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The present study demonstrates that perikaryal 5-opioid receptors (50Rs) in rat dorsal root ganglion (DRG) neurons bind and internalize
opioid ligands circulating in the CSF. Using confocal and electron microscopy, we found that prolonged morphine treatment increased
the cell surface density of these perikaryal ORs and, by way of consequence, receptor-mediated internalization of the fluorescent
deltorphin (DLT) analog w-Bodipy 576/589 deltorphin-I 5-aminopentylamide (Fluo-DLT) in all three types of DRG neurons (small,
medium, and large). In contrast, chronic inflammatory pain induced by the injection of complete Freund’s adjuvant (CFA) into one
hindpaw selectively increased Fluo-DLT internalization in small and medium-sized DRG neurons ipsilateral to the inflammation. Based
on our previous studies in the spinal cord of -opioid receptor (wOR) knock-out mice, it may be assumed that the enhanced membrane
recruitment of SORs observed after sustained morphine is attributable to stimulation of WORs. However, the selectivity of the effect
induced by inflammatory pain suggests that it involves a different mechanism, namely a modality-specific and pain-related activation of
Cand Ad fibers. Indeed, stimulation by capsaicin of transient receptor potential vanilloid 1 receptors, which are selectively expressed by
small diameter (< 600 wm?*) DRG neurons, increased Fluo-DLT internalization exclusively in this cell population. The present results,
therefore, demonstrate that DRG neurons express perikaryal S0Rs accessible to CSF-circulating ligands and that the density and, hence,
presumably also the responsiveness, of these receptors may be modulated by both pain-related stimuli and sustained exposure to wOR
agonists.

Key words: 6-opioid receptor; deltorphin; dorsal root ganglia; targeting; chronic inflammation; receptor internalization; fluorescent

ligand

Introduction

Opioids exert their effects by activating one of three subtypes of
G-protein-coupled receptors, namely p (wWORs), 6 (60ORs), and k
(kORs) opioid receptors (for review, see Kieffer, 1999). Opioids
acting at the wORs, including morphine, are the most effective of
clinically available analgesic drugs. However, they also give rise to
several unwanted side effects, such as respiratory depression,
constipation, and nausea (Colpaert, 1996; Kreek, 1996). Com-
pounds activating SORs have lower analgesic potency than their
MOR-selective counterparts, but they produce only minimal side
effects and they do not induce tolerance with prolonged admin-
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istration (Porreca et al., 1984; May et al., 1989; Sheldon et al.,
1990; Szeto et al., 1999; Petrillo et al., 2003 ), which makes them an
attractive alternative to the use of wOR agonists for the treatment
of chronic pain.

The limited analgesic potency of SOR-selective agonists may
be because of the fact that at steady state only a small proportion
of 80Rs are present on the plasma membrane of neurons, the
majority being retained in the cytoplasm (Stewart and Ham-
mond, 1994; Cheng et al., 1995, 1997; Elde et al., 1995; Zhang et
al., 1998b; Cahill et al., 2001). However, under certain experi-
mental conditions, intracellular SORs may be recruited to the cell
surface, thereby enhancing the pharmacological efficacy of SOR
agonists. Thus, in cultured cortical neurons, as well as in neurons
of the superficial dorsal horn of the rat spinal cord in vivo, pro-
longed morphine treatment leads to an increase in the density of
60Rs on dendritic plasma membranes (Cahill et al., 2001). In the
spinal cord, this increase in 8OR cell surface density was corre-
lated with enhanced antinociceptive potency of intrathecally ad-
ministered deltorphin (DLT), a 8OR-selective agonist (Cahill et
al., 2001; Morinville et al., 2003). It also was abolished in wOR
knock-out (KO) mice, indicating that it was dependent on the
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stimulation of wORs (Morinville et al., 2003). Likewise, pro-
longed exposure of periaqueductal gray slices to morphine was
found to significantly increase the SOR-mediated presynaptic
inhibition of GABAergic currents, presumably through increased
recruitment of SORs (Hack et al., 2005).

Stimuli other than wOR activation have been reported to en-
hance recruitment of 8ORs to neuronal plasma membranes.
Thus, in cultured dorsal root ganglion (DRG) neurons, as well as
in PC12 cells, plasma membrane insertion of SORs was observed
after neuronal depolarization with KCI (Bao et al., 2003; Kim and
von Zastrow, 2003). In the spinal cord, we demonstrated, using
electron microscopy and an original in vivo fluorescent internal-
ization assay, that chronic inflammation induced by injection of
complete Freund’s adjuvant (CFA) in the hindpaw increased the
cell surface density of SORs bilaterally throughout the lumbar
segments (Cahill et al., 2003; Gendron et al., 2005). This increase,
in turn, translated into an enhancement of the antinociceptive
properties of intrathecally administered OR agonists (our un-
published observations).

In this context, the aim of the present study was twofold: (1) to
determine whether prolonged treatment with morphine or CFA-
induced chronic inflammatory pain affected the trafficking of
80Rs in DRG neurons and (2) to explore the mechanisms under-
lying these effects.

Parts of this paper have been published previously (Gendron
et al., 2004).

Materials and Methods

Animals. All experiments were performed in adult male Sprague Dawley
rats (220-280 g; Charles River, Quebec, Canada), maintained ona 12 h
light/dark cycle. Experiments were approved by local animal care com-
mittees of McGill University (Montreal, Quebec, Canada) and AstraZen-
eca R&D (St-Constant, Quebec, Canada), and were in accordance with
policies and directives of the Canadian Council on Animal Care.

Prolonged morphine treatment. Rats received subcutaneous injections
of increasing doses of morphine sulfate (Sabex, Boucherville, Quebec,
Canada) every 12 h for 24 h (using doses of 5 and 8 mg/kg, respectively)
or 48 h (using doses of 5, 8, 10, and 15 mg/kg, respectively), as described
previously (Cahill et al., 2001). The drug was diluted in aqueous 0.9%
NaCl solution (saline) from a 50 mg/ml stock solution. Control rats were
injected with equivalent volumes of saline alone. In vivo SOR internal-
ization assays or perfusion fixation for electron microscopy were per-
formed 12 h after the last morphine or saline injection.

Induction of chronic inflammation. Chronic inflammatory pain was
induced by a single subcutaneous injection of 100 ul CFA (Calbiochem,
La Jolla, CA) in the plantar surface of the left hindpaw of rats under
isoflurane anesthesia. Control rats were left untreated (naive). In vivo
OOR internalization assays were performed 48 or 72 h after CFA injec-
tion, as described below.

Treatment with colchicine. To test whether w-Bodipy 576/589
deltorphin-I 5-aminopentylamide (Fluo-DLT) was transported ax-
onally, in vivo internalization experiments were repeated in rats (n = 3)
injected intrathecally with a saline solution (30 ul) containing 0.2 mg
colchicine 16 h earlier (Hinkley and Green, 1971). Control rats (n = 3)
were injected intrathecally with saline.

Treatment with capsaicin. To determine whether selective activation of
C fibers would affect the cell surface density of SORs in the DRG, 10 ul of
a 0.5% capsaicin solution (0.5% capsaicin w/v in 20% ethanol and 7%
Tween 80) was injected in the plantar surface of the left hindpaw of rats
(n = 3) under brief halothane anesthesia. In vivo SOR internalization
assays were performed 1 h after capsaicin injection, as described below.

Light microscopic SOR immunostaining. To determine the distribution
of SOR-immunoreactive ganglion cells in the lumbar DRG, naive rats
were killed by intra-aortic arch perfusion with 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB; pH 7.4). DRGs (L4-L5) were
dissected and left overnight in 30% sucrose, snap frozen in isopentane at
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—45°C, and stored at —80°C until sectioning. Twenty-micrometer-thick
sections were cut on a cryostat and mounted onto chrom/alum gelatin-
coated microscope slides. Sections were rinsed with 3% H,O, diluted in
0.1 M PB for 30 min. They were then preincubated with 3% normal goat
serum (NGS; Bio/Can Scientific, Mississauga, Ontario, Canada) in 0.1 m
PB for 30 min and incubated overnight at 4°C with OR antiserum
(Ab1560, lot numbers 21100532 or 23010452A; Chemicon International,
Temecula, CA) diluted at 4 ug/ml in 0.1 M TBS containing 0.5% NGS.
Sections were rinsed with 0.1 M TBS containing 1% NGS and incubated
for 45 min with biotinylated goat-anti-rabbit antibody (Vector Labora-
tories, Burlingame, CA) diluted at 4 ug/ml in 0.1 M TBS. Sections were
then rinsed with 0.1 M TBS, incubated with avidin-biotin complex (Vec-
tastain Elite Standard; Vector Laboratories) for 30 min, and reacted for 6
min with 1 mg/ml of DAB-Niin 0.1 m Tris, pH 7.4, containing NiCl, and
H,O,. They were then rinsed in buffer, dehydrated with increasing con-
centrations of ethanol, cleared with a xylene substitute (Neo-Clear clar-
ification; Cedarlane Laboratories, Hornby, Ontario, Canada), and exam-
ined with a Leitz (Wetzlar, Germany) Aristoplan microscope.

B-Tubulin immunostaining. In rats treated with colchicine to impede
axonal transport, the efficacy of colchicine injection was verified (16 h
after injection) by assessing the integrity of microtubules using 3-tubulin
immunostaining. Sections (20 wm) from DRGs exposed to intrathecal
Fluo-DLT and perfusion-fixed, as described below, were rinsed in 0.1 M
TBS, pH 7.4, for 1 h, after which nonspecific sites were blocked with a
solution of 1% BSA in 0.1 M TBS. Sections were then incubated for 1 h at
room temperature with an FITC-conjugated anti-B-tubulin antibody
(Sigma, St. Louis, MO) diluted 1:100 in 1% BSA/0.1 m TBS, and washed
twice with 0.1 M TBS. Sections were visualized using a Zeiss (Toronto,
Ontario, Canada) confocal laser scanning microscope (LSM 510),
equipped with an inverted microscope (oil-immersion objectives, 25X,
40X, and 63X) and a argon/krypton laser with an excitation wavelength
of 488 nm.

In vivo 80R internalization assay. To assess the cell surface availability
of 80Rs in dorsal root ganglia (L4-L5), naive rats (n = 4), rats treated
every 12 h for 48 h with saline (n = 3) or morphine (using doses of 5, 8,
10, and 15 mg/kg, respectively; n = 3), rats injected with CFA 48 h (n =
3) or 72 hearlier (n = 3), rats injected with colchicine 16 h earlier (n = 3),
and rats treated with capsaicin 1 h earlier (n = 3) were injected intrathe-
cally with Fluo-DLT, as described previously (Morinville et al., 2004).
Briefly, animals were anesthetized with sodium pentobarbital (Somno-
tol; MTC Pharmaceuticals, Cambridge, Ontario, Canada; 6.5 mg/100 g of
body weight) and injected with 0.8 nmol of Fluo-DLT diluted in 30 ul of
saline via a lumbar puncture at the L5-L6 intervertebral space. Twenty
minutes after injection of the fluorescent ligand, rats were killed by intra-
aortic arch perfusion of, in succession, 500 ml of 4% PFA in 0.1 M PB, pH
7.4, at 4°C, and 100 ml each of 10, 20, and 30% sucrose in 0.2 M PB, pH
7.4. Lumbar DRGs (L4-L5) were snap frozen in isopentane at —45°C
and stored at —80°C until sectioning. Tissues were sectioned on a cryo-
stat at a thickness of 20 um and thaw-mounted onto chrome alum/
gelatin-coated slides (without coverslipping).

Neurons having specifically bound and internalized Fluo-DLT (char-
acterized by the presence of intracytoplasmic fluorescent puncta) were
visualized using a Zeiss LSM 510 confocal laser scanning microscope
equipped with an inverted microscope (oil-immersion objectives, 25X,
40X, and 63X) and an He/Ne laser with an excitation wavelength of 543
nm. To test for labeling specificity, additional rats (n = 2) were injected
with 1.6 umol of naloxone, subcutaneously, 10 min before the intrathe-
cal administration of a mixture of Fluo-DLT (0.8 nmol) and naloxone
(1.6 wmol).

Quantification of Fluo-DLT labeling. To quantify the amount of inter-
nalized Fluo-DLT in each experimental condition, fluorescence densities
were measured over individual labeled cells using computer-assisted mi-
crodensitometry. For each animal, 10 representative images (from two
DRGs) were acquired. In animals treated unilaterally with CFA (100 ul)
or capsaicin (10 pl), 10 representative images were acquired on the side
contralateral and 10 additional images on the side ipsilateral to the in-
jected paw. All images were acquired using the same parameters [25X
objective; zoom value, 1; detector gain, 955; amplificator (amp) offset,
—0.1; amp gain, 1]. These parameters were chosen because they
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Figure 1.

onstrating that the fluorescent labeling is specific and mediated by an opioid receptor.

Figure2. Effectofintrathecal colchicine on B-tubulinimmunostainingin lumbar DRGs. Rats
injected intrathecally with saline (A) or 0.2 mg of colchicine (B) were injected intrathecally16 h
later with 0.8 nmol of Fluo-DLT (see Table 1) and processed for confocal microscopic analysis of
lumbar DRGs. Some DRG sections (20 m) were labeled with anti-3-tubulin-FITC to assess the
effect of colchicine on microtubules (polymerized tubulin). 4, In DRG axons from saline-injected
rats, microtubules are clearly delineated by 3-tubulin immunostaining. B, In animals treated
for 16 h with colchicine, B-tubulin immunoreactivity is diffuse and microtubule-like structures
are no longer evident. Images are representative of two independent experiments.

prevented any saturation of the fluorescent signal. Images acquired with
the 25X objective were converted to a grayscale using the Zeiss LSM 5
image browser, which attributed to each pixel a single value of intensity
ranging from 0 to 255. Using the thresholding function of NIH Image]
software, we then determined the background fluorescence intensity
value (i.e., the density of fluorescence measured in unlabeled cells) as
being 30. The fluorescence density (i.e., mean fluorescence intensity per
unit surface area minus the background value) was finally calculated for
each labeled cell profile, including the nucleus. The surface area of each
labeled cell profile was also measured (um?) and labeled neurons were
subdivided according to their size (small, <600 um 2. medium, from 600
pm? to 1200 wm?; large, >1200 pum?). Only profiles in which the nu-
cleus was clearly visible were included in the analyses to minimize errors
in the determination of both fluorescence density and surface area. Cel-
lular fluorescence density values of all animals within a group were then
pooled and averaged. Means were expressed as levels of internalized

Expression and functionality of 50Rs in lumbar DRGs. A, DAB immunostaining of DRGs reveals that 40 —50% of cells
express 60Rs. B, When injected intrathecally, Fluo-DLT is rapidly internalized by the same proportion of DRG neurons (40 —50%),
suggesting that most cells expressing 80Rs have the capacity to bind and internalize Fluo-DLT. €, D, In all three cell types [small
(S), medium (M), and large (L)], Fluo-DLT forms endosome-like fluorescent clusters, which pervade the cytoplasm. E, Coinjection
of Fluo-DLT with 1.6 sumol of the nonselective opioid antagonist naloxone completely abolishes Fluo-DLT internalization, dem-
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Fluo-DLT (in arbitrary units) = SEM. Calcula-
tions and statistical analyses were performed
using Microsoft (Redmond, WA) Excel 2000,
GraphPad (San Diego, CA) Prism 3.0, and Sig-
maPlot 2001 (Systat Software, Point Richmond,
CA).

Real-time reverse transcriptase-PCR analysis.
Dorsal root ganglia (L4-L5) were removed
from animals treated either with CFA (100 ulin
the left hindpaw) or with morphine (doses of 5,
8, 10, and 15 mg/kg respectively, given every
12h over 48 h). For CFA-treated animals, DRGs
from ipsilateral and contralateral sides were
pooled in two separate groups. Tissue samples
were processed for RNA extraction using the SV
Total RNA Isolation System (Promega, Madi-
son, WI). Amplification of SOR mRNA was
achieved using the one-step QuantiTect SYBR
Green reverse transcriptase (RT)-PCR kit (Qia-
gen, Mississauga, Ontario, Canada), as recom-
mended by the supplier. Briefly, 60 ng of tem-
plate RNA was mixed on ice with 12.5 pmol of
both sense (position 306 in exon 1, 5'-TG-
CTCGTCATGTTTGGAATCGTC-3') and anti-
sense (position 386 in exon 2, 5'-GCCAA-
GGCCAGATTGAAGATGTAG-3') primers for
the amplification of rat SOR mRNA (length of
the amplicon is 79 bp, with a melting tempera-
ture of 81.3°C), 12.5 ul of the 2X QuantiTect
SYBR Green RT-PCR Master Mix, and 0.25 ul
of QuantiTect RT mix in a final reaction volume of 25 ul. Primer pairs
were also specifically designed for the amplification of rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5'-TGGT-
GCCAAAAGGGTCATC-3" and 5'-CTTCCACGATGCCAAAGTTG-3’
for sense and antisense primers, positions 366 and 541 of exons 6 and 7,
respectively), used as internal control (length of the amplicon is 176 bp,
with a melting temperature of 85.2°C). One-step, real-time RT-PCR
analysis was performed on a RotorGene RG-3000 and data were analyzed
with RotorGene 4.6 software (Corbett Research, Montreal Biotech,
Montreal, Quebec, Canada). The following parameters were used: re-
verse transcriptase reaction was performed at 50°C for 30 min, after
which the enzymes (Omniscript and Sensiscript reverse transcriptases;
Qiagen) were inactivated at 95°C for 15 min. The latter step also served in
activating the HotStart Taq DNA polymerase. Amplification was then
achieved with 35 cycles of denaturation (15 s at 94°C), annealing (30 s at
54°C), and extension (30 s at 72°C, fluorescence intensity was read at the
end of this step). Comparative concentration of SOR mRNA in each
sample was determined with RotorGene 4.6 software and Excel 2000,
using GAPDH as the housekeeping gene (i.e., the ratio of SOR/GAPDH
mRNA fluorescence levels).

Electron microscopic 80R immunostaining. For electron microscopic
analysis of immunoreactive SOR distribution in DRGs, saline-injected
(n = 3) and morphine-injected rats (n = 3) were anesthetized with
sodium pentobarbital (6.5 mg per 100 g of body weight) and perfused
through the aortic arch with 45 ml of heparin (75 U/ml of heparin in
0.9% saline) followed by 50 ml of a mixture of 3.75% acrolein and 2%
PFAin 0.1 M PB, pH 7.4, and then by 300 ml of 2% PFA in the same buffer
at45 ml/min. Lumbar DRGs (L4-L5) were removed and postfixed in 2%
PFA in 0.1 M PB for 1 h at 4°C. Sections (100 wm thick) were cut using a
Vibratome 1000 (Vibratome, St. Louis, MO) and processed for 60R
immunogold labeling as described previously. Sections were incubated
in 1% sodium borohydride for 30 min and extensively rinsed in 0.1 M PB.
They were then cryoprotected for 30 min in a solution consisting of 25%
sucrose and 3% glycerol in 0.05 M PB and snap frozen with isopentane
(—50°C) followed by liquid nitrogen. After being rapidly thawed in 0.1 m
PB, sections were rinsed with TBS and preincubated for 1 h at room
temperature in 3% NGS diluted in TBS. They were then incubated for
36 h at 4°C in dOR antiserum (Ab1560, lot numbers 21100532 and
23010452A) diluted to 1 ug/ml in TBS containing 0.5% NGS. Sections

20 pm

20 pm
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were then rinsed and incubated for 2 h with colloidal gold (1 or 2 nm)-
conjugated goat anti-rabbit IgG (1:50; Cedarlane Laboratories) diluted in
0.01 M PBS containing 0.1% gelatin and 0.8% BSA. They were then fixed
with 2% glutaraldehyde in 0.01 M PBS and washed with 0.2 M citrate
buffer, pH 7.4, after which immunogold particles were silver-intensified
for 7 min using an IntenSEM kit (Amersham Biosciences, Baie d’Urfé,
Quebec, Canada). Sections were postfixed for 40 min with 2% osmium
tetroxide in 0.1 M PB, rinsed, and dehydrated in increasing concentra-
tions of ethanol. They were embedded in Epon 812 resin and cured
between plastic coverslips at 60°C for 24 h. Ultrathin sections (80 nm)
were collected from the surface of immunoreacted sections and counter-
stained with lead citrate and uranyl acetate for examination with a JEOL
(St-Hubert, Quebec, Canada) 100 CX transmission electron microscope.

For data analysis, negatives were scanned us-
ing an AGFA (Mortsel, Belgium) Duoscan
T1200 and the number of membrane- A
associated versus intracellular gold/silver grains
was assessed using NeuroLucida software (Mi-
croBrightField, Williston, VT). Because in most
cases only a fraction of labeled ganglion cell
profiles was visible within a grid square, we re-
stricted grain counts to visible sections of the
membrane (membrane-associated grains) and
to the surface area underlying this membrane to
a distance of 1 um (intracellular grains). For
each portion of cell profile thus analyzed, the
ratio of the number of gold/silver grains in di-
rect contact with the plasma membrane over
the total number of grains within 1 um from
the plasma membrane was determined and ex-
pressed as the percentage of grains at the mem-
brane. Results from 810 cell profiles (or por-
tions of cell profiles) per animal were pooled
and averaged. Means were expressed as the per-
centage of grains at the membrane + SEM. Cal-
culations and statistical analyses were per-
formed using Microsoft Excel 2000, GraphPad
Prism 3.0, and SigmaPlot 2001.

DRG primary cell culture and immunocyto-
chemistry for electron microscopy. For DRG cell
cultures, two male Sprague Dawley rats were
anesthetized with halothane and humanely de-
capitated. DRGs were then rapidly dissected, placed in warmed culture
medium (Ham’s F-12 medium supplemented with 3 mm L-glutamine,
1% Pen/Strep, 40 mM p-glucose, and 0.1% fungizone; all from Invitro-
gen, Burlington, Ontario, Canada), and minced into fine pieces. Minced
DRGs were then transferred to Falcon tubes containing filter-sterilized
collagenase D (Roche Pharmaceuticals, Laval, Quebec, Canada; 0.25%
w/v in DRG medium) and incubated at 37°C for 90 min. Cells were
centrifuged at 3000 rpm for 2 min, resuspended in 0.25% trypsin (In-
vitrogen) in HBSS (Invitrogen), and incubated at 37°C for a minimum of
15 min. Using successively smaller fire-polished Pasteur pipettes, DRGs
were triturated until the solution appeared homogeneous. The reaction
was stopped by adding an equal volume of the culture medium and the
cell suspension was passed through a 70 micron cell strainer. After a brief
centrifugation, cells were resuspended into complete DRG medium (cul-
ture medium supplemented with 10% FBS and 40 ng/ml of NGF 2.5S;
Invitrogen). DRG cells were finally plated onto poly-p-lysine/mouse
laminin coated four-well plates and grown at 37°C in a 95% air/5% CO,
atmosphere. Half of the culture medium was changed every second day.
After 6—8 d in culture, cells were left untreated or exposed to 10 um
morphine for 48 h, washed once gently with 0.1 M PB, pH 7.4, and fixed
as described below. To assess the effect of membrane depolarization on
the targeting of 3ORs, some wells were treated with 40 mm KCl for 5 min
before fixation for immunolabeling.

For 60R immunolabeling, cells were fixed first with a solution of 2%
acrolein/2% PFA in 0.1 M PB for 20 min, followed by 2% PFA in 0.1 M PB
for 20 min. They were then rinsed in 0.1 M TBS, incubated for 30 min in
3% NGS diluted in 0.1 M TBS containing 0.02% Triton X-100, rinsed

Morphine

Figure3.

unpaired £ test).
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Table 1. Internalization of Fluo-DLT in dorsal root ganglia of rats treated
intrathecally with colchicine

Levels of internalized Fluo-DLT
(% of saline-injected rats)

Small neurons (<<600 um?) 108.5 = 4.0
Medium neurons (from 600 to 1200 wm?) 91.9 =35
Large neurons (>1200 um?) 87.9 + 6.0

Data are the mean = SEM of the fluorescence density of DRG cell profiles from colchicine-treated rats (0.2 mg/30 .l
of saline, i.t.) and saline-treated rats (30 ., i.t.) and are expressed as the levels of internalized Fluo-DLT in
colchicine-treated rats as a percentage of saline-injected animals. The density of fluorescence for each individual cell
profile was determined by densitometric analysis of confocal images as described in Material and Methods. No
significant difference was found when comparing the amount of Fluo-DLT internalized in colchicine-treated versus
saline-treated animals (p = 0.1,0.08, and 0.15 for small, medium, and large DRG neurons, respectively; two-tailed
unpaired ¢ test).

B

—— Saline, s.c.
mmmm Morphine 48h, s.c.

24
2,2
2,0
1,8
1,6

1.4

1,2

1,0 =
0.8 H
0,6

Small Medium

Levels of internalized Fluo-DLT
(arbitrary units)

20 pm

Large

Effect of prolonged morphine treatment on Fluo-DLT internalization in lumbar DRGs. Rats treated subcutaneously for
48 h with either saline or morphine (using doses of 5, 8, 10, and 15 mg/kg respectively, given every 12 h) were injected intrathe-
cally with 0.8 nmol of Fluo-DLT and DRGs were processed for confocal microscopy. A, Red-white glow-scale images of L4 —L5 DRGs.
Note the higher intensity of Fluo-DLT-induced fluorescence in morphine-treated as compared with saline-injected rats. B, Den-
sitometric analysis of the effect of morphine pretreatment on Fluo-DLT internalization in DRGs. Prolonged morphine treatment
significantly increases levels of internalized Fluo-DLT (expressed == SEM) in all types of DRG neurons (***p << 0.001; two-tailed

Table 2. Ratio of 50R/GAPDH mRNA expression in the rat dorsal root ganglia

Ratio of SOR/GAPDH n
Saline 0.116 = 0.012 6
MS24h 0.167 = 0.033 4
MS48h 0.131 = 0.012 4
CFA72h (ipsi) 0.132 = 0.018 4
CFA 72 h (contra) 0.134 = 0.004 3

Data are the mean = SEM of the ratio of SOR/GAPDH mRNA fluorescence levels in rat dorsal root ganglia after
real-time RT-PCR amplification. No significant difference is apparent between any groups (p > 0.05; one-way
ANOVA followed by Bonferroni’s MCT). MS 24 h, Morphine sulfate 24 h (using doses of 5 and 8 mg/kg, respectively,
given every 12 h); MS 48 h, morphine sulfate 48 h (using doses of 5, 8, 10, and 15 mg/kg, respectively, given every
12h); ipsi, side ipsilateral to CFA injection; contra, side contralateral to CFA injection; n, number of rats tested in each
condition.

with 0.1 m TBS, and incubated for 40—48 h at 4°C in SOR antiserum
(Ab1560, lot numbers 21100532 and 23010452A) diluted to 1 pg/ml in
0.1 M TBS supplemented with 0.5% NGS. After a brief rinse with 0.01 m
PBS, they were incubated for 10 min in 0.01 M PBS containing gelatin and
BSA, followed by colloidal gold (1 or 2 nm)-conjugated goat anti-rabbit
IgG (1:50) diluted in 0.01 M PBS containing 0.1% gelatin and 0.8% BSA
for 2 h at room temperature. Subsequently, cells were fixed with 2%
glutaraldehyde in 0.01 m PBS for 10 min and rinsed with 0.2 m citrate
buffer, pH 7.4. Immunogold particles were silver intensified for 7 min
using an IntenSEM kit and rapidly rinsed with citrate buffer. Cells were
then postfixed for 10 min with 2% osmium tetroxide in 0.1 M PB, rinsed
with 0.1 M PB, and dehydrated in graded alcohols. After dehydration, the
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Figure 4.
subcutaneously for 48 h with either saline or morphine (using doses of 5, 8, 10, and 15 mg/kg, respectively, given every 12h), and
lumbar DRGs were processed for transmission electron microscopic analysis as described. A, Type A, ganglion cells show the
highest concentration of 0R immunostaining. In these cells, gold/silver particles (corresponding to immunoreactive 80Rs) are
mainly associated with Nissl bodies and mitochondria but are also found over the plasma membrane (black arrow; inset, white
arrows). B, A very high density of gold/silver particles is also observed in the axon hillock, both on the cell membrane (black
arrows) and in the cytoplasm. Scale bars: 4, 1 wm; B, 2 um.

cells were infiltrated with Epon 812 resin and allowed to polymerize for
24 h at 60°C. Ultrathin sections (80 nm thick) were collected, counter-
stained with lead citrate and uranyl acetate, and examined using a JEOL
100CX or a Phillips 410 transmission electron microscope (FEI Systems,
Toronto, Ontario, Canada).

For data analysis, negatives were scanned using an AGFA Duoscan
T1200 and the number of membrane-associated versus intracellular
gold/silver grains was assessed using NeuroLucida software. Because the
density of silver/gold grains was considerably lower in cultured than in ex
vivo preparations, counts of intracellular grains were not restricted to the
zone comprised within 1 um of the cell surface, but included all grains
visible within the labeled profile. Hence, for each cell profile analyzed, we
established the ratio of the number of gold/silver grains in direct contact
with the plasma membrane over the total number of grains within the
whole cell profile. In the analysis, 21 control cells, 12 morphine-treated
cells, and 8 KCl-stimulated cells were included. Means were expressed as
the percentage of grains at the plasma membrane + SEM obtained from
two (for morphine and KCl treatments) to three (for controls) indepen-
dent experiments. Calculations and statistical analysis were performed
using Microsoft Excel 2000, GraphPad Prism 3.0, and SigmaPlot 2001.

Effect of prolonged morphine treatment on the membrane targeting of 80Rs in lumbar DRGs. Rats were treated
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Results

Internalization of Fluo-DLT in DRGs
We first assessed the capacity of DRG neu-
rons to specifically bind and internalize in-
trathecally administered Fluo-DLT. As
shown in Figure 1 B, 20 min after intrathe-
cal injection of 0.8 nmol of Fluo-DLT, flu-
orescent labeling was observed through-
out the cytoplasm of ~40-50% of DRG
neurons. This labeling was highly punc-
tate, consistent with endosomal sequestra-
tion of the fluorescent ligand (Lee et al.,
2002; Morinville et al., 2004). It was also
specific, because it was completely blocked
by concomitant intrathecal injection of 1.6
umol naloxone (Fig. 1E). In keeping with
the distribution of 80Rs, as visualized by
immunocytochemistry in a separate set of
animals (Fig. 1 A), specific binding and in-
ternalization of Fluo-DLT was detected in
a subpopulation of small, medium, and
large diameter DRG neurons (Fig. 1B).
However, levels of internalized Fluo-DLT
(i.e., fluorescence intensity per unit sur-
face area) were higher in medium (Fig. 1C)
and large (Fig. 1 D) than in small (Fig. 1C)
ganglion cells [1.33 = 0.06 and 1.69 * 0.09
for medium and large diameter neurons,
respectively, vs 1.00 = 0.04 for small diam-
eter neurons; p < 0.001; one-way ANOVA
followed by Bonferroni’s multiple com-
parison test (MCT)] (see Fig. 3B, white
columns).

To determine whether Fluo-DLT label-
ing of DRG neurons was caused by direct
uptake of the ligand at the level of the gan-
glion or by its retrograde transport after
presynaptic internalization at the level of
the dorsal horn of the spinal cord, rats
were injected intrathecally with 0.2 mg of
colchicine 16 h before injection of Fluo-
DLT. We first ascertained the efficacy of
the treatment by comparing the distribu-
tion of B-tubulin immunostaining in
saline-injected versus colchicine-treated
rats. In control animals, B-tubulin-immunoreactive microtu-
bules were evident throughout DRG axons (Fig. 2A). In contrast,
in colchicine-treated rats, B-tubulin-immunoreactive microtu-
bules were no longer evident (Fig. 2B). As shown in Table 1,
colchicine treatment failed to significantly inhibit the accumula-
tion of Fluo-DLT within ganglion cells, indicating that Fluo-DLT
diffusing in the cerebrospinal fluid was internalized near, or at the
level of DRG nerve cell bodies (two-tailed unpaired t test).

Effect of chronic morphine on cell surface 6OR availability in
whole DRGs and DRG neurons in culture

In vivo internalization assay

We demonstrated previously that chronic morphine-treatment
resulted in increased Fluo-DLT internalization in neurons from
the deeper laminas of the spinal cord (Morinville et al., 2004). To
determine whether morphine similarly affected Fluo-DLT inter-
nalization in DRGs, rats were treated subcutaneously with in-
creasing doses of morphine for 48 h (using doses of 5, 8, 10, and
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15 mg/kg, respectively) and injected intrathecally with 0.8 nmol
of Fluo-DLT. As shown in Figure 3, prolonged treatment with
morphine induced a significant increase in the levels of internal-
ized Fluo-DLT in all types of DRG neurons, compared with
saline-treated animals ( p < 0.001; two-tailed unpaired ¢ test).

Real-time reverse transcriptase-PCR

To determine whether the morphine-induced increase in Fluo-
DLT internalization was caused by an augmentation in the ex-
pression of SOR mRNA, real-time RT-PCR analysis was per-
formed on mRNA extracts of DRG from saline- and morphine-
treated animals. As seen in Table 2, SOR mRNA levels were not
significantly different in ganglia from morphine-treated animals
from those in saline-treated rats ( p > 0.05; one-way ANOVA
followed by Bonferroni’s MCT), suggesting that the morphine-
induced increase in Fluo-DLT internalization was caused by en-
hanced recruitment of reserve 8ORs to the cell surface rather than
by an overall increase in receptor expression.

Electron microscopy

To demonstrate that the morphine-induced increase in Fluo-
DLT internalization was indeed caused by perikaryal membrane
recruitment of 8ORs, we quantified, by electron microscopic
(EM) immunocytochemistry, the cell surface versus intracellular
concentration of 80Rs after prolonged morphine exposure in
vivo (in whole DRGs) and in vitro (in primary DRG cultures).

In DRG neurons labeled in vivo, gold particles indicative of
S8OR immunostaining were observed, as in light microscopic
preparations, over small, medium, and large ganglion cells. The
highest concentration of gold/silver particles (i.e., density of SOR
immunostaining) was observed over type A, neurons, character-
ized as clear, large-diameter neurons in which evenly distributed
Nissl bodies are separated from each other by pale wide strands of
cytoplasm containing small stacks of Golgi saccules and rod-like
mitochondria (Duce and Keen, 1977; Rambourg et al., 1983)
(Fig. 4A). High densities of SOR immunostaining were also
present over axon hillocks and unmyelinated axons (Fig. 4 B). In
both nerve cell bodies and axonal processes, SOR immunolabel-
ing was predominantly intracellular and associated with a variety
of membrane-bound organelles, including clear vesicles of vari-
ous sizes and shapes, but hardly ever with large dense core vesicles
(LDCVs). Only a small proportion of gold particles was detected
over plasma membranes (Figs. 4A, B, insert and arrows, respec-
tively). After prolonged exposure to morphine (48 h), there was a
significant increase in the proportion of grains associated with
plasma membranes (expressed as a percentage of the total num-
ber of grains detected within a depth of 1 wm from these mem-
branes), compared with DRGs from saline-treated rats (21.9 =
0.6% in DRGs from morphine-treated rats vs 13.9 = 1.4% in
DRGs from saline-treated animals; p < 0.02; X~ test).

Similarly, in DRG neurons grown in culture and exposed to 10
M morphine for 48 h, the percentage of gold particles directly
associated with neuronal plasma membranes was significantly
increased over that observed in untreated cells (2.4 * 0.6% in
morphine-treated versus 0.6 * 0.2% in untreated cells; p < 0.01;
Kruskal-Wallis test followed by Dunn’s MCT) (Fig. 5A). In con-
trast, there was no significant difference in SOR membrane den-
sities before and after membrane depolarization with KCI (40
mM; 5 min; 0.3 £ 0.3%; p > 0.05; Kruskal-Wallis test followed by
Dunn’s MCT) (Fig. 5A). As in DRGs, 8OR-like immunoreactiv-
ity in cultured neurons was only rarely associated with LDCVs
(Fig. 5B; arrowheads indicate LDCVs and arrow points to SOR-
like immunoreactivity associated with a LDCV).
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Figure 5.  Effect of prolonged morphine treatment on the membrane targeting of 50Rs in
cultured DRG neurons. DRG neurons where cultured as described in Material and Methods. Cells
were left untreated (control) or were treated for either 48 h with 10 Lum morphine or for 5 min
with 40 mm KCl. A, Morphine treatment for 48 h significantly increases the percentage of im-
munoreactive 80Rs found in direct contact with the plasma membrane, compared with control
(**p <<0.01; Kruskal-Wallis test followed by Dunn’s MCT). In contrast, KCl-induced membrane
depolarization has no significant effect on S0R localization, compared with control ( p > 0.05;
Kruskal—Wallis test followed by Dunn’s MCT). Data correspond to the mean == SEM of the
percentage of grains at the plasma membrane. B, Within cultured DRG neurons, gold/silver
grains are associated mainly with Niss| bodies and mitochondria but are only rarely found in
association with LDCVs. Note that one grain is associated with a LDCV (arrow), whereas most
LDCVs are not labeled with 50R antiserum (arrowheads).

Effect of chronic inflammation on cell surface 3OR
availability in DRGs

To determine whether chronic inflammation produced by injec-
tion of CFA into the hindpaw would also affect the bioavailability
of 8ORs in dorsal root ganglion cells, internalization of intrathe-
cally administered Fluo-DLT was visualized and quantified in
DRGs 48 and 72 h after intraplantar CFA injection. We observed
a significant increase in the levels of internalized Fluo-DLT in
neuronal cell bodies from the ipsilateral DRGs in 72 h CFA-
injected rats compared with naive rats (Figs. 6, 7). Most impor-
tantly, this increase was selective for small- and medium-sized
DRG neurons (Figs. 6, 7). As after prolonged morphine treat-
ment, these changes in Fluo-DLT internalization were not ac-
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Effect of chronic inflammation on Fluo-DLT internalization in lumbar DRGs. A, Rats were left untreated (naive) or
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CFA72h increase; p < 0.001; two-tailed unpaired ¢
test) (Fig. 8 B-D). In contrast, there was no
significant difference between ipsilateral
and contralateral sides in the amount of
Fluo-DLT internalized within medium-
and large-diameter neurons (p > 0.05;
two-tailed unpaired ¢ test) (Fig. 8 D). Note
that the levels of internalized Fluo-DLT in
contralateral DRGs from capsaicin-
injected animals (Fig. 8 B) were similar to
those in DRGs from untreated controls
(Fig. 8A).

Discussion

The present results demonstrate that pro-
longed morphine treatment (48 h) and
chronic inflammation (72 h) both pro-
mote externalization of 8ORs in rat dorsal
root ganglion cells, thereby increasing lo-
cal binding and internalization of intra-
thecally administered opioid drugs by
these cells.

were injected with 100 ! of CFA in the left hindpaw and maintained for 48 h (B, D) or 72 h (C, E). On the last day, they were
injected intrathecally with 0.8 nmol of Fluo-DLT, and lumbar DRGs were processed for confocal microscopy as described. Seventy-
two hours after CFA injection, levels of internalized Fluo-DLT are markedly increased in DRGs on the side ipsilateral to the injection
(L4 L5 DRGs; red-white glow-scale images). Some small- and medium- (arrows) as well as large-diameter DRG neurons (arrow-

heads) are identified. Scale bar: (in E) A-E, 50 wum.
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Figure7. Densitometricanalysis of the effect of chronicinflammation on Fluo-DLT internalization in L4 —L5 DRGs. The levels of
internalized Fluo-DLT in small, medium, and large DRG cell profiles were assessed in naive rats (white bars), as well as in rats
injected 48 or 72 h earlier with CFA in the left hindpaw (hatched bars). Induction of chronicinflammatory pain by injection of CFA
significantly increases the levels of internalized Fluo-DLT in small- and medium-sized DRG neurons on the side ipsilateral to the
inflammation, 72 h after CFA injection. Data correspond to the levels of internalized Fluo-DLT == SEM. Statistical significance was
determined using one-way ANOVA followed by Bonferroni’s multiple comparison test. *p << 0.05; ***p << 0.001.

Previous in situ hybridization (Man-
sour et al., 1994; Minami et al., 1995;
Zhang et al., 1998b; Wang and Wessend-
orf, 2001; Mennicken et al., 2003) and light
microscopic immunohistochemical stud-
ies (Dado et al., 1993; Ji et al., 1995; Zhang
et al., 1998b) have reported 8ORs to be
expressed by small, medium, and large
dorsal root ganglion cells of mouse, rat,
monkey, and human DRGs. Immunohis-
tochemical and autoradiographic studies
also showed 60ORs to be associated with
primary afferent fibers originating from
DRGs and arborizing in the dorsal horn of
the spinal cord (Goodman et al., 1980;
Sharif and Hughes, 1989; Zajac et al., 1989;
Besse et al., 1990, 1992; Dado et al., 1993;
Arvidsson et al., 1995; Chenget al., 1995; Ji
etal., 1995; Zhang et al., 1998b; Robertson
et al., 1999; Abbadie et al., 2002; Men-
nicken et al., 2003). Yet, SOR binding sites

companied by changes in SOR mRNA levels. Indeed, 8ORs
mRNA levels measured by real-time PCR were not significantly dif-
ferent between DRGs from saline- and CFA-treated rats ( p > 0.05;
one-way ANOVA followed by Bonferroni’s MCT) (Table 2).
Given the selectivity of CFA-induced changes in the levels of
internalized Fluo-DLT for small- and medium-sized ganglion
cells (i.e., for cells carrying primary nociceptive inputs), we hy-
pothesized that these effects might be linked to pain-related stim-
ulation of DRG neurons. To test this possibility, we injected 10 ul
of a 0.5% capsaicin solution in the rat left hindpaw to selectively
activate the subpopulation of nociceptive cells expressing the va-
nilloid/transient receptor potential vanilloid 1 (TRPV1) recep-
tor. Fluo-DLT was injected via the lumbar puncture route exactly
1 h after injection of capsaicin. As shown in Figure 8, capsaicin
injection in one hindpaw induced a selective increase in the levels
of internalized Fluo-DLT within small-diameter neurons (iden-
tified by white arrows in each panel) in DRGs ipsilateral to the
injection site compared with the contralateral side (51 * 8%

were not detected by autoradiography on

the perikarya of DRG neurons, suggesting

that 80ORs synthesized in the DRG might
be entirely destined to spinally (or peripherally) projecting axons
(Mennicken et al., 2003). Our electron microscopic data demon-
strate that this is not the case because SOR immunoreactivity was
observed at the surface as well as inside DRG nerve cell bodies.
Admittedly, cell surface receptors were few in number, which
probably explains the fact that they had escaped detection using
classical autoradiographic receptor binding techniques (Men-
nicken et al., 2003).

Cell surface perikaryal 8ORs are functional because they were
found here to bind and internalize the fluorescent deltorphin
analog Fluo-DLT in vivo. Fluo-DLT labeling was specific in that it
was completely abolished when the fluorescent ligand was coad-
ministered with an excess of nonfluorescent naloxone. Also, the
distribution of Fluo-DLT-labeled cells was similar to that of
S8OR-expressing neurons, as visualized by immunohistochemical
and in situ hybridization techniques (Mansour et al., 1994; Wang
and Wessendorf, 2001; Mennicken et al., 2003). Furthermore, the
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densest accumulations of Fluo-DLT were
observed over large ganglion cells, which
were found by in situ hybridization to ex-
press the highest concentrations of SOR
mRNA (Mansour et al., 1994; Mennicken
et al., 2003). One could argue that the
Fluo-DLT accumulation observed here at
the level of DRG had, in fact, resulted from
retrograde transport of Fluo-DLT mole-
cules internalized by presynaptic afferent
axons in the dorsal horn of the spinal cord.
This was not the case, however, because
rats injected intrathecally with colchicine,
at doses shown previously to efficiently in-
hibit axonal transport (Hinkley and
Green, 1971; Tohda et al., 2001; Lee et al.,
2002) without affecting opioid receptor
internalization (Lee et al., 2002), and
found here to greatly reduce B-tubulin im-
munostaining, failed to show a significant
difference in the intraperikaryal accumu-
lation of Fluo-DLT.

Previous immunohistochemical stud-
ies have shown other G-protein-coupled
receptors, including wOR (Ji et al., 1995;
Zhang et al., 1998a) and neuropeptide Y
Y1 receptors (Zhang et al., 1994, 1999; Shi
et al., 1998), to be present on somatic
plasma membranes of DRG neurons and
to electrophysiologically respond to stim-
ulation by peptide ligands in vitro (Zhang
etal, 1994). However, the present study is
the first to demonstrate that ganglionic so-
matic receptors may actually be accessed in
vivo by intrathecally administered pep-
tides and, thus, presumably also by endog-
enous peptides released in the CSF. Our
results therefore suggest that intrathecally
injected opioids may exert analgesic effects
not only through their action at the level of
the spinal cord, but also through direct,
and selective, effects on DRG neurons.

Our previous studies on the rat spinal
cord had demonstrated that the amount of
internalized Fluo-DLT was tightly correlated with cell surface
receptor density (Morinville et al., 2003). The increase in Fluo-
DLT internalization observed here in DRG neurons of all sizes
after prolonged morphine administration was, therefore, inter-
preted as reflecting enhanced 6ORs targeting to neuronal plasma
membranes. Indeed, quantitative electron microscopic immuno-
cytochemistry confirmed that prolonged morphine treatment in-
duced an increase in the cell surface to intracellular receptor ratio
after exposure to morphine in vivo. The absence of a significant
difference in SOR mRNA levels between DRG of morphine- and
saline-treated animals suggests that this increase is not related to
enhanced 8OR expression.

In spinal cord neurons, the morphine-induced increase in the
membrane recruitment of SORs was shown to result from selec-
tive activation of wORs, because it was reproduced using selective
MOR agonists and was abolished in the presence of the wOR
antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH,, as
well as in wOR-KO mice (Morinville et al., 2003). The morphine-
induced increase in the cell surface density of SORs observed here
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Effect of capsaicin injection on Fluo-DLT internalization in lumbar DRGs. Rats were injected subcutaneously with a
0.5% capsaicin solution (10 yl) in the plantar surface of the left hindpaw and were injected intrathecally 1h later with 0.8 nmol
of Fluo-DLT. Lumbar DRGs were then processed for confocal microscopy as described. A-C, Red-white glow-scale images of L4 -L5
DRGs from an untreated control animal (4) and the sides contralateral (B) and ipsilateral (€) to the capsaicin injection. D, Levels of
internalized Fluo-DLT in small, medium, and large DRG neurons after unilateral injection of capsaicin. Injection of capsaicin
induces a selective increase of the levels of internalized Fluo-DLT in small-diameter DRG neurons on the side ipsilateral to the
injection (***p << 0.001 when compared with the side contralateral of the injection; two-tailed unpaired  test). No significant
difference is observed between contralateral (contra) and ipsilateral (ipsi) medium- and large-diameter neurons. Data correspond
to the levels of internalized Fluo-DLT == SEM. Small DRG neurons are identified by white arrows. Scale bars: A-C, 20 um.

in DRGs likewise probably results from selective stimulation of
mORs. The fact that a comparable increase in receptor density
was detected here in DRG neurons in culture, coupled to the
demonstrated expression of wORs by all DRG neuronal subtypes
(Mansour et al., 1994; Ji et al., 1995; Minami et al., 1995; Wang
and Wessendorf, 2001), further suggests that the observed cell
surface upregulation of 8ORs results from wOR/SOR interac-
tions within the same neurons.

Also consistent with our previous observations in the spinal
cord (Cahill et al., 2003), CFA-induced chronic inflammatory
pain also resulted in an increase in Fluo-DLT internalization in
DRG neurons on the side ipsilateral to the CFA injection. How-
ever, unlike after sustained morphine, this increase was restricted
to neurons of small and medium caliber. These small to medium
DRG neurons are known to respectively give rise to C and Ad
fibers responsible for the transmission of noxious stimuli (for
review, see Julius and Basbaum, 2001). This labeling selectivity
suggested to us that the CFA-induced increase in the bioavailabil-
ity of 8ORs could be attributable to modality-specific pain-
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related neuronal stimulation. To investigate this possibility, we
selectively stimulated nociceptive C fibers using intraplantar cap-
saicin, an agonist of TRPV 1 receptors selectively expressed, under
normal conditions, by these nociceptive axon terminals (Cate-
rina et al., 1997; Michael and Priestley, 1999; Amaya et al., 2003).
We found that capsaicin injections selectively increased Fluo-
DLT internalization and, hence, cell surface SOR density in small
DRG neurons, supporting our hypothesis of a modality-
dependent SOR membrane targeting.

Previous studies have demonstrated an extensive association
of 80Rs with LDCVs in DRG neurons and proposed that depo-
larization of these cells could lead to an externalization of 8ORs
through vesicular exocytosis (van Bockstaele et al., 1997; Zhang et
al., 1998b; Commons et al., 2001; Bao et al., 2003; Commons,
2003). Indeed, studies on DRG neurons in culture and PC12 cells
reported an increase in the plasma membrane recruitment of
S0Rs after neuronal depolarization with KCl (Bao et al., 2003;
Kim and von Zastrow, 2003). In contrast, our own EM studies
showed very little association between 6ORs and LDCVs, either
in vitro or in vivo. Furthermore, we observed no significant cellu-
lar redistribution of 8ORs after application of KCl to cultured
DRG neurons. In keeping with our observations, Hack et al.
(2005) demonstrated recently that increasing extracellular potas-
sium concentrations did not affect SOR-mediated presynaptic
inhibition of GABAergic synaptic current in slices of periaque-
ductal gray. The increase in OR cell surface density observed in
chronic inflammatory pain conditions is therefore unlikely to be
merely dependent on neuronal depolarization and exocytosis of
LDCVs.

Together, the present results demonstrate that SORs present
at the perikaryal surface of dorsal root ganglion cells are differen-
tially upregulated by prolonged morphine treatment and chronic
inflammation. Whereas the effects of the former are exerted on
neurons of all sizes, most likely through selective and prolonged
stimulation of wORs, those of the latter are restricted to neurons
involved in the transmission of nociceptive inputs and appear to
be linked to pain-related neuronal activation. Regardless of the
mechanisms involved, these effects probably account, in part, for
the enhanced antinociceptive efficacy of &-selective agonists
demonstrated after both sustained morphine and CFA treat-
ments (Cahill et al., 2001, 2003; Morinville et al., 2003).
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