional control group (n=4) receiving daily intrathecal injection of
mismatch asODN alone was added. Analysis of this group showed a similar increase in Iba1
immunofluorescence (12,293 ± 1,063 mean fluorescence pixels, p<0.01 compared to naïve),
suggesting a non-specific microglial response to intrathecal injection. The mismatch asODN
plus morphine and the morphine alone group showed a nearly two fold increase in Iba1
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immunofluorescence (15,975 ± 2,344 and 15,361 ± 881 mean fluorescence units
respectively, p<0.01 and p<0.001 compared to naive). Daily intrathecal injection of P2X4
receptor asODN reduced the morphine-induced expression of Iba1 to 10,533 ± 996 mean
fluorescence pixels (p<0.05 compared to mismatch asODN plus morphine and morphine
alone groups).

GFAP Immunofluorescence
GFAP immunofluorescence staining was used to identify astrocyte reactivity in the dorsal
horn following morphine and P2X4 receptor asODN administration. GFAP staining of
astrocytes (Fig 5) in the mismatch asODN (37,313 ± 2,177 mean fluorescence pixels) and
P2X4 receptor asODN alone (36,319 ± 2,369 mean fluorescence pixels) groups revealed no
increase in expression levels compared to naïve (35,088 ± 5,503 mean fluorescence pixels,
p>0.05). Chronic morphine administration robustly increased GFAP immunofluorescence in
the mismatch asODN plus morphine (96,648 ± 9,508 mean fluorescence pixels, p<0.001
compared to naïve) and morphine alone groups (87,928 ± 9,359 mean fluorescence pixels,
p<0.001 compared to naïve). Ten days of intrathecal injection of P2X4 receptor asODN
reduced the morphine-induced expression of GFAP to naïve levels (48,363 ± 8,106 mean
fluorescence pixels, p<0.01 compared to mismatch asODN plus morphine and morphine
alone, p>0.05 compared to naïve).

μ Opioid Receptor Immunofluorescence
Immunofluorescence images demonstrated some μ opioid receptor colocalization with
CD11b (Fig 6). Confocal images showed punctate μ opioid receptor staining on the
processes (Fig 6a) and cell bodies (Fig 6b) of microglia. The majority of μ opioid receptor
immunofluorescence was found in the superficial layers of the spinal cord dorsal horn and
colocalized with calcitonin-related gene product protein (CGRP, Fig 6c). CGRP protein is
expressed presynaptically in primary afferent C and Aδ nerve fibers arising from dorsal root
ganglion neurons [11,48,51]. There was little evidence of colocalization between μ opioid
receptors and NeuN positive spinal cord dorsal horn neurons (Fig 6d).

Single staining of μ opioid receptors in the superficial laminae of the dorsal horn of the
lumbar spinal cord sections from each treatment group (Fig 7) showed equivalent
immunofluorescence in the naïve (52,363 ± 3,464 mean fluorescence pixels) mismatch
asODN (52,700 ± 5,315 mean fluorescence pixels) and P2X4 receptor asODN alone groups
(56,011 ± 3,974 mean fluorescence pixels). Seven days of continuous morphine
administration increased the μ opioid receptor immunofluorescence in the mismatch asODN
plus morphine and morphine alone groups (75,166 ± 5,499 and 75,154 ± 5,072 mean
fluorescence pixels, p<0.01 compared to naïve). Daily intrathecal injection of P2X4 receptor
asODN reduced μ opioid receptor immunofluorescence in the P2X4 receptor asODN plus
morphine group to naïve levels (51,591 ± 2,376 mean fluorescence pixels, p<0.01 compared
to mismatch asODN plus morphine and morphine alone, p>0.05 compared to naïve).

P2X4 Receptor and ED2 Immunofluorescence
Perivascular microglial cells in the rat lumbar spinal cord express both the microglial marker
Iba1 and the perivascular microglial marker ED2 (Fig 8a). Immunofluorescence
colocalization revealed that ED2 positive perivascular microglia also showed marked P2X4
receptor immunoreactivity (Fig 8b). Confocal images showed that P2X4 receptor
immunofluorescence was not distributed evenly across entire ED2 positive perivascular
microglial cells and that P2X4 receptor positive perivascular microglia were a subset of all
P2X4 receptor expressing cells.
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Assessment of ED2 immunofluorescence across treatment groups revealed an intriguing
regulation of protein expression following morphine and asODN administration (Fig 9). The
total number of ED2 positive cells in the gray matter per spinal cord section (n=6 sections/
rat) were counted and averaged across the treatment groups. In naïve rats, P2X4 receptor
asODN alone and mismatch asODN alone groups, there were equivalent numbers of ED2
expressing cells in each section (43.4 ± 1.5, 43.0 ± 1.1 and 43.8 ± 1.1 cells respectively,
p>0.05). In mismatch asODN plus morphine and morphine alone sections, there were
significantly fewer ED2 expressing cells (25.2 ± 1.7 and 22.2 ± 0.6 cells respectively,
p<0.001 compared to naïve). However, in the P2X4 receptor asODN plus morphine sections
significantly more cells (57.8 ± 1.5 cells) with high immunofluorescence for ED2 were
evident than in morphine treated or naïve controls (p<0.001 compared to all other treatment
groups). P2X4 receptor asODN alone did not alter the number of ED2 positive cells
(p>0.05), however, intrathecal injection of P2X4 receptor asODN in morphine treated
animals significantly increased ED2 cells compared to naïve (p<0.001).

Discussion
In this study we demonstrate that: (1) P2X4 receptor asODN inhibited the development of
antinociceptive tolerance to chronic morphine administration; (2) P2X4 receptor asODN
attenuated morphine-induced increases in P2X4 receptor, Iba1, GFAP and μ opioid receptor
protein expression in the lumbar spinal cord; (3) continuous systemic morphine reduced
perivascular microglial ED2 expression; (4) P2X4 receptor asODN administration enhanced
perivascular microglial ED2 expression in rats receiving chronic morphine. Together, these
results suggest that P2X4 receptors are critical to the reactivity state of microglia, and that
perivascular microglia and play a central role in the development of morphine tolerance.

The experiments shown here are the first to investigate a role for P2X4 receptors in
morphine tolerance. Microglia express several ligand gated cationic channels (P2X4,7) and
G-protein coupled (P2Y2,6,12) receptors that respond to purinergic (ATP/ADP) stimulation
[19]. P2X4 receptors have been shown to modulate the migration and reactivity state of
microglia [17,18,20,26]. Due to the lack of selective ligands, gene knockdown and knockout
methodologies must be employed to selectively target P2X4 receptors. Recently, knockout
studies have shown that animals lacking the P2X4 receptor gene have no deficits in pain
sensitivity in non-injured naïve states. However, they show reduced tactile allodynia
following L5 spinal nerve transection and intraplantar injection of complete Freund’s
adjuvant [44]. This supports our findings that no changes in baseline responses to
mechanical and thermal stimulation were observed in the P2X4 receptor asODN alone
group, and attenuation of morphine antinociceptive tolerance was observed in the P2X4
receptor asODN plus morphine group.

The asODN sequences used in our study have been previously shown to inhibit the
development of tactile allodynia following L5 spinal nerve transection [45]. Tsuda et al.
(2003) observed an increase in P2X4 receptor expression following nerve injury, which was
inhibited by intrathecal injection of P2X4 receptor asODN. This block of nerve injury-
induced P2X4 receptor expression was associated with a reversal of tactile allodynia in L5
spinal nerve transected animals. In our study, daily intrathecal P2X4 receptor asODN
injection inhibited morphine-induced expression of P2X4 receptors and blocked
antinociceptive tolerance.

Microglia, the innate immune cell of the CNS, constantly survey CNS parenchyma for
pathogens and cellular stress signals [14]. Our laboratory has previously shown that
intrathecal catheterization alone can increase microglial reactivity as observed by enhanced
CD11b immunoreactivity [9,42]. Our data shows that ten days of asODN (either mismatch
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or against P2X4 receptors) induced moderate increases in Iba1 immunofluorescence, without
any behavioral changes. This small increase in Iba1 immunofluorescence likely represents a
non-specific response of spinal microglia to intrathecal injection. This increase in Iba1
immunofluorescence to asODN injection was not as robust as observed following morphine
administration. Our laboratory has previously shown dissociation of markers of microglial
reactivity and pain behaviors [7], whereby perineural administration of the local anesthetic
bupivacane prior to L5 spinal nerve cryoneurolysis reduced spinal CD11b immunostaining
and microglial hypertrophy, however, had no effect on tactile allodynia.

Microglia express all three subtypes of opioid receptors, μ, δ and κ [4,46]. Studies have
shown that glial and neuronal μ opioid receptors have similar morphine binding affinities,
however, glia express five times fewer μ opioid receptors than neurons [23]. It is generally
accepted that chronic morphine administration does not alter μ opioid receptor mRNA in the
CNS [49]. However, the regulation of receptor protein is far more complex, as agonists
affect μ opioid receptor expression at the posttranscriptional level via alterations in such
processes as receptor phosphorylation, receptor uncoupling and receptor trafficking [1,29].
Our findings suggest that total μ opioid receptor expression in the dorsal horn of the spinal
cord may be enhanced following continuous morphine administration. This could be an
adaptive response to tolerance formation, or a response to enhanced receptor internalization,
because the immunofluorescence analysis completed here did not differentiate between
intracellular vesicular and cell surface expressed receptors. Our experiments also show that
the majority of μ opioid receptors are expressed on presynaptic afferent nerve terminals
derived from dorsal root ganglion neurons and not on spinal cord dorsal horn neurons. Most
studies assessing μ opioid receptor expression following morphine administration focused
on neuronal receptor expression. Further studies must be completed to assess the modulation
of μ opioid receptors in glia following chronic morphine administration.

Herein, we show that μ opioid receptors are expressed on both the cell bodies and processes
of microglia in the dorsal horn of the lumbar spinal cord. The relatively small amount of
colocalization observed by confocal microscopy between μ opioid receptors and CD11b
protein indicate that enhanced receptor expression in microglia cannot account for the
increase in μ opioid receptor protein observed following chronic morphine treatment. The
increase in μ opioid receptor immunofluorescence is likely due to increased surface
expression on primary afferent C and Aδ nerve fibers projecting from the dorsal root
ganglia. Our results do indicate, however, that spinal microglia express μ opioid receptor
and thus supports the hypothesis that microglia can be directly affected by opioid agonists.

In this study, astrocytes exhibited increased GFAP expression after morphine administration
and reduced GFAP expression with concomitant P2X4 receptor asODN treatment. We did
not observe P2X4 receptor expression on astrocytes, which suggests that inhibition of GFAP
expression is downstream of a microglial process. We cannot, however, rule out that
astrocytic GFAP expression is a direct effect of morphine on astrocytic opioid receptors [46]
or of ATP released from neurons on astrocytic P2X or P2Y receptors [52]. Our laboratory
has previously shown that minocycline, a purportedly selective microglial inhibitor, reduced
astrocytic GFAP expression after L5 spinal nerve transection, further supporting the
interdependency of microglial and astrocytic reactivity [31].

Perivascular microglia are antigen-presenting cells that play an important role in the
immunological monitoring of the CNS and interfacing with peripheral nervous system
[16,50]. They have been shown to mediate blood borne-lymphocyte recruitment to the CNS
in animal models of neuropathic pain [41] and experimental autoimmune encephalomyelitis
[3]. ED2 (ED2/CD163 scavenger receptor cysteine-rich group B family member) is a
specific marker for perivascular cells [13] and can be expressed on the cell surface or shed.
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Studies suggest that cells expressing ED2 may be anti-inflammatory in nature and that ED2
itself might play a role in the resolution of inflammation in its soluble form [10,56].

The ED2 results presented here and shown previously by our laboratory [36] reveal that
ED2 expression is regulated in a different manner than many other classical glial markers.
We and others have shown that microglial CD11b or Iba1 and astrocytic GFAP expression
is increased following peripheral nerve injury [42], central nerve root injury [21], peripheral
surgical incision [34,36] and chronic morphine administration [33]. Treatment with the glial
modulators propentofylline and minocycline reduced tactile allodynia and decreased CD11b
and GFAP expression in models of neuropathic pain [22,43] and morphine tolerance [8,33].
In this study, morphine treatment significantly reduced the number of ED2 positive
perivascular microglia in the lumbar spinal cord. Daily intrathecal P2X4 receptor asODN
administration alone had no effect on ED2 expression; however, it significantly increased
the number of ED2 positive cells in morphine treated animals. Similarly, we have previously
shown that peripheral nerve injury reduces ED2 expression, concomitant with behavioral
sensitivity. Administration of a cannabinoid receptor 2 agonist, which inhibited tactile
allodynia after nerve injury, also enhanced ED2 expression [36]. Combined with the study
presented here, these data support the hypothesis that ED2 protein is anti-inflammatory in
nature and might be a novel marker of glial mediated recovery from CNS injury or insult.
Further studies must be undertaken to determine the mechanistic role of ED2 and
perivascular microglia in the resolution of CNS insult and in the formation, maintenance and
recovery from morphine tolerance.

The cellular and molecular mechanisms driving morphine tolerance remain an area of
intense interest. Figure 10 outlines our conceptual model of the effects of chronic morphine
and P2X4 receptor asODN administration in the spinal cord. The acute antinociceptive
effects of morphine are thought to be mediated through the summation of excitatory and
inhibitory signaling from pre- and post-synaptic dorsal horn spinal cord neurons [5, 6] and
ascending and descending pathways from supraspinal levels, including the periaqueductal
gray and rostral ventromedial medulla [2, 28]. Chronically, however, morphine may induce
ATP release in the spinal cord dorsal horn as a response to morphine-induced microglial
reactivity. This would enhance microglial migration towards dorsal horn neurons, microglial
reactivity (via P2X4 receptors) and glial release of pro-algesic factors. A positive loop of
ATP release, glial reactivity and neuronal sensitization could alter the balance of inhibitory
and excitatory signals from ascending and descending pathways and overcome the
antinociceptive effect of morphine, leading to antinociceptive tolerance. P2X4 receptor
asODN administration preserves glia in less reactive states and enhances ED2 expression,
maintaining an anti-inflammatory milieu and the anti-nociceptive efficacy of morphine. Our
results suggest that spinal P2X4 receptors play an integral role in morphine tolerance.
Modulation of P2X4 receptors on microglia and ED2 expressing perivascular microglia may
represent novel targets for the development of novel analgesics or for the attenuation of
morphine tolerance.

P2X4 receptor antisense oligonucleotide treatment inhibited morphine-induced increases
in glial reactivity markers, enhanced perivascular microglial ED2 expression and
attenuated antinociceptive tolerance to systemically administered morphine.
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Figure 1.
Daily intrathecal injection of P2X4 receptor asODN attenuates morphine-induced
antinociceptive tolerance to mechanical and thermal stimuli. Mechanical (a) and thermal (b)
hyperalgesia was measured daily in all treatment groups. Morphine-induced antinociception
peaked in all groups receiving chronic subcutaneous morphine peaked at 6 hr post pump
implantation and antinociceptive tolerance was observed by day 3. Daily P2X4 receptor
asODN maintained morphine-induced analgesia through day 7. ***p<0.001 compared to
naïve, P2X4 receptor asODN alone, mismatch asODN plus morphine and morphine alone.
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Figure 2.
P2X4 receptor asODN and naloxone attenuates morphine-induced P2X4 receptor expression.
(a) Lumbar spinal cord protein from rats receiving chronic subcutaneous morphine for 0, 1,
4 or 7 days was probed for P2X4 receptor and β-actin protein expression. Quantification of
fold changes of P2X4 receptor expression normalized to β-actin loading control ± SEM (n=4
or 5) is located below a representative western blot membrane. ** p<0.01, ***p<0.001
compared to naïve. (b) Day 7 lumbar spinal cord protein from naïve rats and groups
receiving P2X4 receptor asODN alone, mismatch asODN plus morphine, morphine alone or
P2X4 receptor asODN plus morphine was probed for P2X4 receptor and β-actin protein
expression. Quantification of fold changes of P2X4 receptor expression normalized to β-
actin loading control ± SEM (n=5) is located below a representative western blot membrane.
†† p<0.01 compared to naïve, ‡ p<0.05 compared to P2X4 receptor asODN alone, # p<0.05
compared to morphine alone. (c) Mechanical and Thermal behavioral analgesia was
measured for rats receiving subcutaneous morphine and morphine plus naloxone.
***p<0.001 compared to morphine plus naloxone and naïve. (d) Lumbar spinal cord protein
from rats receiving seven days of continuous subcutaneous administration of morphine alone
or morphine plus naloxone was probed for P2X4 receptor and β-actin protein expression.
Quantification of fold changes of P2X4 receptor expression normalized to β-actin loading
control ± SEM (n=4 or 5) is located below a representative western blot membrane. *p<0.05
compared to naïve and morphine plus naloxone.
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Figure 3.
Microglia express P2X4 receptors. (a) Confocal images of P2X4 receptor (green) and CD11b
(red) individually and colocalized in morphine tolerant rats. Arrows indicate cells with
immunofluorescence for both P2X4 receptors and CD11b. (b) The cell highlighted by the
arrow head is shown in higher magnification. (c) Confocal images of P2X4 receptor (green)
and CD11b (red) individually and colocalized in naïve rats. Scale bars equal 10 μm.
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Figure 4.
P2X4 receptor asODN reduced morphine-induced Iba1 expression. (a) Images of Iba1
immunofluorescence in naïve, mismatch asODN alone, P2X4 receptor asODN alone,
morphine alone, mismatch asODN plus morphine and P2X4 receptor asODN plus morphine.
(b) Quantification of Iba1 immunofluorescence represented as mean fluorescence pixels in
the superficial dorsal horn (n=5, 5 images per animal). * p<0.05, ** p<0.01, *** p<0.001
compared to naïve. # p<0.05 compared to P2X4 receptor asODN plus morphine. Scale bars
equal 50 μm.
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Figure 5.
P2X4 receptor asODN reduced morphine-induced GFAP expression. (a) Images of GFAP
immunofluorescence in naïve, mismatch asODN alone, P2X4 receptor asODN alone,
morphine alone, mismatch asODN plus morphine and P2X4 receptor asODN plus morphine.
(b) Quantification of GFAP immunofluorescence represented as mean fluorescence pixels in
the superficial dorsal horn (n=5, 5 images per animal). *** p<0.001 compared to naïve. ##
p<0.01 compared to P2X4 receptor asODN plus morphine. Scale bars equal 50 μm.
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Figure 6.
μ opioid receptors are expressed by primary afferent C and Aδ nerve fibers and some
microglia. (a) Confocal images of μ opioid receptor (green) and CD11b (red)
immunofluorescence colocalization in microglial processes (arrows). (b) Confocal images of
μ opioid receptor (green) and CD11b (red) immunofluorescence colocalization in microglial
cell bodies (arrow heads). (c) Immunofluorescence images of μ opioid receptor (red) and
CGRP (green) colocalization in afferent presynaptic nerve terminals (arrows). (d)
Immunofluorescence images of μ opioid receptor (red) and NeuN (green) with no
colocalization (open arrow heads). Scale bars equal 10 μm.
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Figure 7.
P2X4 receptor asODN reduced morphine-induced μ opioid receptor expression. (a) Images
of μ opioid receptor immunofluorescence in naïve, mismatch asODN alone, P2X4 receptor
asODN alone, morphine alone, mismatch asODN plus morphine and P2X4 receptor asODN
plus morphine. (b) Quantification of μ opioid receptor immunofluorescence represented as
mean fluorescence pixels in the superficial dorsal horn (n=5, 5 images per animal). **
p<0.01 compared to naïve. ## p<0.01 compared to P2X4 receptor asODN plus morphine.
Scale bars equal 50 μm.
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Figure 8.
ED2 positive perivascular microglia express P2X4 receptors. (a) Confocal images of Iba1
(red) and ED2 (green) immunofluorescence individually and colocalized. (b) Confocal
Images of P2X4 receptor (green) and ED2 (red) immunofluorescence individually and
colocalized. Arrows indicate ED2 and P2X4 receptor expressing cells. Arrow heads indicate
only P2X4 expressing cells. Scale bars equal 20 μm.
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Figure 9.
P2X4 receptor asODN increased ED2 immunofluorescence in morphine treated animals. (a)
Images of ED2 immunofluorescence in naïve, mismatch asODN alone, P2X4 receptor
asODN alone, morphine alone, mismatch asODN plus morphine and P2X4 receptor asODN
plus morphine. (b) Quantification of the mean number of ED2 positive cells spinal cord
section (n=5, 6 × 20 μm sections per rat). *** p<0.001 compared to naïve, P2X4 asODN
alone and mismatch asODN alone. ### p<0.001 compared to naïve, P2X4 receptor asODN
alone, mismatch asODN alone, mismatch asODN plus morphine and morphine alone. Scale
bars equal 25 μm.
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Figure 10.
Conceptual model of the effects of chronic morphine and P2X4 receptor asODN
administration on CNS cells in the spinal cord. Acutely (left panel), systemic morphine
affects μ opioid receptor activation in pre and post-synaptic dorsal horn neurons in the spinal
cord as well as supraspinal neurons in the periaqueductal gray and rostral ventromedial
medulla. It is has been postulated that antinociception is produced as a result of the
summation of direct affects on dorsal horn neurons [5,6], inhibition of ascending nociceptive
transmission and modulation of descending inhibitory and excitatory pathways [2,28].
Chronically (center panel), morphine enhances microglial Iba1 and P2X4 receptor
expression and the release of pro-algesic factors including cytokines and chemokines. In
combination with reduced perivascular microglia ED2 expression, which further promotes a
pro-inflammatory milieu, astrocytic GFAP expression is enhanced and neuronal
sensitization develops. Spinal cord neurons are capable of releasing ATP [27,38], which
may be enhanced following sensitization. Morphine has also been shown to directly induce
the release of purines from primary afferent nerve terminals [39,40], although release of
ATP has yet to be shown. ATP release from sensitized dorsal horn neurons can be
propagated by astrocytes [53] to enhance P2X4 receptor-mediated migration of morphine
primed microglia towards dorsal horn neurons. These reactive microglia migrate, further
increasing the concentration of pro-algesic factors and enhancing neuronal sensitization.
This alteration of the balance of inhibition and excitation from ascending and descending
pathways reduces the efficacy of morphine, blocking antinociception. Daily intrathecal
injection of P2X4 receptor asODN in the presence of morphine (right panel) reduces
microglial Iba1 and astrocytic GFAP expression and enhances perivascular ED2 expression.
This suppression of glial reactivity and enhanced ED2 expression may produce an anti-
inflammatory milieu, preserving the antinociceptive efficacy of morphine and maintaining
antinociception.
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