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ABSTRACT  Although opioid receptors are G-protein coupled, the role that specific
G-protein subunits play in the development of opioid tolerance and the regulation of
opioid receptor number is not well understood. In the present study, we used a Gj,o
antisense oligodeoxynucleotide (ODN) to examine the contribution of G;,, proteins to
w-opioid tolerance and receptor downregulation in the mouse. Mice were injected intrac-
erebroventricularly (ICV) and into the spinal intrathecal space (IT) for 4—5 consecutive
days (30 pg/site/day), with an antisense ODN or a mismatch ODN directed at mRNA for
the G, 5 subunit of G-proteins. Controls were treated with dH,O. On the second day of
ODN treatment continuous subcutaneous (SC) infusion of etorphine (200 png/kg/day) or
morphine (40 mg/kg/day + 25 mg pellet) was begun. Control mice were implanted with
inert placebo pellets. Three days later, pumps and pellets were removed and mice were
tested for morphine analgesia or p-opioid receptor density was determined in whole
brain. Etorphine produced significant tolerance (EDj, shift = ~11-fold) and downregu-
lation of p-opioid receptors (=25%). Morphine treatment produced significant tolerance
(EDj, shift ~9-fold), but no p-opioid receptor downregulation. Antisense treatment
reduced G, protein levels in striatum and spinal cord by ~25%. G, . antisense reduced
the acute potency of morphine. G, o antisense blocked the development of tolerance to
morphine treatment and reduced the development of tolerance to etorphine treatment.
Antisense did not have any effect on etorphine-induced p-opioid receptor downregula-
tion. In another experiment, 7-day treatment with morphine or etorphine similarly
increased G;,, mRNA and protein abundance in spinal cord. Overall, these results
support an important role for G, ,-protein in the acute effects of opioids and opioid
tolerance. However, G,,. is not required for agonist-induced p-opioid receptor density
regulation in vivo. Synapse 47:109-116, 2003. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Opioid receptors are coupled to guanine-nucleotide
binding proteins (G-proteins). These proteins are re-
quired for many intracellular signaling events (Gomes
et al., 2002; Sanchez-Blazquez et al., 1995, Rossi et al.,
1995, Raffa et al., 1994). Interference with the function
of G-proteins has been shown to reduce the acute po-
tency of opioid agonists and to inhibit tolerance and
dependence (Gomes et al., 2002; Parolaro et al., 1990).
Conversely, pertussis toxin (PTX) treatment, which re-
duces opioid tolerance and the acute potency of opioids,
does not interfere with opioid agonist-induced p-opioid
receptor downregulation in vivo (Gomes et al., 2002).
Similarly, cell culture studies have found that G-pro-
teins are not a requirement for receptor downregula-
tion (Zaki et al., 20001 Law et al., 1985; Kato et al.,
1998; Yabaluri and Medzihradsky, 1997).

© 2002 WILEY-LISS, INC.

Opioid agonist-induced receptor downregulation de-
pends upon the intrinsic efficacy of the agonist. Many
studies have reported that high intrinsic efficacy opioid
agonists (e.g., etorphine) will produce p-receptor inter-
nalization and downregulation in cell culture and
whole animal, while low intrinsic efficacy agonists (e.g.,
morphine) do not (Gomes et al., 2002; Shen et al., 2000;
Zaki et al., 2000; Whistler et al., 1999). Although opioid
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tolerance does not depend upon receptor downregula-
tion (receptor density-independent mechanisms), re-
cent data (Stafford et al., 2001) supports a role for
decreased p.-opioid receptor density in tolerance (recep-
tor density-dependent mechanisms). At present, it is
not clear at what point in intracellular signaling the
message for downregulation and receptor density-inde-
pendent mechanisms of tolerance diverge.

It is generally agreed that morphine and etorphine
produce their effects through the same second-messen-
ger systems. Since both agonists produce substantial
tolerance and etorphine causes downregulation, while
morphine does not (Shen et al., 2000; Gomes et al.,
2002; Keith et al., 1996), it is likely that tolerance and
downregulation depend upon separate and, perhaps,
overlapping mechanisms. In the present study, we
used an antisense approach to examine the role of a
specific G-protein subunit (G;,,) in opioid tolerance and
w-opioid receptor downregulation in the intact mouse.
G2 has been suggested to play a particularly impor-
tant role in mediating p-opioid receptor signaling of
many opioid agonists (Standifer et al., 1996).

MATERIALS AND METHODS
Subjects

Male, Swiss-Webster mice (22—40 g) from Taconic
Farms (Germantown, NY) were used in all experi-
ments. The animals were housed 10 per cage with free
access to food and water for at least 24 h prior to
experimentation. Mice were used only once.

Procedure

To examine the effects of chronic opioid treatment on
G;,» abundance and transcription, mice were treated
with morphine or etorphine for 7 days. Mice were im-
planted subcutaneously (SC) with an osmotic minipump
(1 wl/h) that infused etorphine (200 pg/kg/day). For mor-
phine treatment, mice were implanted SC with an os-
motic minipump (1 wl/h) that infused morphine (40 mg/
kg/day) plus one 25 mg morphine implant pellet. Controls
were implanted with placebo pellets. The pumps and
pellets were implanted at the nape of the neck while mice
were lightly anesthetized with halothane:oxygen (4:96%).
Following 7 days of treatment with etorphine, morphine,
or placebo, mice were sacrificed and the spinal cord col-
lected for quantitative immunoblot or reverse transcrip-
tase — polymerase chain reaction (RT-PCR) assays (see
below).

For antisense studies, mice were injected intracere-
broventricularly (ICV) and into the spinal intrathecal
space (IT), as described previously (Yoburn et al.,
1988). Mice were anesthetized briefly with halothane:
oxygen (4:96%) prior to ICV and IT injections. ICV
injections (4 pl) were directed to the right lateral ven-
tricle ~2 mm caudal and ~2 mm lateral to bregma at a
depth of 3 mm. IT injections (2 pl) were by lumbar
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puncture. Mice treated with ODNs were injected ICV
and IT (30 ng/site/day, total dose 60 wg/mouse) every
24 h for 4 (morphine) or 5 (etorphine) consecutive days
with either an antisense ODN (5'CTT GTC GAT CAT
TTT AGA-3') (Shen et al., 1998; Standifer et al., 1996)
complementary to murine G;,, mRNA (43rd-60th nu-
cleotides following ATG start site) or a mismatch ODN
(5'-TCT TGC GAT CTA TTT AAG-3’; underline repre-
sents bases with reversed order compared to anti-
sense). Controls were treated on the same schedule
with distilled water. On the second day of ODN treat-
ment, chronic treatment with etorphine (200 pg/kg/
day) or morphine (40 mg/kg/day infusion + 25 mg
morphine pellet) was begun. Controls were implanted
with a single inert placebo pellet.

The pumps and pellets were removed 72 h following
the start of morphine, etorphine, or placebo treatment
in the ODN study. The shorter exposure time to mor-
phine and etorphine in this antisense study was em-
ployed to limit the number of IT and ICV ODN injec-
tions. We have previously shown (Shen et al., 2000)
that this protocol effectively produces tolerance and
receptor regulation. Etorphine treated mice and con-
trols were injected a fifth time with ODN or dH,O when
pellets and pumps were removed, while morphine-
treated mice were not. Sixteen hours after termination
of etorphine infusion and 4 h after the end of morphine
treatment, mice were tested for morphine antinocicep-
tion or mice were sacrificed and whole brain removed
for p-opioid receptor binding studies (see below). The
interval between termination of treatment and binding
studies was used to allow for elimination of residual
agonist, as reported previously (Yoburn et al., 1993).
Other mice were sacrificed, striatum and spinal cords
removed, and samples prepared for Western blot.

RT-PCR

Total RNA was extracted from mouse spinal cord
(n = 3/treatment) using TRIzol reagent according
to the manufacturer’s instructions (Invitrogen Corp,
Carlsbad, CA). Yeast tRNA (12.5 pg) was added as a
carrier to facilitate the precipitation of RNA. The yield
of RNA was determined using UV spectrometry (260
nm and 280 nm). RNA was stored at —80°C until anal-
ysis.

The RT-PCR assay was carried out using thermo-
stable rTth RNA PCR kit (Perkin Elmer Applied Bio-
systems, Foster City, CA) according to the manufactur-
er’s instructions (see Shen et al., 1998). The primers
(Midland Certified, Midland, TX) for mouse G, were
TGA GGA TGA GGA GAT GAA CCGC (Forward) and
AAC ACA AAC TGC ACG TTC TTGG (Backward) cor-
responding to bases 805-826 and 1086-1107 (302 bp
product). Following amplification, tubes were brought
to 4°C, 1 pl loading dye (Ambion, Austin, TX) was
added to each tube, and a 5pl aliquot was loaded on
1.8% agarose gels and electrophoresed (85 V, 1 h). DNA



Gi4o-PROTEIN AND M-OPIOID RECEPTOR REGULATION

products were then visualized with UV light and cap-
tured using FluorChem v. 2.0 Imaging System (Alpha
Innotech, San Leandro, CA). The gel image was digi-
tized (Gel-Pro v. 3.0) and bands analyzed for optical
density. A standard curve for G;,, mRNA using in-
creasing amounts of total RNA (0.06—-0.5 pg) was in-
cluded in each gel assay. This allowed conversion of
optical density into valid estimates of percent changes
in mRNA. The unknowns were included in the linear
range of optical densities for standards.

Western blot assay

At the end of treatment (16 h following 5 days of
ODN treatment; or following 7-day morphine or etor-
phine treatment), spinal cord and striatum were rap-
idly removed and homogenized (Brinkman Polytron
Homogenizer, 20,000 rpm 30 sec) in ice-cold 50 mM
Tris buffer and centrifuged at 20,000 rpm (2°C) for 15
min. The pellet was resuspended in ice-cold Tris buffer
and stored at —80°C until analysis. The homogenate
was thawed on ice and an aliquot was assayed for
protein using the Bradford (1976) assay with reagents
purchased from Bio-Rad (Richmond, CA). Samples for
Western analysis were initially diluted in sample
buffer (4—-10% SDS, 1% B-mercaptoethanol, 20% glyc-
erol, loading dye; in 125 mM Tris). Final sample con-
centrations for loading were diluted using lysis buffer
(1 mM sodium orthovanidate, 2% SDS in 12.5 mM
Tris), and the samples were boiled for 5 min.

An aliquot (8 pl, 14-25 g protein) of the boiled
sample (one spinal cord / lane; or four pooled pairs of
striata/lane) was loaded on polyacrylamide gels (Pager
Gels 10% Tris-Glycine; Biowhittaker Molecular Appli-
cations, Rockland, ME) and electrophoresed at 0.02
Amp for 85 min. Proteins were transferred onto PVDF
membranes (Bio-Rad). Nonspecific binding sites on the
membrane were blocked by overnight incubation in
blocking buffer at room temperature (0.2% Aurora™
blocking reagent: 1X phosphate-buffered saline, 0.1%
Tween-20; ICN Biomedicals, Costa Mesa, CA) followed
by incubation (1 h, 24°C) with primary (1:750) mouse
G;,2 antibody (Chemicon, Temecula, CA) in blocking
buffer. Membranes were washed in blocking buffer and
incubated for 1 h with goat antimouse alkaline phos-
phate-conjugated secondary antibody (Santa Cruz Bio-
technologies, Santa Cruz, CA) diluted in blocking
buffer (1:5,000). The blot was washed and visualized
with chemiluminescence (Aurora™ Western Blotting
kit, ICN Biomedicals). The image was captured (Flu-
orChem v. 2.0 Imaging System; Alpha Innotech) and
quantitated (GelPro 3.0) for optical density. A standard
curve (minimum three points) using increasing concen-
trations (8—18 ng) of recombinant G;,, protein (Santa-
Cruz Biotech) was included in each gel. This allows the
conversion of optical density into valid estimates of
percent changes in protein.
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Analgesia assay

Analgesia (antinociception) was determined using
the tail flick assay in which a beam of light was focused
on the dorsal tail surface approximately 2 cm from the
tip of the tail (Shen et al., 1998; D’Amour et al., 1941).
The intensity of the light was adjusted so that baseline
flick latencies were 2—4 sec. If a mouse failed to flick its
tail by 10 sec during morphine dose-response testing,
the test was terminated and the mouse was defined as
analgesic. Mice were tested for analgesia 30 min fol-
lowing morphine administration. All testing was con-
ducted in a blind manner.

A cumulative dose-response protocol was used for all
studies. All mice in a treatment group (n = 7 per group)
were injected SC with a starting dose (0.5 mg/kg) of
morphine and tested for antinociception 30 min later.
All mice that were not analgesic were given a second
dose of morphine within 5 min of testing and tested for
antinociception again 30 min later. This cumulative
dose-response procedure was continued until all mice
were analgesic (0.5 mg/kg increment, range of doses =
0.5—-45.5 mg/kg). The morphine doses used were deter-
mined in a previous study (Duttaroy et al., 1997).

r-Opioid receptor binding

Whole brain was rapidly removed, weighed, and ho-
mogenized in 80 volumes of ice-cold 50 mM Tris buffer
(pH 7.4). Homogenates were centrifuged at 15,000 rpm
for 15 min, the supernatant discarded, and the pellet
resuspended in buffer and centrifuged again. The pel-
let was resuspended and incubated (30 min at 25°C),
centrifuged a third time, and finally resuspended in
20-80 volumes of phosphate buffer (50 mM, pH 7.2).
An aliquot (200 pl) of the homogenate was assayed in
triplicate in tubes containing 0.04-5.0 nM [H?] [D-
Ala®?, N-MePhe*, Gly-ol®] enkephalin (DAMGO). Non-
specific binding was determined in the presence of
1,000 nM levorphanol. Tubes were incubated for 90
min at 25°C. Incubation was terminated by ice-cold
phosphate buffer followed by filtration over GF/B glass
fiber filters. Filters were transferred to vials and scin-
tillation cocktail was added and vials were counted.
Counts per minute (cpm) were converted to disintegra-
tions per minute (dpm) using the external standard
method. Protein was determined using the Bradford
(1976) method. Each treatment was examined in 2—4
binding experiments.

Drugs and reagents

Etorphine HCI, morphine pellets, and inert placebo
pellets were obtained from the Research Triangle In-
stitute (Research Triangle Park, NC). Morphine sulfate
was obtained from Penick Laboratories (Newark, NdJ).
[*H] DAMGO was obtained from NEN Lifesciences
(Boston, MA). ODNs were synthesized by Midland Cer-
tified Reagent Co. (Midland, TX). All compounds were
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Fig. 2. The effect of chronic morphine (A) and etorphine (B) on
G, .- protein abundance in spinal cord. Etorphine-treated (200 wg/kg/
day), morphine-treated (40 mg/kg/day + one 25 mg morphine pellet),
and control (placebo) were infused sc for 7 days (n = 6/group). At the
end of treatment spinal cords were removed and levels of G, , were

dissolved in normal saline (0.9%), except the ODNs,
which were dissolved in distilled water. Doses were
calculated as the free base.

Data analysis

Dose-response data were analyzed by probit analy-
sis (Finney, 1973) using a computerized program that
estimated the EDy,’s, standard errors, and 95% confi-
dence limits. Statistical differences among dose-re-
sponse parameters were analyzed based on the results
of probit analysis using the Z-test. B, ., and K; were
obtained from saturation studies using nonlinear re-
gression analysis (Prism 3.0, Graphpad software, San
Diego, CA). All saturation data were best fit by a one-
site model. Significant differences (P < 0.05) among the
groups were analyzed using ANOVA and appropriate
post-hoc tests.

RESULTS
Opioid agonist-induced changes in G, ., protein
and mRNA abundance

A typical standard curve for RT-PCR assays is
shown in Figure 1A (from three assays mean = SD

Placebo Etorphine

determined using Western blotting. Insets are representative blots
(P = placebo; E = etorphine; M = morphine). Data are mean = SEM
from six independent experiments. *Significantly different from pla-
cebo (P < 0.05).

r®> = 0.95 + 0.01) and a representative standard

curve for Western blot assays is shown in Figure 1B
(from six assays mean * SD r? = 0.98 = 0.01). In
both cases, linear or log-linear (RT-PCR, Fig. 1A)
functions fit the data well.

Chronic treatment (7 days) with both morphine and
etorphine significantly increased the abundance of G,
(=~50%, =~34%,) in spinal cord (Fig. 2). Similarly,
mRNA abundance of G, , was significantly increased
for both morphine- and etorphine-treated groups
(~128%, ~121%) in spinal cord (Fig. 3). Thus, both
morphine and etorphine similarly upregulated G;,,.

Effect of antisense on G, , protein abundance
in spinal cord and the striatum

Western blot analysis indicated that G;,, antisense
treatment significantly reduced target protein abun-
dance in striatum by ~25%, whereas mismatch had no
effect (Fig. 4). Similar results were obtained for the
spinal cord (data not shown). Thus, antisense treat-
ment appeared effective at both injections sites in brain
(striatum) and spinal cord.
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Fig. 3. The effect of chronic morphine (A) and etorphine (B) on
G,., mRNA abundance in spinal cord. Etorphine-treated (200 pg/kg/
day), morphine-treated (40 mg/kg/day + one 25 mg morphine pellet),
and control (placebo) were infused sc for 7 days (n = 3/group). At the
end of treatment spinal cords were removed and mRNA levels of G, ,

Fig. 4. The effect of oligodeoxynucleotide treatment on G,,
protein abundance in mouse striatum. Mice were injected with
G, antisense for 5 successive days with dH,O, mismatch, or
antisense (n = 3/group) as described. 16 h following the final
injection, mice were sacrificed, brain removed, and striatum dis-
sected and G, protein abundance determined using using West-
ern analysis. Results are mean * SEM from two combined, inde-
pendent experiments. *Significantly different from control and
mismatch (P < 0.05). The inset is a representative blot (control,
Mis = mismatch, AS = antisense).

Percent of Control

Effect of G;,, antisense on morphine analgesic
potency and tolerance

Baseline tail flick latencies did not differ signifi-
cantly between saline and G, antisense-treated
mice. Daily G, antisense treatment significantly
reduced morphine’s analgesic potency by ~3-fold,
whereas mismatch had no effect (Figs. 5, 6; second
and third bars). Both etorphine infusion and mor-
phine treatment produced significant tolerance to
morphine analgesia (Figs. 5, 6; fourth bar). When
antisense and opioid agonist treatment was com-
bined, there was significantly reduced development
of tolerance. G;,, antisense treatment appeared to
completely block morphine-induced tolerance rela-
tive to the G,,, antisense-placebo group (Fig. 5),
whereas etorphine induced tolerance was partially
blocked (Fig. 6). The mismatch ODN did not alter
tolerance to morphine or etorphine.
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were determined using RT-PCR. Insets are representative blots of
G, amplification product after morphine and etorphine. (P = pla-
cebo; E = etorphine; M = morphine). Data are mean = SEM from
three independent experiments. *Significantly different from placebo
(P < 0.05).
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Effect of G;,, antisense on p-opioid receptor
density in brain

G,,» antisense and mismatch did not alter p-opioid
receptor density in placebo-treated mice (Fig. 7). Con-
tinuous etorphine infusion (200 wg/kg/day) produced a
significant decrease (28%) in w-receptor B, with re-
spect to control. K ’s were not significantly or system-
atically changed from control by etorphine, morphine,
or ODN treatment (range of Ky's = 0.8—1.4 nM). When
antisense and etorphine treatments were combined,
G2 antisense treatment did not alter downregulation
produced by etorphine. As previously reported (Yoburn
et al., 1993), morphine treatment did not cause any
change in receptor density. When morphine treatment
was combined with G;,, antisense there was no signif-
icant change in the B, ,, or K;. Thus, knockdown of
G2 protein did not block downregulation of w-opioid
receptors induced by etorphine.
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Fig. 5. The effect of G, , antisense on morphine-induced tolerance.
Mice were injected with G, antisense for 4 successive days. On day
2, morphine treatment was started. Morphine treatment was termi-
nated after 72 h and morphine ED,’s determined (see Methods). Data
are presented as the ED;, shift, which is the ratio of the ED;, of the
treated groups to that of the control (saline-placebo). Each bar repre-
sents the ED; shift (= SEM) from a single study (n = 7/group). The
mean ED, for the control group was 1.92 * 1.14 mg/kg. *Significantly
different from the control (saline-placebo). "Significantly different
from G, ,-Antisense-Placebo. *Significantly different from Saline—
Morphine and Mismatch—Morphine groups (P < 0.05). Sal = saline,
Mis = mismatch, Gi = G, ,-antisense. Similar results were found in
a separate independent experiment.

DISCUSSION

It is well established that chronic morphine and etor-
phine treatment induce significant tolerance to the an-
algesic (and other) effects of opioids (e.g., Law et al.,
2000; Williams et al., 2001). However, only high intrin-
sic efficacy opioid agonists produce p-opioid receptor
downregulation (e.g., Shen et al., 2000; Yoburn et al.,
1993). In the present study, we have shown that
chronic treatment with morphine or etorphine pro-
duced tolerance and selective p-opioid receptor down-
regulation. Antisense-induced reduction of G, protein
abundance resulted in decreased acute effects of mor-
phine and inhibition of opioid tolerance. However, G, o
antisense had no effect on etorphine-induced p-opioid
receptor downregulation. On the other hand, both ago-
nists upregulated G, o-protein abundance and mRNA
in spinal cord. These results suggest that G, , plays an
important role in a select group of receptor mediated
effects, but not in receptor downregulation.

Chronic morphine and etorphine treatment in-
creased G o-protein abundance and mRNA in mouse
spinal cord. Although regulation of G-protein subunits
by opioids has been reported previously (Kaewsuk et
al., 2001; Vogel et al., 1990; Terwilliger et al., 1991;
Nestler et al., 1989), the fact that both morphine and
etorphine produce tolerance and that both agonists
similarly regulate G, suggests that selective receptor
downregulation by etorphine is mediated indepen-
dently of G;.5. The failure of G, , antisense to interfere
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Fig. 6. The effect of G, , antisense on etorphine-induced tolerance.
Mice were injected with G, antisense for 5 successive days. On day
2, etorphine treatment was started. Etorphine treatment was termi-
nated after 72 h and morphine ED,’s determined (see Methods). Data
are presented as the ED;, shift, which is the ratio of the ED;, of the
treated groups to that of the control (saline-placebo). Each bar repre-
sents the ED; shift (= SEM) from a single study (n = 7/group). The
mean ED,, for the control group was 1.94 + 1.15 mg/kg. *Significantly
different from the control (saline-placebo). "Significantly different
from G, ,-Antisense-Placebo. *Significantly different from Saline—
Etorphine and Mismatch—Etorphine (P < 0.05). Sal = saline, Mis =
mismatch, Gi = G, ,-antisense. Similar results were found in a sep-
arate independent experiment.

with etorphine-induced downregulation supports this
suggestion.

The lack of effect of G, 5 antisense on downregulation
cannot be attributed to ineffectiveness of the ODN.
Antisense to G, reduced the abundance of this protein
in brain (striatum) and spinal cord and reduced the
acute analgesic potency of systemic morphine. In addi-
tion, antisense to G,,, reduced tolerance following
chronic etorphine treatment and eliminated tolerance
following chronic morphine treatment. Our results con-
firm and extend previous reports implicating G-pro-
teins in acute and chronic opioid effects such as toler-
ance and dependence in vivo (Gomes et al., 2002;
Funada et al., 1993; Parolaro et al., 1990; Raffa et al.,
1994; Sanchez-Blazquez et al., 1994, 1997; Shen et al.,
1998; Standifer et al., 1996).

Overall, the present results are consistent with an in
vivo study that employed PTX to inactivate G, pro-
teins (Gomes et al., 2002). In that report, PTX reduced
the acute effects of opioids and inhibited tolerance, but
did not affect etorphine-induced downregulation. Sim-
ilarly, cell culture studies suggest only partial involve-
ment of G-proteins in p-opioid receptor downregulation
(Zaki et al., 2000; Kato et al., 1998; Yabaluri and
Medzihradsky, 1997; Law et al., 1985).

While opioid receptors are characterized as G-pro-
tein-coupled receptors, agonist-induced receptor down-
regulation does not depend on G; . or on PTX-sensitive
G-proteins (Gomes et al., 2002). At present, it is not
clear how agonist-induced p-opioid receptor downregu-
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Fig. 7. The effect of G, ,-Antisense on p.-opioid receptor density in
brain following etorphine or morphine treatment. Mice were treated
as described in Figures 5 (morphine) and 6 (etorphine). Each bar is the
mean (= SEM) percent of control B, .. (saline-placebo) from 2-4
experiments (n = 3/group). The mean B_, of the control groups was
254 *+ 20 fm/mg protein. *Significantly different from control (P <
0.05). Sal = saline, Mis = mismatch, Gi = G,_,-Antisense.

ia2

lation is mediated. However, a previous study reported
that opioid antagonist-induced upregulation is also in-
dependent of PTX-sensitive G-proteins (Chang et al.,
1991). Thus, we propose that opioid receptor regulation
in vivo is generally independent of G-protein signaling.
It remains to be determined if PTX-insensitive G-pro-
teins mediate receptor regulation.

Since G-proteins appear to play a minimal role in
w-opioid receptor regulation, other mechanisms must
be important in opioid agonist-induced receptor regu-
lation. It is possible that some opioid agonists (etor-
phine) are able to place the p-opioid receptor into a
conformation that is targeted for downregulation and
simultaneously activate G-protein coupled second-mes-
senger signaling. Other agonists (morphine) appar-
ently are effective only in activating G-protein-coupled
signaling. These conformational variations may result
in differences in suitability as a substrate for G-protein
receptor kinases (GRKs) and B-arrestin. Previous stud-
ies in which morphine causes internalization of the
w-opioid receptor when GRK or B-arrestin are overex-
pressed in cells (Whistler and Von Zastrow, 1998;
Zhang et al., 1998) are consistent with the suggestion
that morphine-activated p-receptors are a less than
optimal target for B-arrestin and GRKs. Similarly, re-
cent studies indicate that the B, adrenergic receptor
has distinct conformations for agonists, partial ago-
nists, and antagonists (Ghanouni et al., 2001). Lastly,
it is also possible that assorted intrinsic efficacy ago-
nists may differentially regulate trafficking proteins
(GRKs, B-arrestin, Dyanmin) such that internalization
and downregulation is favored.

Treatment with antisense reduced etorphine-in-
duced tolerance and eliminated morphine-induced tol-
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erance. These results strongly suggest that G-protein
function, and in particular G, function, is critical to
the development of tolerance. It is likely that the com-
plete block of morphine tolerance is related to the re-
duction of intracellular signaling and consequent re-
duced desensitization of the p.-receptor. The incomplete
block of etorphine-induced tolerance by antisense
treatment may be due to w-opioid receptor downregu-
lation that was unaffected by antisense. Thus, etor-
phine produces tolerance via receptor downregulation
and via receptor desensitization. These data support
the role of both receptor density-dependent and recep-
tor density-independent mechanisms of tolerance and
agree with previous results using antisense to PKA
(Shen et al., 2000).

Taken together, this study supports a role for G-
proteins, such as G,,s, in the development of receptor
density-independent mechanisms of tolerance and the
acute effects of opioids. However, PTX-sensitive G-pro-
teins, and G, in particular, have minimal impact on
agonist-induced p-opioid receptor downregulation in
V1vo.
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