
UC Irvine
UC Irvine Previously Published Works

Title
Mu-opioid receptor knockout prevents changes in delta-opioid receptor trafficking induced 
by chronic inflammatory pain.

Permalink
https://escholarship.org/uc/item/47p2m3mm

Journal
Pain, 109(3)

ISSN
0304-3959

Authors
Morinville, Anne
Cahill, Catherine M
Kieffer, Brigitte
et al.

Publication Date
2004-06-01

DOI
10.1016/j.pain.2004.01.011

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/47p2m3mm
https://escholarship.org/uc/item/47p2m3mm#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Mu-opioid receptor knockout prevents changes in delta-opioid receptor

trafficking induced by chronic inflammatory pain

Anne Morinvillea,b,1, Catherine M. Cahilla,2, Brigitte Kiefferc, Brian Collierb, Alain Beaudeta,*

aDepartment of Neurology and Neurosurgery, Montreal Neurological Institute, Rm 896, McGill University, 3801 University Street,

Montreal, Que., Canada H3A 2B4
bDepartment of Pharmacology and Therapeutics, McGill University, 3655 Promenade Sir William Osler, Montreal, Que., Canada H3G 1Y6

cIGBMC, CNRS/INSERM/ULP, 67404 Illkirch, France

Received 25 July 2003; received in revised form 18 December 2003; accepted 12 January 2004

Abstract

Previous studies from our laboratory have demonstrated that both chronic inflammatory pain, induced by intraplantar injection of complete

Freund’s adjuvant (CFA), and prolonged (48 h) stimulation of mu-opioid receptors (mOR) by systemic administration of a variety of

selective agonists, resulted in enhanced plasma membrane targeting of delta-opioid receptors (dOR) in neurons of the dorsal spinal cord. To

determine whether dOR trafficking induced by chronic inflammation was dependent on the activation of mOR, we investigated by

immunogold cytochemistry the effects of intraplantar CFA injection on the plasma membrane density of dOR in mOR knockout (KO) mice.

In untreated wild-type (WT) mice, only a small proportion of dOR was associated with neuronal plasma membranes in the dorsal horn of the

spinal cord. The CFA-induced inflammation produced a significantly higher ratio of plasma membrane to intracellular receptors, as well as a

75% increase in the membrane density of immunoreactive dOR, in dendrites of the ipsilateral dorsal horn as compared to untreated mice.

This increase in the membrane density of dOR was likely due to a recruitment of receptors from intracellular stores since no difference in the

overall dOR immunolabeling density was evident between CFA-treated and untreated mice. Most importantly, the CFA-induced changes in

dOR plasma membrane insertion seen in WT animals were not present in the spinal cord of mOR KO mice. These results demonstrate that the

integrity of mOR is necessary for CFA-induced changes in dOR trafficking to occur and suggest that these changes could be elicited by

stimulation of mOR by endogenous opioids released in response to chronic inflammatory pain.

q 2003 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Administration of opioid analgesics directly into the

central nervous system (CNS) produces a profound increase

in nociceptive thresholds in various animal models of acute

and chronic pain. For example, in models of chronic

inflammatory pain, spinal administration of mu-(m) or delta-

(d) opioid receptor (OR) agonists have been shown to

reverse thermal hyperalgesia precipitated in these models

(Cahill et al., 2003; Ossipov et al., 1995; Qiu et al., 2000;

Stewart and Hammond, 1994). Moreover, dOR-induced

anti-nociceptive effects were shifted to the left compared to

controls, indicating an augmentation in analgesic potency,

following induction of inflammation via carrageenan

(Stewart and Hammond, 1994) or complete Freund’s

adjuvant (CFA) injection (Cahill et al., 2003; Fraser et al.,

2000; Hylden et al., 1991; Qiu et al., 2000). Nonetheless, the

mechanisms by which centrally administered opioids

alleviate persistent inflammatory pain states are not well

understood.

Plastic changes have been documented to occur in the

spinal cord in response to persistent inflammatory pain

(Julius and Basbaum, 2001). Some of these changes affect the

expression and subcellular distribution of dOR in neurons of

the dorsal horn of the spinal cord and dorsal root ganglia

(Besse et al., 1992; Cahill et al., 2003; Ji et al., 1995). Under

basal conditions, dOR are almost exclusively localized to

intracellular compartments in neurons throughout the CNS,
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including the spinal cord (Arvidsson et al., 1995; Cahill et al.,

2001a,b; Cheng et al., 1995; Morinville et al., 2003; Svingos

et al., 1995; Wang and Pickel, 2001; Zhang et al., 1998).

Hence, ultra-structural analysis revealed that in the rat spinal

cord, plasma membrane-associated dOR accounted for less

than 10% of the total amount of immunoreactive dOR

detected within dendrites of dorsal horn neurons (Cahill et al.,

2001a,b; Morinville et al., 2003). However, 72 h after a

unilateral intraplantar injection of CFA into the hind paw, the

proportion of dOR associated with plasma membranes

increased almost twofold in dendrites from the dorsal spinal

cord ipsilateral to the site of inflammation (Cahill et al.,

2003). It was suggested that these changes in the cellular

compartmentalization of dOR might contribute to the

enhanced opioid anti-nociception observed in this pain

state (Cahill et al., 2003).

Recent studies from our laboratory have demonstrated

that targeting of dOR to neuronal plasma membranes in the

dorsal horn of rodent spinal cord could also be elicited via

sustained morphine treatment and that the resulting

enhanced number of pharmacologically available dOR

increased dOR-induced anti-nociception (Cahill et al.,

2001b; Morinville et al., 2003). Studies with transgenic

animals revealed that this morphine-induced trafficking of

dOR was prevented in mOR knockout (KO) mice,

demonstrating that it was dependent on the activation of

mOR (Morinville et al., 2003). Furthermore, the morphine-

induced trafficking of dOR in dorsal horn neurons was no

longer evident following dorsal rhizotomy, suggesting

that this plastic event was predicated upon incoming

somatosensory, including nociceptive, inputs (Morinville

et al., 2004).

The aim of the present study was to assess whether the

recruitment of dOR to the cell surface observed in a model

of chronic inflammatory pain was, like the one observed

after prolonged morphine treatment, dependent on the

activation of mOR in the dorsal horn of the rodent spinal

cord. To address this issue, chronic inflammation was

induced by injection of CFA in the hind paw of wild-type

(WT) and transgenic mice lacking the mOR and quantitative

ultrastructural analysis using immunogold electron

microscopy was used to investigate the subcellular distri-

bution of dOR in neurons of the dorsal spinal cord. We

report here that like in the rat, CFA-induced inflammation

increases the cell surface density of dOR on dendrites of the

dorsal horn ipsilateral to the site of inflammation and that

this increase can no longer be elicited in the spinal cord of

mOR-KO mice.

2. Methods

2.1. Animals

The studies used homozygous female and male

C57BL/6 mOR KO mice as well as male and female WT

C57BL/6 mice. The generation of mOR KO mice has been

described in detail previously (Matthes et al., 1996). These

mice were between 9 and 12 months of age at the time of the

experiments. All animals were maintained on a 12/12 h

light/dark cycle and were allowed free access to food and

water. Experiments were approved by the animal care

committee at McGill University and complied with the

directives of the Canadian Council on Animal Care.

2.2. Induction of chronic inflammation

Chronic inflammation was induced by a subcutaneous

injection of 130 mg/25 ml complete Freund’s adjuvant

(CFA; Sigma, St Louis, MO) in the plantar surface of the

right hind paw under ketamine/xylazine (60/6 mg/kg, i.p.)

anaesthesia. All mice were used 72 h following injection

of CFA.

Two sets of controls were used for the study: WT and

mOR KO C57BL/6 mice that did not receive an injection of

CFA. The results from these two sets of control mice were

previously published independently (Morinville et al., 2003;

data reproduced with permission of the Society for

Neuroscience). Experimental animals (i.e. WT and mOR

KO mice injected with CFA to establish the effects of

chronic inflammation on dOR trafficking) were obtained

from the same batches of mice and were immunohisto-

chemically processed in the same fashion, by the same

experimenter, and within the same time frame as control

animals.

2.3. Electron microscopic studies

Mice were anaesthetized with sodium pentobarbitol

(7.5 mg/100 g) and perfused through the left aortic arch

with 50 ml of heparin (6 U/ml) in 0.9% saline followed by

35 ml of a mixture of 3.75% acrolein in 2% paraformal-

deyhde (PFA), pH 7.4, and then with 250 ml of 2% PFA in

0.1 M phosphate buffer (PB) (pH 7.4). Lumbar spinal cords

were removed and post-fixed in 2% PFA in 0.1 M PB for

30 min at 4 8C. Transverse sections (50 mm) were cut using

a vibrating microtome and collected in 0.1 M PB. Sections

were processed for dOR immunogold labeling according to

a previously described protocol (Morinville et al., 2003).

Briefly, sections were incubated for 30 min with 1% sodium

borohydride in 0.1 M PB to neutralize free aldehyde groups,

followed by copious rinses with 0.1 M PB. Sections were

then incubated at room temperature for 30 min in a

cryoprotectant solution consisting of 25% sucrose and 3%

glycerol in 0.1 M PB prior to snap-freezing with isopentane

(270 8C), then liquid nitrogen, and finally thawing in 0.1 M

PB. Sections were rinsed with 0.1 M Tris-buffered saline

(TBS) (pH 7.4) and pre-incubated for 30 min at room

temperature in a blocking solution consisting of 3% NGS in

TBS. They were then incubated for 36–48 h at 4 8C with a

dOR antiserum (Chemicon, Temecula, CA; Cat No.

AB1560, Lot No. 20100177) diluted 1:4000 in TBS
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containing 0.5% NGS, followed by 2 h at room temperature

with a 1:50 dilution of colloidal gold (1 nm) conjugated goat

anti-rabbit IgG (BBInternational, Cardiff, UK) diluted in

0.1 M phosphate buffered saline (PBS) (pH 7.4) containing

2% gelatin and 8% BSA. After thorough washing, sections

were fixed with 2% glutaraldehyde and immunogold

deposits were enhanced by incubation with ionic silver

(IntenSE M Silver Enhancement Kit, Amersham Bio-

sciences). Sections were post-fixed with 2% OsO4, dehy-

drated in graded alcohols, and flat-embedded in Epon.

Ultrathin silver-gray sections (80 nm) were cut from the

surface of each Epon block using a Reichert (Heidelberg)

ultramicrotome. Sections were serially collected on copper

grids as soon as tissue appeared, counter-stained with uranyl

acetate and lead citrate, and examined with a JEOL 100CX

transmission electron microscope (JEOL USA, Inc., Pea-

body, MA). Sections sampled for analysis were typically

from grids #2 and 3 (first whole sections). Negatives were

scanned using an AGFA Duoscan T1200 and images were

processed using Photoshop version 6.0.1 (Adobe Systems,

Inc.) on an IBM-compatible computer.

2.4. Data analysis

For quantification of the distribution of immunolabeled

dOR, a minimum of 50 immunopositive dendrites were

sampled in the dorsal horn (lamina III–V) of CFA-treated

WT ðn ¼ 3Þ and mOR KO mice ðn ¼ 3Þ; both ipsi- and

contralaterally to the side of CFA injection. Dendrites were

considered immunopositive if overlaid with 3 gold particles

or more. Labeled dendrites of all sizes were included in the

sampling, irrespective of their angle of sectioning (i.e.

longitudinal versus oblique or transversal). The data were

compared with those obtained from similarly sampled

dendrites in untreated WT ðn ¼ 3Þ and mOR KO ðn ¼ 3Þ

mice (Morinville et al., 2003). Raw data for each

experimental condition (sum of n ¼ 3) are provided in

Table 1. The following quantitative analyses were carried

out in each animal for each experimental condition:

(1) The number of dOR per unit area (mm2) was calculated

by dividing the sum of the total number of gold particles

detected over the entire cross-sectional profile of all

sampled dendrites by the sum of these surface areas

(measured by computer-assisted morphometry; Biocom,

Les Ulis, France).

(2) The percentage of membrane-associated to total gold

particles was calculated by dividing the sum of the

number of gold particles found at the cell surface by the

sum of immunogold particles detected in all sampled

dendrites. Gold particles were considered to be mem-

brane-associated only if in actual contact with the plasma

membrane; gold particles in close proximity to but not

touching the plasma membrane were considered to be

intracellular. To correct for possible differences in the

perimeter/area ratios of sampled dendrites between the

different conditions, the calculated percentages for each

condition were normalized as follows:

Corrected percentage

: ½ðpercentage of condition 1Þ £ ðmm=mm2 of the

controlÞ=ðmm=mm2 of condition 1Þ�

(3) The density of immunoreactive dOR per unit length of

membrane was calculated by dividing the total number of

gold particles detected at the surface of all sampled

dendrites by the sum of the respective perimeters. This

average dOR plasma membrane density was then divided

by the average plasma membrane density of the

respective control (untreated WT or untreated mOR

KO) and the data expressed as percentage of control.

(4) The segmental distance of each gold particle from the

plasma membrane was calculated in a subpopulation of

dendrites of comparable sizes (mean diameters ranging

between 2.4 and 2.6 mm) randomly selected from the

original sampling (30 dendrites per condition), by

measuring the shortest distance between the gold particle

and the plasma membrane; these segmental distances

were then averaged for each condition.

Calculations and statistical analyses were performed

using Excel 97 (Microsoft Corp.) and Prism 3.02 (Graph

Pad Software Inc.). Details of the statistical analysis are

provided in the figure legends.

3. Results

3.1. Effect of CFA injection on the subcellular distribution

of dOR in mouse spinal cord

By electron microscopy, silver-intensified immunogold

particles, corresponding to immunoreactive dOR, were

detected in association with neuronal perikarya

Table 1

Number of immunopositive dendrites and gold particles counted in each

experimental group

Condition Total number

of dendritic

profiles sampled

Total number

of gold particles

counted

Total number of

plasma membrane

associated

gold particles

counted

WT naive 206 1835 124

WT CFA contra 202 2068 185

WT CFA ipsi 232 2620 294

mOR KO naive 176 2092 137

mOR KO contra 218 2137 168

mOR KO ipsi 291 2480 230

Values correspond to the sum of n ¼ 3 for each condition.
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and dendrites, as well as with axons and axon terminals,

throughout laminae III–V of the dorsal horn in both

untreated and CFA-treated WT mice (Fig. 1A and B).

Within these immunolabeled neurons, most immuno-

reactive dOR were intracellular rather than on the plasma

membrane (Fig. 1A and B; Table 1).

Unilateral injection of CFA in the hind paw of WT mice

did not produce any significant change in the density of

immunogold particles detected per unit area of dorsal horn

dendrites when compared to untreated WT animals, either

ipsi- or contralateral to the side of the CFA injection

(Fig. 2A). However, the percentage of gold particles

associated with plasma membranes (as opposed to intra-

cellular) was significantly increased (from 6.6 to 13% of

total) in dendritic profiles within the ipsilateral dorsal horn

of CFA-treated mice as compared to untreated animals

(P , 0:01; Fig. 2B; also compare A and B in Fig. 1 and see

Table 1). In addition, we noted a small increase in the

percentage of gold particles associated with plasma

membranes on the side contralateral to the injected hind

paw as compared to untreated mice, but this increase did not

reach statistical significance (Fig. 2B). These distributional

changes translated into a 75% increase in the density of gold

particles per unit length of plasma membrane in dendrites of

the ipsilateral dorsal horn in CFA-treated as compared to

untreated WT mice (Fig. 2C). This increase was signifi-

cantly different ðP , 0:05Þ from that (23%) observed on the

contralateral side (Fig. 2C).

To confirm that the increase in the proportion of gold

particles associated with the plasma membrane was due to a

mobilization of intracellular receptors towards the cell

surface, we compared, in dendrites of comparable sizes

randomly selected from CFA-treated and untreated WT

mice, the average segmental distance separating each gold

particle from the closest plasma membrane. As can be seen

in Fig. 3, this distance was significantly shorter ðP , 0:001Þ

in dendrites from the dorsal horn ipsilateral to the side of

CFA injection than from the dorsal horn of untreated

animals.

3.2. Effect of mOR gene knockout on CFA-induced

up-regulation of cell surface dOR

As previously reported (Morinville et al., 2003), the

cellular and subcellular distribution of immunoreactive dOR

in the dorsal horn of the spinal cord of untreated mOR KO

mice was similar to that observed in untreated WT mice

(Table 1). Specifically, no significant difference was noted

in the density of immunogold particles over dendrites from

the dorsal horn of WT as compared to mOR KO mice

(Fig. 2A). Likewise, the proportion of dendrite-associated

immunogold particles found over plasma membranes was

identical to that observed in untreated WT mice (Fig. 2B;

Table 1).

As in WT animals, we observed no difference in the

density (per surface area) of gold particles over dendrites of

the dorsal horn between untreated and CFA-treated mOR

KO mice (Fig. 2A). However, in contrast to WT animals,

CFA-treated mOR KO mice did not show an increase in the

percentage of membrane-associated gold particles in

dendrites of the ipsilateral dorsal horn (Figs. 1C and 2B).

In addition, the density of gold particles per unit length of

dendritic membrane (expressed as percentage control), was

not significantly different between sides ipsi- and contra-

lateral to CFA injection in mOR KO mice (Fig. 2C).

Accordingly, the average segmental distance separating

each gold particle from the closest plasma membrane was

the same in dendrites from the ipsilateral dorsal horn of

Fig. 1. Subcellular localization of dOR in dendrites from the lumbar (L5)

spinal cord of an untreated wild-type (WT) mouse (A), and of CFA-treated

(ipsilateral to the injected paw) WT (B) and mOR KO mice (C). In all cases,

the majority of immunogold particles is intracellular. However, gold

particles are more numerous over the plasma membrane (arrows) of CFA-

treated WT than of either untreated WT or CFA-treated mOR KO mice. D,

dendrite. Scale bar A, B, C: 1 mm.
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CFA-treated mOR KO mice as in the dorsal horn of

untreated mOR KO animals (Fig. 3).

4. Discussion

The present study demonstrates that in the mouse, as in

the rat, chronic inflammatory pain induced by intraplantar

injection of CFA results in an up-regulation of cell surface

dOR in neurons of the dorsal horn of the spinal cord,

ipsilateral to the side of inflammation. This up-regulation is

no longer observed in mOR KO mice, indicating that it

requires the presence of mOR.

4.1. Effect of CFA injection on the subcellular distribution

of dOR in mouse spinal cord

In a previous report, we showed that a unilateral injection

of CFA in the hind paw of the rat resulted in an increase in

the cell surface density of dOR in neurons from the deeper

laminae of the ipsilateral dorsal horn 72 h after injection of

the bacterium (Cahill et al., 2003). Using a similar

experimental protocol and sampling of the dorsal horn

(laminae III–V), we found here that chronic inflammatory

pain similarly affected dOR trafficking in the dorsal spinal

cord of the mouse. Hence, CFA-induced inflammation

resulted in a significantly higher ratio of plasma membrane

to intracellular receptors, as well as in a 75% increase in the

membrane density of immunoreactive dOR, in dendrites of

the dorsal horn ipsilateral to the side of CFA injection as

compared to untreated mice. Since there was no difference

in the overall density of dOR (per surface area) over labeled

dendrites, these findings were taken to reflect a re-

distribution of receptors from intracellular stores towards

the plasma membrane. Concordant with this interpretation,

the mean segmental distance separating intracellular dOR

from the plasma membrane was significantly shorter in

CFA-treated than in untreated animals.

Fig. 2. Quantitative analysis of the subcellular distribution of

immunoreactive dOR in dendrites from the lumbar (L5) spinal cord

of untreated and CFA-treated wild-type (WT) and mOR KO mice. (A)

Density of immunoreactive dOR over dendritic profiles. Each bar

represents the mean (^SEM) number of gold particles per unit area (in

mm2; n ¼ 3 for each group). No statistically significant differences is

observed between any of the groups (ANOVA, P . 0:05). (B)

Percentage of dendrite-associated gold particles associated with plasma

membranes. Note that this percentage is significantly higher on the side

ipsilateral (one way ANOVA, Bonferroni’s MCT, P , 0:01; denoted by

an asterisk) but not contralateral (P . 0:05; denoted by ns) to the side

of CFA injection in WT mice when compared to untreated WT mice.

No difference in the percentage of membrane-associated gold particles

is observed between untreated and either contra- or ipsilateral sides of

CFA-treated mOR KO mice (ANOVA, P . 0:05; denoted by ns). (C)

Plasma membrane density of immunoreactive dOR (number of gold

particles per unit length of dendritic membrane) in the spinal cord of

CFA-treated WT and mOR KO mice expressed as percent of

corresponding untreated animals. Note that the percent increase over

untreated mice is higher on the side ipsilateral to the CFA injection as

compared to the contralateral side (P , 0:05; denoted by an asterisk) in

WT animals but not in CFA-treated mOR KO mice. Statistical

significance was determined by means of a repeated measures one-

way ANOVA followed by a Bonferroni’s MCT; ns, not significant.

Fig. 3. Mean distance separating individual gold particles from the closest

plasma membrane in dOR-immunoreactive dendrites of matched sizes.

Note the statistically significant difference between CFA-treated (ipsilateral

side; n ¼ 373) WT mice and both untreated WT ðn ¼ 352Þ and CFA-

treated mOR KO mice (ipsilateral side; n ¼ 339) (one-way ANOVA

followed by a Tukey’s MCT). No significant difference is observed

between untreated WT mice and CFA-treated mOR KO mice.
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The lack of change in the overall density of intraneuronal

dOR was surprising in light of our earlier observations that

in the rat, the CFA-induced redistribution of dOR was

accompanied by an increase in dOR expression and content

(Cahill et al., 2003). This discrepancy could be due to

interspecies differences in the time course of dOR

regulatory mechanisms induced by CFA injection. It could

also be due to an experimental bias whereby ultrathin

sections would have been sampled at different depths in

immunoreacted spinal cord slices from CFA-treated and

untreated mice. Such a bias would not have affected cell

surface/intracellular ratios, but could have influenced the

absolute number of gold particles detected and hence

density appraisals. Further experiments (i.e. measurements

of dOR mRNA and dOR protein levels) will be needed to

definitively settle this issue. In any event, the net effect of

CFA-induced inflammation in both species was a robust

increase in the cell surface density of dOR, which likely

accounts for the greater analgesic potency of dOR agonists

documented in conditions of chronic inflammatory pain in

both mouse (Hylden et al., 1991; Qiu et al., 2000) and rat

(Cahill et al., 2003; Stewart and Hammond, 1993).

4.2. Effect of mOR gene knockout on CFA-induced

up-regulation of cell surface dOR

The most noteworthy finding of the present study was

that the changes in dOR trafficking observed in dendrites

from the ipsilateral dorsal horn following unilateral

intraplantar injection of CFA were no longer apparent in

the spinal cord of mOR KO mice. In fact, all indices of dOR

plasma membrane insertion (percentage of receptors

associated with the membrane, plasma membrane receptor

density, and mean segmental distance separating labeled

receptors from the closest plasma membrane) were the same

in CFA-treated mOR KO mice as in untreated WT animals.

This lack of CFA-induced effect cannot be attributed to

abnormal expression and/or function of dOR inherent to the

mOR KO phenotype since earlier biochemical and histo-

chemical studies failed to reveal any substantial difference

in dOR agonist binding, G-protein activation, dOR

subcellular distribution or dOR mRNA expression levels

between WT and mOR KO mice (Chen et al., 2000;

Hosohata et al., 2000; Kitchen et al., 1997; Loh et al., 1998;

Matthes et al., 1996; Morinville et al., 2003; Narita et al.,

1999; Sora et al., 1997; for review, see Kieffer and

Gaveriaux-Ruff, 2002). Therefore, the lack of changes in

dOR trafficking observed in mOR KO mice had to be

attributed to the suppression of a CFA-induced activation of

mOR in these animals.

This interpretation is supported by previous evidence for

a mOR-induced regulation of dOR (Cahill et al., 2001b;

Morinville et al., 2003) and implies that the changes in dOR

trafficking produced by CFA inflammatory pain may be

due to chronic stimulation of mOR by endogenously

released opioids. It has been well established that chronic

inflammation produces a dramatic up-regulation of

endogenous opioid peptides in rodent spinal cord and

primary afferent neurons. For instance, peripheral inflam-

mation produced an increase in the number of enkephalin

mRNA-positive dorsal root ganglion neurons (Ji et al.,

1994) and an up-regulation of pre-proenkephalin gene

expression in the spinal cord (Iadarola et al., 1988; Nogushi

et al., 1992). In addition, stimulation of nociceptive inputs

has been linked to the release of endomorphin-2 from

C-type nociceptive primary afferents (Przewlocka et al.,

1999) and of met-enkephalin from intrinsic circuit neurons

in the dorsal horn of the spinal cord (Bourgoin et al., 1990;

Cesselin et al., 1989; Le Bars et al., 1987). Endogenous

opioids, including enkephalins, have long been known to

inhibit nociceptive transmission through their action on

either descending or other sensory inputs that activate local

circuit neurons (reviewed in Stanfa and Dickenson, 1995).

Indeed, transgenic mice deficient in pre-proenkephalin have

altered responses to noxious stimuli (Konig et al., 1996).

Some of these inhibitory effects are exerted through

activation of mOR, to which both met-enkephalin and

endomorphin-2 bind with high affinity (Corbett et al., 1993;

Zadina et al., 1997). We propose here that sustained

stimulation of mOR by endogenous opioids may also result

in increased trafficking of dOR to neuronal plasma

membranes. In the case of CFA-induced inflammatory

pain, this effect could even be compounded by the up-

regulation of mOR reported to occur within the superficial

layers of the dorsal horn in this model system (Mousa et al.,

2002). The mechanisms by which stimulation of mOR

induces targeting of dOR to the plasma membrane are yet to

be elucidated, but, given the time frame of the phenomenon,

likely involve protein neosynthesis, such as the synthesis of

a chaperone molecule as previously proposed (Morinville

et al., 2003).

5. Conclusion

We demonstrated that chronic inflammatory pain

induced by intraplantar administration of CFA increases

dOR targeting to neuronal plasma membranes in the

ipsilateral dorsal horn of the mouse spinal cord. This

membrane recruitment was no longer evident in mOR KO

mice, suggesting that it is predicated on stimulation of mOR

by endogenous opioids released in response to chronic pain.

These results could imply that mOR agonists may be useful

in the early phases of inflammatory pain, not only for their

anti-nociceptive properties, but also as a primer for

optimizing the analgesic potency of dOR agonists in the

chronic phase of the disease.

Acknowledgements

This study was supported by grants from CIHR and

AstraZeneca R and D Montreal. CMC was funded by

A. Morinville et al. / Pain 109 (2004) 266–273 271



a fellowship from Merck and AM by fellowships from the

Faculty of Medicine and McGill University. We thank

Mariette Lavallée for technical assistance and Dr Thomas

Stroh for his help with the preparation of the figures.

References

Arvidsson U, Dado RJ, Riedl M, Lee JH, Law PY, Loh HH, Elde R,

Wessendorf MW. d-Opioid receptor immunoreactivity: distribution in

brainstem and spinal cord, and relationship to biogenic amines and

enkephalin. J Neurosci 1995;15:1215–35.

Besse D, Weil-Fugazza J, Lombard MC, Butler SH, Besson JM.

Monoarthritis induces complex changes in mu-, delta- and kappa-

opioid binding sites in the superficial dorsal horn of the rat spinal cord.

Eur J Pharmacol 1992;223:123–31.

Bourgoin S, Le Bars D, Clot AM, Hamon M, Cesselin F. Subcutaneous

formalin induces a segmental release of Met-enkephalin-like material

from the rat spinal cord. Pain 1990;41:323–9.

Cahill CM, McClellan KA, Morinville A, Hoffert C, Hubatsch D,

O’Donnell D, Beaudet A. Immunohistochemical distribution of delta

opioid receptors in the rat central nervous system: evidence for

somatodendritic labeling and antigen-specific cellular compartmenta-

lization. J Comp Neurol 2001a;440:65–84.

Cahill CM, Morinville A, Lee MC, Vincent JP, Collier B, Beaudet A.

Prolonged morphine treatment targets delta opioid receptors to neuronal

plasma membranes and enhances delta-mediated antinociception.

J Neurosci 2001b;21:7598–607.

Cahill CM, Morinville A, Hoffert C, O’Donnell D, Beaudet A. Up-

regulation and trafficking of delta opioid receptor in a model of chronic

inflammation: implications for pain control. Pain 2003;101:199–208.

Cesselin F, Bourgoin S, Clot AM, Hamon M, Le Bars D. Segmental release

of Met-enkephalin-like material from the spinal cord of rats, elicited by

noxious thermal stimuli. Brain Res 1989;484:71–7.

Chen H, Seybold VS, Loh HH. An autoradiographic study in mu-opioid

receptor knockout mice. Brain Res Mol Brain Res 2000;76:170–2.

Cheng PY, Svingos AL, Wang H, Clarke CL, Jenab S, Beczkowska IW,

Inturrisi CE, Pickel VM. Ultrastructural immunolabeling shows promi-

nent presynaptic vesicular localization of delta-opioid receptor within both

enkephalin- and nonenkephalin-containing axon terminals in the super-

ficial layers of the rat cervical spinal cord. J Neurosci 1995;15:5976–88.

Corbett AD, Paterson SJ, Kosterlitz HW. Selectivity of ligands for opioid

receptors. In: Herz A, editor. Handbook of experimental pharmacology,

vol. 104/1. Berlin: Springer; 1993. p. 645–79.

Fraser GL, Gaudreau GA, Clarke PB, Menard DP, Perkins MN.

Antihyperalgesic effects of delta opioid agonists in a rat model of

chronic inflammation. Br J Pharmacol 2000;129:1668–72.

Hosohata Y, Vanderah TW, Burkey TH, Ossipov MH, Kovelowski CJ,

Sora I, Uhl GR, Zhang X, Rice KC, Roeske WR, Hruby VJ, Yamamura

HI, Lai J, Porreca F. delta-Opioid receptor agonists produce

antinociception and [35S]GTPgammaS binding in mu receptor knock-

out mice. Eur J Pharmacol 2000;388:241–8.

Hylden JL, Thomas DA, Iadorola MJ, Nahin RL, Dubner R. Spinal opioid

analgesic effects are enhanced in a model of unilateral inflammation/

hyperalgesia: possible involvement of noradrenergic mechanisms. Eur J

Pharmacol 1991;194:134–43.

Iadarola MJ, Douglass J, Civelli O, Naranjo JR. Differential activation of

spinal cord dynorphin and enkephalin neurons during hyperalgesia:

evidence using cDNA hybridization. Brain Res 1988;455:202–12.

Ji R-R, Zhang X, Wiesenfeld-Hallin Z, Hokfelt T. Expression of

neuropeptide Y and neuropetide Y (Y1) receptor mRNA in rat spinal

cord and dorsal root ganglia following peripheral inflammation.

J Neurosci 1994;14:6423–34.

Ji RR, Zhang Q, Law PY, Low HH, Elde R, Hokfelt T. Expression of mu-,

delta-, and kappa-opioid receptor-like immunoreactivities in rat dorsal

root ganglia after carrageenan-induced inflammation. J Neurosci 1995;

15:8156–66.

Julius D, Basbaum AI. Molecular mechanisms of nociception. Nature 2001;

413:203–10.

Kieffer BL, Gaveriaux-Ruff C. Exploring the opioid system by gene

knockout. Prog Neurobiol 2002;66:285–306.

Kitchen I, Slowe SJ, Matthes HW, Kieffer B. Quantitative autoradiographic

mapping of mu-, delta- and kappa-opioid receptors in knockout mice

lacking the mu-opioid receptor gene. Brain Res 1997;778:73–88.

Konig M, Zimmer AM, Steiner H, Holmes PV, Crawley JN, Brownstein

MJ, Zimmer A. Pain responses, anxiety and aggression in mice deficient

in pre-proenkephalin. Nature 1996;383:535–8.

Le Bars D, Bourgoin S, Clot AM, Hamon M, Cesselin F. Noxious

mechanical stimuli increase the release of Met-enkephalin-like material

heterosegmentally in the rat spinal cord. Brain Res 1987;402:188–92.

Loh HH, Liu HC, Cavalli A, Yang W, Chen YF, Wei LN. mu Opioid

receptor knockout in mice: effects on ligand-induced analgesia and

morphine lethality. Brain Res Mol Brain Res 1998;54:321–6.

Matthes HW, Maldonado R, Simonin F, Valverde O, Slowe S, Kitchen I,

Befort K, Dierich A, Le Meur M, Dolle P, Tzavara E, Hanoune J,

Roques BP, Kieffer BL. Loss of morphine-induced analgesia, reward

effect and withdrawal symptoms in mice lacking the mu-opioid-

receptor gene. Nature 1996;383:819–23.

Morinville A, Cahill CM, Esdaile MJ, Aibak H, Collier B, Kieffer BL,

Beaudet A. Regulation of delta-opioid receptor trafficking through mu-

opioid receptor stimulation: evidence from mu-opioid receptor knock-

out mice. J Neurosci 2003;23:4888–98.

Morinville A, Cahill CM, Aibak H, Rymar VV, Pradhan A, Hoffert C,

Mennicken F, Stroh T, Sadikot AF, O’Donnell D, Clarke PBS, Collier

B, Henry JL, Vincent JP, Beaudet A. Morphine-induced changes in

delta opioid receptor trafficking are linked to somatosensory processing

in the rat spinal cord. J Neurosci 2004; in press.

Mousa SA, Machelska H, Schafer M, Stein C. Immunohistochemical

localization of endomorphin-1 and endomorphin-2 in immune cells and

spinal cord in a model of inflammatory pain. J Neuroimmunol 2002;

126:5–15.

Narita M, Mizoguchi H, Narita M, Sora I, Uhl GR, Tseng LF. Absence of

G-protein activation by the newly discovered selective endogenous

opioid receptor agonists endomorphine-1 and -2 in the spinal cord of

opioid receptor deficient mice. Br J Pharmacol 1999;126:451–6.

Nogushi K, Dubner R, Ruda MA. Preproenkephalin mRNA in spinal

dorsal horn neurons is induced by peripheral inflammation and is

colocalized with fos and fos-related proteins. Neuroscience 1992;46:

561–70.

Ossipov MH, Kovelowski CJ, Porreca F. The increase in morphine

antinociceptive potency produced by carrageenan-induced hindpaw

inflammation is blocked by naltrindole, a selective delta-opioid

antagonist. Neurosci Lett 1995;184:173–6.

Przewlocka B, Mika J, Labuz D, Toth G, Przewlocki R. Spinal analgesic

action of endomorphins in acute, inflammatory and neuropathic pain in

rats. Eur J Pharmacol 1999;367:189–96.

Qiu C, Sora I, Uhl G, Dubner R. Enhanced d-opioid receptor-mediated

antinociception in m-opioid receptor-deficient mice. Eur J Pharmacol

2000;387:163–9.

Sora I, Takahashi N, Funada M, Ujike H, Revay RS, Donovan DM, Miner

LL, Uhl GR. Opiate receptor knockout mice define mu receptor roles in

endogenous nociceptive responses and morphine-induced analgesia.

Proc Natl Acad Sci USA 1997;94:1544–9.

Stanfa L, Dickenson A. Spinal opioid systems in inflammation. Inflamm

Res 1995;44:231–41.

Stewart PE, Hammond DL. Evidence for delta opioid receptor subtypes in

rat spinal cord: studies with intrathecal naltriben, cyclic[D-Pen2, D-

Pen5] enkephalin and [D-Ala2, Glu4]deltorphin. J Pharmacol Exp Ther

1993;266:820–8.

Stewart PE, Hammond DL. Activation of spinal delta-1 or delta-2 opioid

receptors reduces carrageenan-induced hyperalgesia in the rat.

J Pharmacol Exp Ther 1994;268:701–8.

A. Morinville et al. / Pain 109 (2004) 266–273272



Svingos AL, Cheng PY, Clarke CL, Pickel VM. Ultrastructursal

localization of delta-opioid receptors and Met5-enkephalin immuno-

reactivity in rat insular cortex. Brain Res 1995;700:25–39.

Wang H, Pickel VM. Preferential cytoplasmic localization of d-opioid

receptors in rat striatal patches: comparison with plasmalemmal

m-opioid receptors. J Neurosci 2001;21:3242–50.

Zadina JE, Hackler L, Ge LJ, Kastin AJ. A potent and selective endogenous

agonist for the mu-opiate receptor. Nature 1997;386:499–502.

Zhang X, Bao L, Arvidsson U, Elde R, Hokfelt T. Localization and

regulation of the delta-opioid receptor in dorsal root ganglia and spinal

cord of the rat and monkey: evidence for association with the membrane

of large dense-core vesicles. Neuroscience 1998;82:1225–42.

A. Morinville et al. / Pain 109 (2004) 266–273 273


	Mu-opioid receptor knockout prevents changes in delta-opioid receptor trafficking induced by chronic inflammatory pain
	Introduction
	Methods
	Animals
	Induction of chronic inflammation
	Electron microscopic studies
	Data analysis

	Results
	Effect of CFA injection on the subcellular distribution of DeltaOR in mouse spinal cord
	Effect of muOR gene knockout on CFA-induced up-regulation of cell surface DeltaOR

	Discussion
	Effect of CFA injection on the subcellular distribution of DeltaOR in mouse spinal cord
	Effect of muOR gene knockout on CFA-induced up-regulation of cell surface DeltaOR

	Conclusion
	Acknowledgements
	References




