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Abstract
Despite using prescribed pain medications, patients with neuropathic pain continue to experience
moderate to severe pain. There is a growing recognition of a potent peripheral opioid analgesia in
models of inflammatory and neuropathic pain. The goal of this study was to characterize the
temporal and spatial expression of mu opioid receptor (mOR) mRNA and protein in primary
afferent neurons in a rat L5 spinal nerve ligation model of persistent neuropathic pain. Bilateral L4
and L5 dorsal root ganglia (DRGs), L4 and L5 spinal cord segments, and hind paw plantar skins
were collected on days 0 (naïve), 3, 7, 14, and 35 post-spinal nerve ligation or post-sham surgery.
We found that expression of mOR mRNA and protein in primary afferent neurons changed
dynamically and site-specifically following L5 spinal nerve ligation. Real-time RT-PCR,
immunohistochemistry, and Western blot analysis demonstrated a down-regulation of mOR
mRNA and protein in the injured L5 DRG. In contrast, in the uninjured L4 DRG, mOR mRNA
transiently decreased on day 7 and then increased significantly on day 14. Western blot analysis
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revealed a persistent increase in mOR protein expression, although immunohistochemistry showed
no change in number of mOR-positive neurons in the uninjured L4 DRG. Interestingly, mOR
protein expression was reduced in the skin on days 14 and 35 post-nerve injury and in the L4 and
L5 spinal cord on day 35 post-nerve injury. These temporal and anatomically specific changes in
mOR expression following nerve injury are likely to have functional consequences on pain-
associated behaviors and opioid analgesia.
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1. Introduction
Neuropathic pain can result from various etiologies with different anatomical locations of
the lesion—from peripheral nociceptors to the central nervous system. It is characterized by
ongoing and/or evoked pain and impairs patients’ emotional functioning, mobility, and the
ability to work (O'Connor, 2009). Neuropathic pain is estimated that about half of patients
with neuropathic pain do not get any relief from their symptoms despite taking prescribed
analgesics (O'Connor, 2009). Several randomized control trials have shown that opioid
analgesics provide greater pain relief than placebo (Wu et al., 2008), and comparable pain
relief to gabapentin and tricyclic antidepressants (Raja et al., 2002; Wu et al., 2008).
However, treatment of neuropathic pain with opioids is often discouraged because of their
lower efficacy and unwanted side effects (such as tolerance and addiction) caused by long-
term and high-dose opioid therapy. Thus, it is important to understand dynamic temporal
and spatial regulation of opioid receptor expression in nervous system following nerve
injury.

In recent years, a growing body of evidence has suggested that after tissue injury and
inflammation there is a potent opioid analgesia mediated by peripheral opioid receptors
(Lewanowitsch et al., 2006; Shinoda et al., 2007). Opioid receptors, synthesized in dorsal
root ganglion (DRG) neurons, are expressed on cell bodies of sensory neurons and are
transported to their central terminals in the superficial dorsal horn and peripheral terminals
in peripheral tissues (Coggeshall et al., 1997; Truong et al., 2003). Opioids increase
antinociceptive potency during inflammation and that this increased potency is most
pronounced for mu opioid receptor (mOR) agonists (Stanfa et al., 1992). Activation of the
endogenous opioid system during inflammation in the periphery and in the spinal cord
contributes to the enhanced sensitivity to opiates (Hassan et al., 1993; Stein et al., 2009). As
in inflammatory pain, opioid receptors expressed on peripheral afferent axons may also
contribute to the opioid-induced antinociception in neuropathic pain. Peripheral mOR
activation attenuated neuropathic pain with minimal central nervous system side effects
(Obara et al., 2004; Obara et al., 2007; Kabli and Cahill, 2007; Guan et al., 2008; Obara et
al., 2009), suggesting that peripherally acting mORs may provide an alternative strategy for
the treatment of neuropathic pain. However, the dynamic changes in mOR expression in the
peripheral nervous system after peripheral nerve injury have not been carefully studied.

In the present study, using real-time reverse transcriptase-polymerase chain reaction (RT-
PCR), Western blot analysis, and immunohistochemistry, we characterized the temporal and
spatial expression of mORs at the levels of mRNA and protein in primary afferent neurons
in a rodent L5 spinal nerve ligation (SNL) model of persistent neuropathic pain.
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2. Experimental procedures
2.1. Animals

Male Sprague-Dawley rats (250–300 g, Harlan Bioproducts for Science, Indianapolis, IN)
were housed in cages on a standard 12:12 h light/dark cycle. Water and food were available
ad libitum until rats were transported to the laboratory approximately 1 h before
experiments. The animals were used in accordance with protocols that were approved by the
Animal Care and Use Committee at the Johns Hopkins University and at the University of
South Carolina’s School of Medicine. All animal procedures were consistent with the ethical
guidelines of the National Institutes of Health and the International Association for the
Study of Pain. All efforts were made to minimize animal suffering and to reduce the number
of animals used.

2.2. Spinal nerve ligation (SNL)-induced neuropathic pain model
Rats (n = 143) were anesthetized with isoflurane, and a dorsolateral skin incision was made
on the lower back. The fifth lumbar transverse process was identified and freed of its muscle
attachment and then removed. The underlying fifth lumbar nerve root was isolated, ligated
with a 4-0 silk suture, and transected just distal to the ligature according to the method
described previously (Kim and Chung, 1992; Zhang et al., 2003; Singh et al., 2009). After
appropriate hemostasis, the skin and muscle layers were closed with a silk suture. In the
sham group, the surgical procedure was identical to that described above, except that the
spinal nerve was not ligated and transected.

2.3. Behavioral testing
Mechanical paw withdrawal thresholds (PWTs) were measured with the up-down testing
paradigm 1 day before surgery and on days 3, 7, 14, and 35 after nerve injury or sham
surgery (Dixon, 1980; Chaplan et al., 1994; Singh et al., 2009). Behavioral testing was
performed by experimenters blinded to the rats’ surgical group. Each animal was placed in a
Plexiglas chamber on an elevated mesh screen. At least 30 min were allotted for behavioral
accommodation before testing was begun. Von Frey hairs in log increments of force (3.61,
3.84, 4.08, 4.31, 4.56, 4.74, 4.93, 5.18 g) were applied to the plantar surface of the rats’ left
and right hind paws. The 4.31-g stimulus was applied first. If a positive response occurred,
the next smaller von Frey hair was used; if a negative response was observed, the next
higher von Frey hair was used. The test was ended when (i) a negative response was
obtained with the 5.18-g hair, (ii) four stimuli were applied after the first positive response,
or (iii) nine stimuli were applied to one hind paw.

2.4. Quantitative real-time RT-PCR
Thirty minutes to an hour after behavioral testing, rats were anesthetized by isoflurane and
decapitated. Then the L4 and L5 DRGs were rapidly dissected and collected. To obtain
enough RNA, unilateral L4 or L5 DRGs from three rats per time point were pooled (n = 12
rats/time point). Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA),
treated with RNase-free DNase I (2 U/20 µl; Promega Corp., Madison, WI) and reverse-
transcribed with Omniscript kit (Qiagen, Valencia, CA) and Oligo-dT. cDNA was amplified
by real-time PCR by using the probe for mOR (5’ - /56 - FAM/
AGGCAGAAACTGCTCCATTGCCCTA/3BHQ_1/ - 3’; Integrated DNA Technologies,
Coralville, IA) and glyceraldehyde-3-phosphate dehydrogenase (GADPH) (Ref:
Rn99999916_s1; Applied Biosystems, Foster City, CA) as an internal control for
normalization. The mOR PCR primer sequences were 5′-
AACATCCCTCCACGGCTAATAC-3' (forward) and 5′-
AGAGCCTCCCACACACCCTG-3' (reverse). Real-time PCR for each sample was run in
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quadruplicate in a 20-µl reaction with TaqMan Universal PCR master mix kit (Applied
Biosystems). Reactions were performed in an ABI 7500 Fast real-time PCR system (Applied
Biosystems). The amplification protocol was: 3 min at 95°C, followed by 45 cycles of 10 s
at 95°C for denaturation and 45 s at 58°C for annealing and extension. Ratios of ipsilateral-
side mRNA levels to contralateral-side mRNA levels were calculated by using the ΔCt
method (2−ΔΔCt) at a threshold of 0.02. All data were normalized to GAPDH, which has
been demonstrated to be stable even during peripheral nerve injury (Jankowski et al., 2009;
Guan et al., 2009).

2.5. In vitro transfection of HEK 293 cells
To examine the specificity and selectivity of the mOR antibody used, we transfected the
mammalian expression vectors encoding full-length cDNAs of mOR, delta opioid receptor
(dOR), or kappa opioid receptor (kOR) into the human embryonic kidney (HEK) 293 cells
(GenHunter, Nashville, TN). Briefly, cDNA were added to the cells in 1:1 ratios for a total
of 4 µg. Four to 6 h later, the cells were treated with a 15% glycerol solution in the buffer
(50 mM BES(N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid), 280 mM NaCl, 1.5
mM Na2HPO4) for 30 s. The cells were collected 48 h after transfection and resuspended in
100ul of chilled lysis buffer [50 mM Tris, 150 nM NaCl, 1% NP-40, 1 mM EDTA, 1%
Triton X-100 and Protease Inhibitor Cocktail at 1:100 (Sigma P8340)]. After the sonication,
the samples were centrifuged at 15,000g for 30 min at 4°C. The supernatants were collected
for Western blot analysis as described below.

2.6. In vivo tissue collection and preparation
After behavioral testing, the rats were deeply anesthetized by isoflurane and decapitated.
Hind paw plantar skin, L4 and L5 DRGs, and L4 and L5 spinal cord on the ipsilateral and
contralateral sides were removed and frozen on dry ice and stored at −80°C for use in
Western blot analysis (n = 4/time point). The frozen skin was placed inside a 1.5 ml tube and
shredded using a Dremel tool (with tip #191) for 15 seconds on ice. All tissues including
skin, DRG, and spinal cord were incubated in the chilled lysis buffer on ice for 1 h. During
the incubation period, the samples were sonicated twice for 10 seconds each time. All of the
samples were centrifuged at 15,000g for 30 min at 4°C. The supernatants were collected.

2.7. Western blot analysis
Protein concentrations in in vivo and in vitro samples were measured by BCA protein assay.
The samples were diluted in lysis buffer and combined with SDS sample buffer. After being
heated at 95°C for 10 min, the samples were loaded into a BioRad Criterion Tris-HCl gel for
SDS-PAGE electrophoresis. The gels were transferred onto a PVDF membrane with a
BioRad SemiDry Transfer. Blotting membranes were blocked with 5% powdered milk in
phosphate buffered saline (PBS) with 0.05% Tween 20 (PBST) for 1 h at room temperature.
The membranes were then incubated with rabbit anti-mOR antibody (1:1,500, ImmunoStar
#24216) overnight at 4°C or mouse anti-β-actin antibody (1:20,000, Sigma A5441) for 2 h at
room temperature. After three washes in PBST, the membranes were placed in HRP-labeled
secondary donkey anti-rabbit antibody (1:4000, Santa Cruz, Santa Cruz, CA sc2313) or anti-
mouse antibody (1:5000, Cell Signaling Technologies, Beverly, MA #7076) for 1 h at room
temperature. The membranes were washed several times and the bands were visualized
using ECL (Pierce 32209). Band densities were determined by using Scion Image (Scion
Corporation, Gaithersburg, MD).

To further indentify the specificity and selectivity of mOR antibody used, we carried out
another experiment: the immunoadsorption of the primary antiserum with excess the
corresponding antigen. Briefly, 5 µl of rabbit anti-mOR antibody (1:1,500) was incubated
with 10 µg/ml mOR peptide (Immunostar Cat# 24335) at 4°C for 24 h. After the mixture
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was centrifuged at 16,000g at 4°C for 30 min, the supernatant was collected and substituted
for rabbit anti-mOR antibody.

2.8. Immunohistochemistry
Rats were deeply anesthetized by isoflurane after behavioral testing and perfused
transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Bilateral L4
and L5 DRGs were collected, post-fixed in the same fixative solution for 2–4 h,
cryoprotected by immersion in 30% sucrose overnight at 4°C, and frozen-sectioned at 20
µm. Every third section was collected (at least four sections/DRG). The sections were
blocked for 1 h at 37°C in 0.01 M phosphate-buffered saline (PBS) containing 10% normal
goat serum plus 0.3% Triton X-100. Sections were incubated with primary rabbit anti-mOR
serum (1:2000; ImmunoStar Inc., Hudson, WI) overnight at 4°C. After being washed in
PBS, sections were incubated with Cy3-conjugated goat anti-rabbit secondary antibody
(1:300; Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. Control
sections lacking primary antiserum were stained in parallel. The immunofluorescence-
labeled sections were rinsed in 0.01 M PBS and mounted onto gelatin-coated glass slides.
Cover slips were applied with a mixture of 50% glycerin and 2.5% triethylene diamine in
0.01 M PBS. The labeled sections were observed with a Nikon TE2000E fluorescence
microscope (Nikon Co., Japan). The images were captured with a CCD spot camera. The
number of mOR-positive and -negative DRG cells in each section was counted. The mean
percentage of mOR-positive cells per L4 or L5 section at each time point was calculated
from at least 12 sections (n = 3 rats/time point).

2.9. Anterograde transport
Anterograde transport of mORs in the sciatic nerves was measured in normal uninjured
animals (n = 6) and in animals that were 14 days post-L5 SNL (n = 6) (Raivich et al., 1991).
Animals were anesthetized with intraperitoneal urethane (2 g/kg) for the duration of the
experiment. The sciatic nerve was exposed at mid-thigh level. Two silk ligatures (5-0) were
tied around the sciatic nerve 0.5 cm apart. The incision was closed with silk ligatures on the
fascia and wound clips to the skin. Animals were given Ringer’s to maintain hydration and
monitored on a heating pad to maintain normal body temperature. At 6 h post-ligation,
animals were asphyxiated with CO2. Three 0.5-cm sections of sciatic nerve were removed
from between the two ligatures, distal to the ligatures, and proximal to the ligatures. The
distal, proximal, and ligated sections of sciatic nerve were frozen on dry ice and stored at
−80°C until being homogenized for Western blot analysis. The sections were homogenized
in 150 µl of chilled lysis buffer and processed as described above for Western blot analysis
of mOR expression. The intermediate nerve segment was used as a control for local
synthesis, while the mOR expression in the proximal nerve segment was used as a measure
of anterograde transport.

2.10. Statistical analysis
The results from the behavioral tests, RT-PCR, Western blot, and immunohistochemistry
were statistically analyzed with a one-way or two-way analysis of variance (ANOVA). Data
are presented as mean ± SEM. When ANOVA showed significant difference, pairwise
comparisons between means were tested by the post hoc Tukey method. Significance was
set at p < 0.05. The statistical software package SigmaStat (Systat, Chicago, IL) or
GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla, CA) was used to perform all
statistical analyses.
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3. Results
3.1. SNL-evoked mechanical hypersensitivity in rats

To ensure that all SNL rats used in the study showed pain hypersensitivity, we measured the
PWTs in response to mechanical stimuli. Consistent with our previously published data
(Zhang et al., 2003; Guan et al., 2008; Singh et al., 2009; Guan et al., 2009), SNL induced
mechanical hypersensitivity, which was evident by a significant decrease in PWT on the
ipsilateral side (but not the contralateral side) compared with pre-surgery baseline values
(Fig. 1, p < 0.01). This decrease occurred on day 3 post-SNL and persisted for at least 35
days post-SNL (Fig. 1). The SNL rats that failed to develop neuropathic pain and/ or showed
evidence of motor paralysis were excluded from the study. As expected, sham operation did
not change PWTs on either the ipsilateral or contralateral side (Fig. 1, p > 0.05).

3.2. Effect of SNL on the expression of mOR mRNA in injured and intact DRGs
We first used a quantitative real-time RT-PCR approach to examine the changes in mOR
mRNA in injured (ipsilateral L5) and intact (L4) DRGs after SNL in rats. We found that
SNL time-dependently altered mOR mRNA expression in both the injured and intact DRGs
(Fig. 2). SNL significantly reduced expression of mOR mRNA in the ipsilateral L5 DRG on
days 3 to 14, but returned back towards levels observed in the sham group by day 35, after
SNL. The ratios of ipsilateral to contralateral mOR mRNA in L5 DRGs after SNL were
decreased by 84% on day 3 (p < 0.01), 88% on day 7 (p < 0.01), 97% on day 14 (p < 0.01),
and 29% on day 35 (p > 0.05) compared to the corresponding time points in sham groups
(Fig. 2). The pattern of changes in expression of mOR mRNA in the ipsilateral L4 DRGs
was different from that in the ipsilateral L5 DRGs. The ratios of ipsilateral to contralateral
mOR mRNA in L4 DRGs after SNL were significantly decreased on day 7 (by 64.5%, p <
0.05), but increased on day 14 (by 4.34 fold, p < 0.01) compared to the corresponding time
points in sham groups (Fig. 2). The levels of mOR mRNA in the ipsilateral L4 DRG on days
3 and 35 post-SNL were not significantly different from those on days 3 and 35 post-sham
surgery (Fig. 2).

3.3. Effect of SNL on mOR protein expression in injured and intact DRGs
To determine whether SNL-induced changes in mOR mRNA alters mOR protein
expression, we used both immunohistochemistry and Western blot analysis.
Immunohistochemistry was used to determine the percentage of cells that expressed mOR,
whereas Western blot analysis was used to determine how much mOR protein was
expressed within the tissue as a whole. The specificity and selectivity of the mOR antibody
used were determined first by in vitro HEK 293 cells transfected with mOR, δOR, and κOR
and pre-immunoadsorption of the primary antibody with excess of the corresponding
antigen. We found that only HEK 293 cells transfected with mOR showed a band at 65 kD
(Fig. 3A) and that the band at 65kD isolated from rat lumbar spinal cord and hind paw skin
was competed away when the mOR antibody was pre-adsorbed with a mOR blocking
peptide (Fig. 3B). Our findings indicate that the mOR antibody used specifically and
selectively recognizes the mOR protein. This antibody has also been used in the previous
studies (Kohno et al., 2005; Zhang et al., 2008).

Immunohistochemical analysis was completed in ipsilateral L4 (intact) and L5 (injured)
DRGs as well as contralateral L4 and L5 DRGs after SNL. Consistent with previous studies
(Zhang et al., 1998; Kohno et al., 2005), mORs were expressed predominantly in small DRG
neurons, and about half of DRG neurons were mOR-positive in naïve rats (Fig. 4). As
expected, the number of mOR-positive neurons in ipsilateral and contralateral L4 and L5
DRGs was not altered dramatically after sham surgery at the observed time points (data not
shown). SNL time-dependently reduced the number of neurons expressing mORs in L5
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DRG on the ipsilateral, but not contralateral, side (Fig. 4). The number of mOR-positive
neurons in the ipsilateral L5 DRGs after SNL was decreased by 17.5% on day 3 (p > 0.05),
24.5% on day 7 (p < 0.05), 52.7% on day 14 (p < 0.01), and 58.8% on day 35 (p < 0.01)
compared to that in naïve rats (Fig. 4).

Similarly, by Western blot analysis, mOR expression in the ipsilateral L5 DRG was
significantly reduced by 32.2% on day 7 (p < 0.05) and 42.8% on day 14 (p <0.05) post-
SNL compared to that in naïve rats (Fig. 5A). No change in mOR expression in the
contralateral L5 DRG was observed at any time point post-SNL (Fig. 5A). By
immunohistochemistry, SNL did not significantly change the number of mOR-positive
neurons in L4 DRG on either the ipsilateral or contralateral side during the observation
period (Fig. 4). In contrast, by Western blot analysis, mOR expression in the ipsilateral L4
DRG was time-dependently increased by 40.1% on day 7 (p < 0.05), 96.7% on day 14 (p <
0.01), and 37.4% on day 35 (p < 0.05) post-SNL compared to expression in the naïve rats
(Fig. 5A). As expected, Western blot analysis revealed no a significant change in mOR
expression in the contralateral L4 DRG during the observation period (Fig. 5A).

3.4. Effect of SNL on expression of mOR protein in the injured and intact spinal cord and
hind paw skin

In contrast with the findings in the DRG, changes in mOR expression in the spinal cord were
limited following SNL. On day 35 post-SNL, mOR expression was reduced in ipsilateral
(29.1%, p < 0.05) and contralateral (26.0%, p < 0.05) L5 spinal cord compared to that in
naïve rats (Fig. 5B). Similarly, on day 35 post-SNL, there was a 27.8% reduction in mOR
expression in the contralateral L4 spinal cord (p < 0.05, Fig 5B). In contrast, mOR
expression in ipsilateral L4 spinal cord did not differ from that in naïve rats at any time
point. Sham surgery did not alter mOR expression in the L4 and L5 spinal cord on either the
ipsilateral or contralateral side during the observation period (data not shown).

No change in mOR expression was observed in the contralateral hind paw skin (Fig. 6).
However, we found a reduction in mOR expression in the ipsilateral hind paw plantar skin
(Fig. 6). The level of mOR in the ipsilateral hind paw skin was decreased by 44.4% on day
14 (p < 0.01), and 28.9% on day 35 (p < 0.05) compared to that in naïve rats. As expected,
the amount of mOR protein in the ipsilateral hind paw skin on day 14 post-sham surgery
was similar to that in naïve rats (data not shown). Furthermore, mOR expression on day 14
post-SNL was lower in the proximal nerve segment of rats subjected to double ligature of
the sciatic nerve than in normal rats (Fig. 7). This finding suggests reduced axonal transport
of mOR protein on day 14 post-SNL.

4. Discussion
Peripheral nerve injury leads to persistent pain hypersensitivity in animals that mimics
chronic neuropathic pain states in humans. We recently reported that a peripherally acting
mu-opioid receptor agonist attenuated neuropathic pain in rats after L5 SNL (Guan et al.,
2008). This finding suggests that peripherally acting opioids may provide an alternative
strategy for the treatment of neuropathic pain with minimal central nervous system-mediated
side effects. However, evidence from preclinical studies and clinical trials indicate that mOR
agonists have lower efficacy in the treatment of neuropathic pain when compared to
nociceptive pain (Benedetti et al., 1998; Wu et al., 2008). This suggests that peripheral nerve
injury might produce the dynamic changes in mOR expression in the peripheral nervous
system and the spinal cord. The present study provides biochemical evidence that L5 SNL
down-regulates mOR mRNA and protein in the injured L5 DRG and produces temporally
specific changes in mOR mRNA and protein in uninjured L4 DRG. In addition, mOR
protein expression is reduced in skin and spinal cord after L5 SNL. These temporal and
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anatomically specific changes in mOR expression after peripheral nerve injury are likely to
have functional consequences on neuropathic pain-associated behaviors and opioid
analgesia.

In our study, peripheral nerve injury down-regulated expression of mORs in the injured L5
DRG. We found time-dependent reduction of mOR at both mRNA and protein levels in the
injured L5 DRG after L5 SNL. The reduction in mOR mRNA occurred before down-
regulation of protein expression. Immunohistochemical and Western blot analysis correlated
a decrease in the total amount of mOR protein with a decrease in the number of mOR-
positive neurons in the injured L5 DRG on days 7 and 14 post-SNL. In line with our
observations, investigators have reported a decrease in the abundance of mOR mRNA and/
or protein in the injured DRG of rats at one time point (day 14) after SNL (Kohno et al.,
2005) and after axotomy (Zhang et al., 1998), partial sciatic nerve ligation (Rashid et al.,
2004), and chronic constriction injury (Obara et al., 2009). The mechanisms by which mOR
mRNA is down-regulated in injured DRG neurons after peripheral nerve injury are not
completely understood, but a recent study suggests that neuron-restrictive silence factor
(NRSF), a transcriptional repressor that binds to the neuron-restrictive silencer element
within the mOR gene, might be involved in nerve injury-induced downregulation of mOR
mRNA in the DRG. Blocking nerve injury-induced up-regulation of NRSF in the DRG
neurons attenuates nerve injury-evoked down-regulation of mOR in the injured DRG
(Uchida et al., 2010).

One important finding in our study was that mOR RNA and protein underwent dynamic
changes in the uninjured L4 DRG after L5 SNL. The ipsilateral L4 DRG showed a transient
decrease in mOR mRNA on day 7 followed by a dramatic increase on day 14. Western blot
analysis also showed a significant increase in mOR protein in the ipsilateral L4 DRG on
days 14 and 35 post-SNL. Interestingly, immunohistochemistry did not reveal a significant
change in the number of mOR-positive neurons in the ipsilateral L4 DRG after L5 SNL.
These findings indicate a change in mOR protein concentration per neuron as opposed to an
increase in the number of neurons expressing mORs in the uninjured L4 DRG. Thus, the
change in mOR expression in the uninjured ipsilateral L4 DRG is likely a result of increased
protein expression within DRG neurons and not an increased population of mOR-expressing
DRG neurons. A previous study showed no change in mOR mRNA and protein in the
ipsilateral L4 DRG on day 14 post-L5 SNL (Kohno et al., 2005). The reason for the
discrepancy between the previous and present results is unclear but may be related to the use
of different methodologies (in situ hybridization vs real time RT-PCR), primary antibodies
(Chemicon vs ImmunoStar), and comparisons between groups.

How L5 SNL changes mOR expression in the uninjured L4 DRG is unclear. Several
proteins involved in nociception, such as the neuropeptide CGRP, the channels NaV1.8,
TRPV1, and TRPA1, and growth factor BDNF are also up-regulated in the uninjured L4
DRG and nerves after L5 SNL (Fukuoka et al., 1998; Fukuoka et al., 2001; Fukuoka et al.,
2002; Gold et al., 2003). Electrophysiological recording showed spontaneous activity
development and enhanced activity-dependent slowing of conduction in uninjured C-fibers
of the L4 spinal nerve after L5 SNL (Wu et al., 2001; Wu et al., 2002; Shim et al., 2007).
The changes, including those of mORs, observed in this study might be driven by injury-
induced alterations in the milieu surrounding the uninjured nerve and nerve terminals. For
example, nerve injury-induced Wallerian degeneration of the axons distal to the injury site
involves invasion of the nerves by macrophages and the release of cytokines and
chemokines. However, we observed a decrease of mOR expression in paw skin and spinal
cord and reduced axonal transport of mOR after L5 SNL. Thus, the significance in an
increase of mOR protein expression in uninjured L4 DRG neurons after L5 SNL is unknown
and will remain to be elucidated in future studies.
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Dynamic temporal and spatial changes in mOR expression after peripheral nerve injury may
influence pain-associated behaviors as well as opioid-induced peripheral antinociceptive
effects. The relative contribution of the pre- and post-synaptic action of mOR to nociceptive
transmission has been addressed in mOR knockout mice. mOR knockout mice displayed
enhanced mechanical allodynia in both injured and uninjured paws under neuropathic pain
conditions (Mansikka et al., 2004). This finding implies that a loss of pre- and post-synaptic
mORs in injured L5 DRG and spinal cord observed in this and previous studies (Coggeshall
et al., 1997; Zhang et al., 1998; Kohno et al., 2005) might participate in the development and
maintenance of neuropathic pain through loss of a tonic mOR-mediated inhibitory
mechanism. We recently reported that systemic and intraplantar injection of loperamide, a
peripherally acting mOR-preferring agonist, produced less analgesic effect on day 14 post-
SNL than on days 7, 28, and 42 post-SNL (Guan et al., 2008). This finding correlates with
our present observation that mOR in the ipsilateral hind paw is lower on day 14 post-SNL
than on days 3, 7, or 35 and implies that higher doses of opioids are required to achieve
equal analgesic effects. Interestingly, on day 35 post-SNL, the mechanical hypersensitivity
was of the same magnitude as on day 14, whereas mOR mRNA and protein synthesis in the
injured L5 DRG recovered, although the levels of mRNA and protein were still lower than
those in the sham group. The reason for this lack of correlation between the behaviors and
biochemical change of mOR is unclear, but it might be related to the complicated
mechanisms that underlie the maintenance of neuropathic pain. It is very likely that, rather
than mOR-mediated inhibitory mechanism, other peripheral and central mechanisms might
play a more key role at the late-phase of neuropathic pain. For example, nerve injury-
induced astrocyte activation and release of neuromodulators (e.g., chemokines and cytokins)
are required to maintain neuropathic pain (Kawasaki et al., 2008).

In summary, we used a combined approach of real-time RT-PCR, Western blot, and
immunohistochemistry to characterize the expression of mOR mRNA and protein in primary
afferent neurons following peripheral nerve injury. We demonstrated dynamic temporal and
spatial changes of mOR expression in both injured and uninjured DRG neurons in a rat L5
spinal nerve ligation model of neuropathic pain. These changes might be involved in the
development and maintenance of neuropathic pain symptoms as well as be responsible for
the reduced efficacy of opioid analgesics in clinical treatment of neuropathic pain.
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Fig. 1.
Spinal nerve ligation (SNL)-induced mechanical allodynia. SNL led to a significant decrease
in paw withdrawal threshold in response to mechanical stimuli on the ipsilateral (ipsi), but
not contralateral (contra), side on days 3, 7, 14, and 35 after L5 SNL. Sham surgery did not
produce a significant change in paw withdrawal threshold on either the ipsilateral or
contralateral side during the observation period.
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Fig. 2.
Dynamic changes in mOR mRNA expression in L4 and L5 DRGs after SNL. Relative
expression levels of mOR mRNA in the L4 (Top) and L5 (bottom) DRGs on days 3, 7, 14,
and 35 after L5 SNL or sham surgery. * p < 0.05 or ** p < 0.01 compared to the
corresponding sham groups.
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Fig. 3.
Specificity and selectivity of rabbit anti-mOR antibody. (A) Expression of mOR protein in
HEK 293 cells transfected only with mOR, but not dOR, kOR, or un-tranfected controls. (B)
Expression of mOR protein in skin and spinal cord tissues could be detected when the rabbit
mOR antibody was preadsorbed with excess of mOR peptide.
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Fig. 4.
Dynamic changes in the number of mOR-positive neurons in L4 and L5 DRGs after SNL.
Top panels: representative mOR immunohistochemical staining in the ipsilateral (ipsi) and
contralateral (contra) L5 DRGs on days 3, 7, 14, and 35 post-SNL. Bottom: statistical
summary of the percentage of mOR-positive neurons in L4 and L5 DRGs on both ipsilateral
and contralateral sides on days 3, 7, 14, and 35 post-SNL. Data are presented as mean ±
SEM (n = 3/group). * p < 0.05 or ** p < 0.01 compared to the corresponding naïve rats.
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Fig. 5.
Dynamic changes in mOR protein expression in L4 and L5 DRG and lumbar spinal cord
after SNL. (A) Top panels: examples of Western blots that show the expression of mOR
protein in the ipsilateral L4 and L5 DRGs in naïve rats (N) and on days 3, 7, 14, and 35 post-
SNL. β-actin is used as a loading control. Bottom: statistical summary of mOR protein
expression in ipsilateral and contralateral L4 and L5 DRGs on days 3, 7, 14, and 35 post-
SNL. Data are presented as mean ± SEM (n = 4/group). * p < 0.05 or ** p < 0.01 compared
to the corresponding naïve rats. (B) Top panels: examples of Western blots that show the
expression of mOR protein in ipsilateral L4 and L5 spinal cord in naïve rats (N) and on days
3, 7, 14, and 35 post-SNL. Bottom: statistical summary of mOR protein expression in
ipsilateral and contralateral L4 and L5 spinal cord on days 3, 7, 14, and 35 post-SNL. Data
are presented as mean ± SEM (n = 4/group). * p < 0.05 compared to the corresponding naïve
rats.
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Fig. 6.
Dynamic changes in mOR protein expression in the hind paw plantar skin after SNL. Top
panels: examples of Western blots that show the expression of mOR protein in the ipsilateral
hind paw skin in naïve rats (N) and on days 3, 7, 14, and 35 post-SNL. β-actin is used as a
loading control. Bottom: statistical summary of mOR protein expression in ipsilateral hind
paw skin on days 3, 7, 14, and 35 post-SNL. Data are presented as mean ± SEM (n = 4/
group).* p < 0.05 or ** p < 0.01 compared to the corresponding naïve rats. # p < 0.05
compared to day 14 post-SNL.
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Fig. 7.
Decreased axonal transport of mOR on day 14 post-SNL. Injured animals have less mOR
receptor in the nerve that is proximal to the double ligature as compared to normal uninjured
animals demonstrating decreased axonal transport of mOR. Top panels: examples of
Western blots that show the expression of mOR protein in the sciatic nerve proximal,
intermediate, and distal to two ligations in normal and SNL rats. Bottom: statistical
summary of mOR protein expression in the sciatic nerve proximal, intermediate, and distal
to two ligations in normal and SNL rats. Data presented as average arbitrary density
normalized to β-actin ± SEM (n=6 animals/group). ** p < 0.01 compared to the
corresponding normal rats.
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