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ABSTRACT Continuous opioid agonist treatment produces tolerance and in some
cases m opioid receptor (mOR) down-regulation. Previous studies indicate that down-
regulation of mOR is more likely with high-efficacy opioid agonists (e.g., etorphine),
whereas lower efficacy agonists (e.g., morphine) do not regulate mOR density. It has
been suggested that mOR down-regulation may depend upon increases in Dynamin-2
(DYN-2) proteins. Therefore, the present study examined the effect of various infusion
doses of etorphine on mOR density, DYN-2 protein, and DYN-2 mRNA abundance in
mouse spinal cord. Mice were implanted sc with an osmotic pump that infused etor-
phine (50–250 mg/kg/day). Controls were implanted with inert placebo pellets. At the
end of 7 days, mice were sacrificed, spinal cord removed and processed for radioligand
binding, quantitative Western blotting, or RT-PCR assay. Results indicate that etor-
phine induced dose-dependent regulation of mOR density, DYN-2 proteins, and mRNA
abundance in mouse spinal cord. Higher infusion doses significantly down-regulated
mOR density, increased DYN-2 protein abundance, and decreased DYN-2 mRNA. Ana-
lysis of these results indicated a significant correlation between mOR down-regulation
and DYN-2 abundance in mouse spinal cord. Taken together, mOR regulation may
depend on changes in DYN-2 abundance induced by high-efficacy opioid agonists in
mouse spinal cord. Synapse 56:123–128, 2005. ' 2005 Wiley-Liss, Inc.

INTRODUCTION

High-efficacy opioid agonists such as etorphine have
been shown to induce mOR internalization in vitro
(Whistler et al., 1999; Zaki et al., 2000) and down-regu-
lation in vivo (Patel et al., 2002b; Yoburn et al., 2004).
Studies indicate that trafficking proteins such as dyna-
min (DYN) and G-protein receptor kinase (GRK) are
involved in mOR internalization and down-regulation
(Whistler et al., 1998; Zhang et al., 1998; Patel et al.,
2002b). Cell culture studies indicate that dominant
negative mutants of DYN inhibit etorphine-induced
mOR internalization (Whistler et al., 1998; Zhang et al.,
1998). Previous studies in our lab indicate that mOR
down-regulation is accompanied by an increase in
DYN-2 abundance and a decrease of DYN-2 mRNA
levels in mouse spinal cord, whereas morphine-
induced tolerance does not produce mOR down-regula-
tion or changes in DYN-2 (Patel et al., 2002b; Yoburn
et al., 2004). Similarly, Noble et al. (2000) have shown
that chronic morphine treatment produces no change

in total immunoreactive DYN in mouse or rat whole
brain, although increases in the caudate putamen
were observed. Furthermore, Rajeshekara et al.
(2003) have shown that chronic opioid antagonist
(e.g., naloxone) treatment dose-dependently up-regu-
lated mOR density and decreased DYN-2 abundance
in mouse spinal cord. These findings suggest that
mOR regulation by opioid agonists and antagonists
may depend upon changes of DYN-2 abundance in
intact animals.
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To date, only one agonist infusion dose protocol has
been examined for changes in mOR density and DYN-
2 abundance in mouse spinal cord (Patel et al.,
2002a,b; Yoburn et al., 2004). A dose-dependent proto-
col is one approach to evaluate the link between mOR
down-regulation and DYN-2 abundance. Therefore,
we have explored the effects of different doses of etor-
phine treatment on mOR density and DYN-2 abun-
dance in mouse spinal cord. The current data suggest
that there is a significant correlation between mOR
down-regulation and DYN-2 abundance in mouse
spinal cord. These data are in agreement with our
prior suggestion that mOR regulation in the intact
animal may depend upon DYN-2 trafficking (e.g.,
Rajeshekara et al., 2003; Patel et al., 2002b).

MATERIALS AND METHODS
Subjects

Male Swiss-Webster mice (20–30 g) (Taconic Farms,
Germantown, NY) were used in all experiments. Ani-
mals were housed 10 per cage for at least 24 h after
arrival with free access to food and water prior to
experimentation. Each mouse was used only once. All
procedures were approved by the St. John’s Univer-
sity Institutional Animal Care and Use Committee.

Procedure

Osmotic minipumps (Alzet model 2001; Durect Corp.,
Cupertino, CA) that infused etorphine (50, 100, 150,
200, and 250 mg/kg/day) were implanted subcuta-
neously in mice for 7 days. Controls were implanted
with an inert placebo pellet (Duttaroy and Yoburn,
1995). The pellets and pumps were implanted at the
nape of the neck while mice were lightly anesthetized
with halothane/oxygen (4:96). At the end of the 7 days,
mice were sacrificed and spinal cords were collected
for Western blotting assays or reverse transcriptase-
polymerase chain reaction (RT-PCR) assays. For recep-
tor binding assays, osmotic minipumps and pellets
were removed on day 7 of etorphine and placebo treat-
ment. Mice were sacrificed 16 h after termination of
etorphine treatment (see Yoburn et al., 1993) and
spinal cord collected for radioligand binding assay.

Western blotting assay

Mice (n ¼ 5–8/treatment) were sacrificed, individual
spinal cords were rapidly removed on ice and homo-
genized (Brinkman Polytron Homogenizer, 20,000 rpm
30 s) in 500 ml lysis buffer (3% SDS, 1.5 mM sodium
orthovanadate, 6.25 mM Tris, pH 7.4), centrifuged at
10,000 rpm (158C) for 10 min and the supernatant
was removed for analysis. Protein concentration was
determined by the Bradford method (Bradford, 1976)
with reagent purchased from Bio-Rad (Hercules, CA)
using an Opsys MRTM Microplate Reader (DYNEX

Technologies, Chantilly, VA). Samples were diluted
using a mixture of equal volume of lysis and 2 � sample
buffer (4% SDS, 2% b-mercaptoethanol, 10% Glycerol,
125 mM Tris base, loading dye). Samples were incu-
bated in boiling water for 5 min. An aliquot of the
sample (8 ml; 0.5 mg of protein for DYN-2; 16 mg of
protein for actin) was loaded on the polyacrylamide
gels (Pager Gels 10% Tris-Glycine, Biowhittaker
Molecular Applications, Rockland, ME) and samples
separated by electrophoresis (150 V for 60 min). A
sample from one spinal cord from each mouse was
loaded on each lane. Protein was transferred to
Immobilon-P PVDF membranes (Millipore, Bedford,
MA) using the miniprotean II (Bio-Rad) at 100 V for
85 min. Nonspecific binding sites on the membrane
were blocked by incubation (overnight at 48C) in
blocking buffer (0.2% Aurora Blocking Reagent from
ICN Biomedicals, Costa Mesa, CA; 1� Phosphate Buf-
fered Saline: 0.058 M Na2HPO4, 0.017 M NaH2PO4,
0.068 M NaCl; 0.05% Tween-20) followed by incuba-
tion (1–1.5 h, 248C) with primary antibody (Goat poly-
clonal IgG for DYN-2 [1:300] or actin [1:300]; Santa
Cruz Biotechnology, Santa Cruz, CA) in blocking buf-
fer. Membranes were washed twice with blocking buf-
fer and then incubated (1 h, 248C) with secondary
antibody (Donkey anti-goat IgG-AP [1:5,000], Santa
Cruz Biotechnology, Santa Cruz, CA) in blocking buf-
fer. Membranes were then washed thrice with block-
ing buffer, followed by two quick rinses with Assay
buffer (20 mM Tris-HCl, pH 9.8, 1 mM MgCl2). Bands
were visualized using a Chemiluminescence assay
(CDP Star Substrate, Novagen, Madison, WI). A stan-
dard curve using increasing amounts of spinal cord
protein from controls (0.25–2.0 mg/lane for DYN-2;
4.0–32.0 mg/lane for actin) was included on each gel.
This allowed conversion of optical density into valid
estimates of percent change in protein. All data were
converted to protein equivalents and were expressed
as percent of control. Each experiment for DYN-2 was
replicated two to three times.

mOR binding

Binding was performed as described previously
(Yoburn et al., 1995). Since previous studies (Stafford
et al., 2001; Patel et al., 2002b) have indicated that etor-
phine significantly regulates BMAX and not KD, the pre-
sent study used a single concentration of radioligand so
that mOR binding could be determined in individual
spinal cords from each mouse. Mice (n ¼ 6/group) were
sacrificed and spinal cord removed. Each spinal cord
was placed in an individual tube and homogenized in
4 ml ice-cold 50 mM Tris buffer (50 mM Tris-HCl,
pH 7.4) for 20 sec. Homogenates were centrifuged at
16,500 rpm (2–48C) for 20 min, supernatants were dis-
carded, and pellets were resuspended with the same
volume of ice-cold 50 mM Tris buffer and incubated for
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30 min at 258C. Homogenates were centrifuged again at
16,500 rpm (2–48C) for 20 min and the pellets were
finally resuspended in 1.6 ml 42 mM phosphate buffer
(75 mM Dibasic potassium phosphate, 100 mM Mono-
basic potassium phosphate, pH 7.2). An aliquot (200 ml)
of homogenate from each cord was assayed in triplicate
in tubes containing 1 nM [3H] [D-Ala2, N-MePhe4,
Gly5-ol] enkephalin (DAMGO) (m ligand, PerkinElmer
Life Sciences, Boston, MA). Nonspecific binding was
determined in the presence of 1,000 nM levorphanol.
Tubes were incubated for 90 min at 258C and the incu-
bation terminated by filtration of samples over GF/B
glass fiber filters (Brandel, Gaithersburg, MD). Filters
were washed three times with cold phosphate buffer
and transferred to vials containing scintillation cocktail
and counted. Counts per minute (CPMs) were con-
verted to disintegration per minute (DPMs) using the
external standard method. Protein was assayed by the
Bradford method (Bradford, 1976). Binding studies
were repeated 1–2 times for each dose of etorphine and
controls.

RT-PCR Assay

Total RNA was extracted from individual mouse
spinal cords (n ¼ 5–8/treatment) using TRIzol reagent
(Invitrogen, Carlsbad, CA) and precipitated in 100%
isopropyl alcohol. Yeast tRNA (25 mg) was added as a
carrier to facilitate the precipitation of RNA prepared
from a single spinal cord. The pellet was washed in
75% ethanol, dried, and suspended in 75 ml of RNase-
free water. The tubes were then treated with 1.5 U of
RNase-free DNase (MAXI Script kit; Ambion, Austin,
TX) at 378C for 30 min. RNA was stored at �808C
until analysis. The yield of RNA was determined
using UV-spectrometry (260 and 280 nm).

The RT-PCR assay was based on the GeneAmp
Gold RNA PCR Reagent Kit (Applied Biosystems,
Foster City, CA). The primers for mouse DYN-2 were
CAG TTT GGA GTG GAC TTT GAG AAGC (forward)
and AGA CAG GGC TCT TTC AGC TTG ACC (back-
ward) corresponding to bases 131 to 155 and 1,379 to
1,402 (272-bp product) (GenBank, L31398).

The reverse transcription reaction used 0.2 mg of
spinal RNA. The two-step RT reaction mixture
contained 1.25 mM random hexamers, 2.5 mM MgCl2,
250 mMdNTP blend, 10 U/20 ml RNase inhibitor, 10 mM
DTT, 15 U/20 ml MultiScribe reverse transcriptase and
1� RT-PCR buffer (Applied Biosystems, Foster City,
CA). Total volume was brought to 20 ml with RNase-free
water and tubes placed in a Techne Progene thermal
cycler (Techne, Princeton, NJ) at 258C for 10 min, fol-
lowed by 428C for 12 min. The product of the RT step
was added to the PCR reaction mix (0.15 mM upstream
primer and 0.15 mM downstream primer, 1.75 mM
MgCl2, 200 mM dNTP blend, 2.5 U/50ml AmpliTaq Gold
DNA polymerase, and 1� RT-PCR buffer). Total volume

is brought to 50 ml with diethyl pyrocarbonate treated
water. A wax bead was placed in each tube to prevent
evaporation. Tubes were then placed in the cycler under
the following conditions: a 10-min incubation at 958C,
followed by amplification for 30 cycles at 948C for 20 sec
and 628C for 1 min, followed by a final extension at 728C
for 7 min. Tubes were brought to 48C, 1 ml 10� loading
dye (Ambion) was added to each tube, and then a 10-ml
aliquot containing amplified product was loaded on 1.8%
agarose gel and electrophorised (100 V, 60 min). The
agarose gel was stained in 0.5 mg/ml Ethidium Bromide
for 1 h. The RT-PCR assay yielded the predicted size
amplification products for DYN-2 (272 bp). A standard
curve for DYN-2 using 0.05, 0.1, 0.2, and 0.4 mg of total
RNAwas included in each assay so as to validly estimate
percentage changes in target mRNAs. The standard
curves were used to convert optical densities to arbitrary
RNA units for DYN-2 amplified products.

Drugs

Etorphine hydrochloride and corresponding placebo
pellets were obtained from Research Triangle Insti-
tute (Research Triangle Park, NC) through the
Research Technology Branch of the National Institute
on Drug Abuse. Etorphine were dissolved in 0.9% sal-
ine and doses are expressed as the base.

Data analysis

The gel images were digitized (Gel-Pro version 3.0)
and bands analyzed for optical density. Optical densities
from Western blot data or RT-PCR data were converted
to protein or RNA equivalents using the standard curves
and evaluated using t test or ANOVA (P < 0.05) with
appropriate post-hoc comparisons (Fisher LSD test).

RESULTS

Continuous etorphine treatment produced a dose-
dependent (F5,121 ¼ 4.9, P < 0.05) increase in DYN-2
protein abundance in mouse spinal cord (Fig. 1A). Lower
dose infusions of etorphine (50–150 mg/kg/day) had no
effect on DYN-2 protein abundance. Continuous treat-
ment with higher etorphine doses (200, 250 mg/kg/day)
significantly (Fisher LSD test, P < 0.05) increased
DYN-2 immunoreactive abundance in mouse spinal
cord (þ32%, þ46%). Control studies indicated that the
highest dose of etorphine (250 mg/kg/day) treatment
had no effect (t < 1.0; P > 0.05) on actin protein abun-
dance (Fig. 2). The standard curves for DYN-2 (Fig. 1C)
and actin protein (Fig. 2) were linear and included the
range of optical densities employed for unknowns.

In radioligand binding studies, continuous treatment
with etorphine (50–250 mg/kg/day) dose-dependently
(F5,59 ¼ 19.8, P < 0.05) decreased mOR density in
mouse spinal cord (Fig. 1A). The density of mOR was
significantly (Fisher LSD test, P < 0.05) reduced for
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the 200–250 mg/kg/day dosing groups compared to the
control. Finally, continuous treatment with etorphine
dose-dependently (F5,69 ¼ 4.1, P < 0.05) decreased
DYN-2 mRNA abundance (Fig. 1B). High infusion
doses of etorphine (200 and 250 mg/kg/day) significantly
(Fisher LSD test, P < 0.05) decreased DYN-2 mRNA
abundance (�23%, �26%, respectively) in mouse spinal
cord, but lower doses of etorphine (50–150 mg/kg/day)
had no effect on DYN-2 mRNA. The standard curves for
DYN-2 mRNA (Fig. 1D) were linear and included the
range of optical densities for unknowns.

DISCUSSION

High-efficacy opioid agonists have been shown to
induce internalization and down-regulation of mOR in
cell culture and in the intact animal (Whistler and
von Zastrow, 1998; Yoburn et al., 1993; Tao et al.,
1989). Since regulation of mOR is associated with
changes in trafficking protein abundance, it has been

suggested that they may play a role in agonist-
mediated receptor internalization and down-regula-
tion of opioid receptors (Whistler and von Zastrow,
1998; Zhang et al., 1998; Patel et al., 2002a). Consis-
tent with this possibility, studies have shown that
expression of dominant negative mutants of DYN in
HEK 293 cells inhibited opioid agonist-induced mOR
internalization (Zhang et al., 1998; Whistler and von
Zastrow, 1998).

In the intact mouse spinal cord, agonist-induced mOR
down-regulation is accompanied by an increase in DYN-
2 protein abundance (Patel et al., 2002a,b; Yoburn et al.,
2004), while antagonist-induced mOR up-regulation is
associated with a decrease in DYN-2 abundance
(Rajashekara et al., 2003). These changes in DYN-2
abundance may alter the rate of mOR internalization
and thus affect mOR density. While there is currently no
direct way to regulate DYN-2 levels in vivo, evaluating
the dose-dependent changes in DYN-2 and mOR density
is one strategy to evaluate the role of DYN-2 in mOR

Fig. 1. A: Effect of etorphine treatment on DYN-2 protein abun-
dance (left axis) and mOR down-regulation (right axis) in mouse
spinal cord. B: Effect of etorphine treatment on DYN-2 mRNA abun-
dance. C,D: Representative standard curves for DYN-2 Western blots
and DYN-2 RT-PCR assays, respectively. Mice (n ¼ 5–8/treatment, 2–
3 independent experiments) were continuously infused (sc) for 7 days
with etorphine (50, 100,150, 200, and 250 mg/kg/day). Controls were

implanted with placebo pellets. At the end of treatment, mice were
sacrificed and individual spinal cords were collected for Western blot
or RT-PCR studies. For radioligand binding assays (n ¼ 6/treatment,
1–2 independent experiments), pumps and pellets were removed, and
16 h later individual spinal cords collected for [3H]DAMGO binding
(see Methods). Data are expressed as the mean � SEM of all experi-
ments. *Significantly different from control (P < 0.05).
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regulation. Using this approach, Rajashekara et al.
(2003) have shown that naloxone dose-dependently
increases mOR density while decreasing DYN-2 abun-
dance in the mouse spinal cord. However, to date, the
regulation of DYN-2 and mOR density by opioid agonists
in the intact mouse has been studied using one infusion
dose of etorphine (Patel et al., 2002b; Yoburn et al.,
2004). Therefore, the current study examined the dose-
dependent effects of etorphine on mOR density, DYN-2
protein, and mRNA abundance in mouse spinal cord.

Etorphine produced a dose-dependent increase in
DYN-2 abundance and a dose-dependent decrease in
mOR density. In order to probe the relationship between
DYN-2 abundance and etorphine-induced regulation of
mOR, the correlation between these two outcomes was
examined (Fig. 3). There was a significant correlation
between DYN-2 abundance and mOR down-regulation
in mouse spinal cord. This result supports a role for
DYN-2 in etorphine-induced mOR down-regulation in
mouse spinal cord. It is likely that the reduction in radi-
oligand binding represents receptor degradation since
recent studies indicate that a decrease in [3H] DAMGO
binding in mouse spinal cord is associated with a reduc-
tion in immunoreactive mOR abundance (Yoburn et al.,
2004). Despite the fact that etorphine produces mOR
down-regulation, it is important to note that down-reg-
ulation is not required for opioid tolerance (Duttaroy
and Yoburn, 1995; Stafford et al., 2001). However, mOR
down-regulation enhances the magnitude of tolerance
in vivo (Stafford et al., 2001).

In contrast with the increase in DYN-2 protein abun-
dance, etorphine-induced a significant dose-dependent
decrease DYN-2 mRNA levels. This result agrees with
our prior findings indicating an inverse relationship
between DYN-2 protein and mRNA abundance (Patel
et al., 2002b). It is possible that this reduction in mRNA
is a consequence of feedback inhibition of transcription
(Patel et al., 2002b).

In summary, continuous etorphine treatment dose-
dependently regulated mOR density and DYN-2 abun-
dance in mouse spinal cord. The current results suggest

Fig. 2. Effect of etorphine treatment on actin abundance in
mouse spinal cord. Mice (5/group) were infused with etorphine
(250 mg/kg/day) for 7 days. Controls were implanted with a placebo
pellet. At the end of treatment, mice were sacrificed and spinal

cords were collected for Western blot studies. The data are the
mean (�SEM) percent of control from two independent studies.
Inset: A typical actin standard curve (4, 8, 16, and 32 mg of total
protein).

Fig. 3. Correlation between mOR down-regulation and DYN-2
protein abundance in mouse spinal cord. mOR down-regulation data
represent the mean percent decrease from control. DYN-2 data are
the mean percent increase relative to control. The correlation is sta-
tistically significant (r2 ¼ 0.97, P < 0.05).
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that DYN-2 mediated internalization may be necessary
for agonist-induced down-regulation of mOR. Taken
together, with previous results using opioid antagonists
(e.g., Rajashekara et al., 2003), these data suggest that
changes in the trafficking protein DYN-2 induced by
opioid agonists and antagonists may contribute to mOR
regulation in the intact mouse.
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