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LTRA-LOW-DOSE NALOXONE SUPPRESSES OPIOID TOLERANCE,
EPENDENCE AND ASSOCIATED CHANGES IN MU OPIOID

ECEPTOR–G PROTEIN COUPLING AND G�� SIGNALING
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bstract—Opiates produce analgesia by activating � opioid
eceptor-linked inhibitory G protein signaling cascades and
elated ion channel interactions that suppress cellular activ-
ties by hyperpolarization. After chronic opiate exposure, an
xcitatory effect emerges contributing to analgesic tolerance
nd opioid-induced hyperalgesia. Ultra-low-dose opioid an-
agonist co-treatment blocks the excitatory effects of opiates
n vitro, as well as opioid analgesic tolerance and depen-
ence, as was demonstrated here with ultra-low-dose nalox-
ne combined with morphine. While the molecular mecha-
ism for the excitatory effects of opiates is unclear, a switch

n the G protein coupling profile of the � opioid receptor and
denylyl cyclase activation by G�� have both been sug-
ested. Using CNS regions from rats chronically treated with
ehicle, morphine, morphine�ultra-low-dose naloxone or ul-
ra-low-dose naloxone alone, we examined whether altered �
pioid receptor coupling to G proteins or adenylyl cyclase
ctivation by G�� occurs after chronic opioid treatment. In
orphine-naïve rats, � opioid receptors coupled to Go in

triatum and to both Gi and Go in periaqueductal gray and
pinal cord. Although chronic morphine decreased Gi/o cou-
ling by � opioid receptors, a pronounced coupling to Gs
merged coincident with a G�� interaction with adenylyl cy-
lase types II and IV. Co-treatment with ultra-low-dose nalox-
ne attenuated both the chronic morphine-induced Gs cou-
ling and the G�� signaling to adenylyl cyclase, while in-
reasing Gi/o coupling toward or beyond vehicle control
evels. These findings provide a molecular mechanism un-
erpinning opioid tolerance and dependence and their atten-
ation by ultra-low-dose opioid antagonists. © 2005 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: morphine, antinociception, withdrawal, signal
ransduction, adenylyl cyclase.

Corresponding author. Tel: �1-212-650-8813; fax: �1-212-650-7726.
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OR, � opioid receptor; MOR, � opioid receptor; NLX, naloxone; PAG,
eriaqueductal gray; PBST, PBS with 0.1% Tween-20; PMSF, phe-
g
ylmethylsulfonyl fluoride; VDCC, voltage-dependent calcium chan-
el.
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u opioid receptors (MORs) preferentially couple to per-
ussis toxin-sensitive G proteins, Gi and Go, to inhibit the
denylyl cyclase/cAMP pathway (Laugwitz et al., 1993;
onnor and Christie, 1999). The analgesic effects of MOR
ctivation have been predominantly attributed to the G��
imer released from Gi/o, which activates G protein-acti-
ated inwardly rectifying potassium (GIRK) channels
Ikeda et al., 2000) and inhibits voltage-dependent calcium
hannels (VDCCs) (Saegusa et al., 2000), thereby sup-
ressing cellular activities by hyperpolarization. Adenylyl
yclase inhibition may also contribute to opioid analgesia,
r its activation may contribute to analgesic tolerance,
ince overexpression of adenylyl cyclase type 7 in the CNS
f mice leads to more rapid tolerance to morphine (Yo-
himura et al., 2000). Additionally, adenylyl cyclase acti-
ation has been suggested to elicit analgesic tolerance or
olerance-associated hyperalgesia (Wang and Gintzler,
997). Although the superactivation of adenylyl cyclase
fter chronic opioid administration is more often viewed as
hallmark of opioid dependence than as a mediator of

olerance (Nestler, 2001), both are consequences of
hronic opioid administration, and tolerance often worsens
ependence. Chronic pain patients who have escalated
heir opioid dose over time often experience more with-
rawal than patients on a constant dose.

While the cellular effects of opiates are normally inhib-
tory, several in vitro studies have demonstrated that opi-
tes can elicit excitatory effects either at low doses (Shen
nd Crain, 1989; Crain and Shen, 1990) or after chronic
xposure (Crain and Shen, 1992). In vivo, opiates can
ause “paradoxical hyperalgesia” at low doses (Kayser et
l., 1987; Kiyatkin, 1989; Crain and Shen, 2001), or after
hronic administration, opioid-induced hyperalgesia (Arner
t al., 1988). While descending facilitation of spinal cord
orsal horn neurons has been implicated in tolerance-
ssociated hyperalgesia (Vanderah et al., 2001), alter-
tions in opioid receptor signaling also occur (Shen and
rain, 1989; Crain and Shen, 1990, 1992; Gintzler and
hakrabarti, 2001) and may contribute to the enhanced
ring of descending brainstem projections. Co-administra-
ion of an ultra-low-dose opioid antagonist blocks the ex-
itatory effects of opiates in vitro and apparent behavioral
anifestations: tolerance, withdrawal signs and hyperal-
esia associated with tolerance or low doses of opiates
Crain and Shen, 1995, 2001; Shen and Crain, 1997).
hese findings suggest that excitatory effects of opiates
nderlie tolerance, dependence and “paradoxical hyperal-

esia.”

ved.
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One proposed mechanism of excitatory effects of opi-
tes is a switch in G protein coupling by opioid receptors
Shen and Crain, 1990). A switch in G protein coupling
rom Gi/o to Gs would activate rather than inhibit adenylyl
yclase, and may also alter the usual G�� signaling to
IRK channels and VDCCs. Alternatively, excitatory sig-
aling of opioid receptors may also occur by G�� activa-

ion of adenylyl cyclase (Wang and Gintzler, 1997; Gintzler
nd Chakrabarti, 2001). Data derived from blocking Gs by
holera toxin or Gi/o by pertussis toxin suggested that low
oses of opiates may elicit excitatory effects via Gs, but
hat opioid tolerance is instead mediated by G�� stimula-
ion of adenylyl cyclase (Wang and Gintzler, 1997). Adeny-
yl cyclase types II and IV can be activated by G�� (Fed-
rman et al., 1992) including the G�� associated with
OR, yet the adenylyl cyclase superactivation underlying
pioid dependence does not appear to involve these en-
yme subtypes (Avidor-Reiss et al., 1995). However, an
nhanced activation of adenylyl cyclases II and IV by MOR
timulation could counteract opioid analgesia, contributing
o tolerance.

This work is the first to directly assess the interaction
etween MOR and Gs proteins as well as coupling be-

ween MOR-associated G�� and adenylyl cyclase in opi-
id tolerance in vivo. Ultra-low-dose naloxone (NLX) co-
reatment was used to alleviate morphine antinociceptive
olerance and physical dependence, and the effects of this
ltra-low-dose opioid antagonist co-treatment on these G
rotein interactions associated with the MOR were also
ssessed.

EXPERIMENTAL PROCEDURES

nimals and drug treatments

athogen-free, male 225–250 g Sprague–Dawley rats (Taconic,
ermantown, NY, USA) or Long Evans rats (Charles River, Saint-
onstant, Quebec, Canada) were maintained on a 12-h light/dark
ycle with free access to food and water. All animal procedures
ere in compliance with the National Institutes of Health Guide for
are and Use of Laboratory Animals and were approved by the
nimal Care and Use Committees of City College of New York
nd Queen’s University, Kingston, ON for respective procedures.
nimals used were an estimated minimal number required for
eaningful statistics.

For molecular pharmacology experiments, four treatment
roups of four rats each received s.c. injections of saline (control),
orphine (10 mg/kg), the combination of morphine (10 mg/kg)
lus NLX (10 ng/kg) or 10 ng/kg NLX twice daily for 7 days. These
nimals were killed by decapitation 16 h after the last injection,
nd dorsal striatum, periaqueductal gray (PAG) and thoracic spi-
al cord regions were harvested on ice immediately. Behavioral
xperiments included eight rats/group, and dose groups were the
ame but excluded a vehicle group. All behavioral testing/scoring
as performed by a rater blind to drug treatments.

ntinociception

he tail-flick test was used to assess nociceptive thresholds to a
ainful heat stimulus. The apparatus consisted of a digital anal-
esia meter with a projection lamp as the heat source. Light from
he lamp is aimed at a photocell 25 cm above the lamp, and both
he lamp and timer are turned off when the tail moves out of the

ight beam. To minimize stress-induced analgesia, animals were t
abituated for 5–10 min on the apparatus one day prior to testing.
or testing, animals were placed on the apparatus and the light
ensor and heat source are aimed at the middle third of the tail.
nce set, the heat source was turned on, and the latency to

emove the tail recorded. The heat intensity was adjusted to yield
5 s baseline response, and a cutoff time of 10 s was imple-
ented to minimize tissue damage. A baseline antinociception

est preceded drug administration, and subsequent tests occurred
0 min after the a.m. dose on days 1, 3, 5 and 7 of drug admin-

stration.

ithdrawal testing

n day 8, 16–20 h after the last drug injection, animals were given
LX to precipitate withdrawal (1 mg/kg, s.c.) before being placed

n an observation chamber for 1 h. A scale adapted from MacRae
nd Siegel (1997) was used to quantify four categories of with-
rawal behaviors: wet dog shakes, paw tremors, mouth move-
ents, and ear wipes. Scores are summed to yield a total with-
rawal score across the 1-h test.

OR–G protein coupling

o determine the profile and magnitude of G protein coupling to
OR, four separate co-immunoprecipitation experiments were
erformed for both striatum and spinal cord, each using mem-
ranes prepared from one rat from each treatment group. For
ach of these four experimental runs, membranes were incubated

n vitro with either Kreb’s–Ringer or 1 �M morphine and then
olubilized. The obtained lysates were divided for separate pas-
age through immunoaffinity columns containing immobilized an-
ibodies to G�s/olf, G�i, G�o or G�q/11 to purify specific G
rotein-associated MORs, which were subsequently detected by
estern blotting. The key findings of MOR–Gs coupling following

hronic morphine treatment and reduction by NLX co-treatment
ave also been replicated with five different rats per treatment
roup in a separate experiment of a different experimental design
Wang et al., 2004b).

Enriched synaptic membranes (200 �g) were incubated with
�M morphine for 5 min at 37 °C in Kreb’s–Ringer solution.
embranes were solubilized in immunoprecipitation buffer

25 mM HEPES, pH 7.5; 200 mM NaCl, 2 mM MgCl2, 1 mM EDTA,
.2% 2-mercaptoethanol, 50 �g/ml leupeptin, 25 �g/ml pepstatin
, 0.01 U/ml soybean trypsin inhibitor, 0.04 mM phenylmethylsul-

onyl fluoride [PMSF]) containing 0.5% digitonin, 0.2% sodium
holate and 0.5% NP-40 at 4 °C with end-over-end shaking for 60
in. After centrifugation at 50,000�g for 5 min to remove insolu-
le debris, the obtained supernatant was used to assess MOR–G
rotein coupling by co-immunoprecipitation of MOR and G pro-
eins. The protein concentrations in supernatant were determined
sing the Bradford method according to manufacturer’s instruc-
ions (Bio-Rad Laboratories, Hercules, CA, USA).

G protein-coupled MOR was immunopurified together with its
ssociated G protein using immobilized anti-G� antibodies (20 �g/
olumn) to prevent interference from immunoglobulins. Anti-G�
ntibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
ere covalently cross-linked to protein-G-conjugated resin in
eize-X protein G immunoprecipitation kit (Pierce-ENDOGEN,
ockford, IL, USA) according to the manufacturer’s instructions.
OR–G protein complexes in solubilized brain lysates were iso-

ated by immunoprecipitation in which 200 �g solubilized brain
embrane extracts were incubated with immobilized anti-G�-
rotein G-resin at 4 °C overnight. After centrifugation and three
ashes with phosphate-buffered saline (pH 7.2) at 4 °C, the
OR–G protein complexes were eluted with 200 �l of antigen
lution buffer (pH 2.8). The obtained eluate was neutralized im-
ediately by addition of 20 �l of 1.5 M Tris buffer (pH 8.8). To
chieve complete solubilization of the obtained proteins, the neu-

ralized eluate was combined with 180 �l of 2� PAGE sample
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reparation buffer (62.5 mM Tris–HCl, pH 6.8; 20% glycerol, 4%
DS; 10% 2-mercaptoethanol, 0.1% Bromophenol Blue) and
oiled for 5 min. The level of specific G protein-associated MORs

n the anti-G� column eluate was determined by Western blotting
sing a specific antibody directed against the amino-terminal re-
ion of the MOR (Santa Cruz Biotechnology). A control experi-
ent that used a specific antibody against the � opioid receptor

KOR, Santa Cruz Biotechnology) to assess both MOR and
OR–G protein coupling in both wild-type and MOR knockout
ice demonstrated minimal cross-reactivities between antibodies
gainst MOR and KOR.

To achieve a complete elution of antigens from the G� immuno-
omplexes, a highly acidic elution buffer (pH 2.8) was used. Because
his elution procedure yielded MOR with an approximate molecular
eight of 53 kDa that appears to be the de-glycosylated form of
OR, we compared elution by this highly acidic antigen elution buffer

o an elution with a neutral pH. Acid treatment has previously been
hown to de-glycosylate proteins (Veerman et al., 1995). While the
cidic buffer completely de-glycosylated MORs to yield a protein of
3 kDa, eluting with the neutral pH buffer yielded predominantly
ORs with an apparent molecular weight of 67 kDa (Fig. 1). This

ontrol experiment demonstrated that the anti-MOR antibody recog-
izes a 67-kDa form of the receptor that is the functional, glycosy-

ated form of the receptor (Chen et al., 1995). This conclusion was
lso supported by the demonstration that specific [3H]DAMGO (Tyr-
-Ala-Gly-N-Methyl-Phe-Gly) binding was readily detected in the
eutral pH eluate (data not shown).

The specificity of the four anti-G� antibodies was determined
y Western blotting using 100 �l of anti-G� column eluate with
pecific anti-G� antibodies with or without antigen peptide (25 �g)
re-adsorption for 30 min. All four anti-G� antibodies were specific

n purifying the intended G� protein except for a minor cross-
eactivity to G�o by anti-G�i (Fig. 2). Specificity is further sup-
orted by the fact that pre-adsorption with 25 �g of their respective
ntigen peptides drastically weakened or abolished the detection
f targeted G� proteins.

In a confirmatory set of experiments with spinal cord tissue,
ORs that co-immunoprecipitated with G� proteins were quanti-

ed by a [3H]DAMGO binding assay. Anti-G�–G protein–MOR
omplexes were washed three times with 1 ml phosphate-buffered
aline (PBS), pH 7.2, and collected by centrifugation at 4 °C. MOR
inding was assayed in washed pellets that were suspended in
00 �l binding buffer containing 50 mM Tris–HCl, pH 7.5, 5 mM
gCl2, 50 �g/ml leupeptin, 25 �g/ml pepstatin A, 0.01 U/ml soy-
ean trypsin inhibitor, 0.04 mM PMSF. The suspension was incu-
ated at 30 °C for 30 min with 2 nM [3H]DAMGO (51 Ci/mmol,
erkinElmer Life and Analytical Sciences, Boston, MA, USA).
on-specific binding was defined by 10 �M NLX and consisted of
pproximately 10% of total [3H]DAMGO binding. The reactions
ere terminated by filtering through 10-kDa molecular weight
utoff filters (Cole-Parmer Instruments). After three washes of the
lters with 5 ml of ice-cold washing buffer (50 mM Tris–HCl, pH
.5), the amount of radioactivity trapped on the filters was deter-
ined by liquid scintillation spectrometry. To confirm that DAMGO
inding sites are indeed the functional MORs recognized by anti-
OR and further address the specificity of the various antibodies

o various opioid receptor subtypes, [3H]DAMGO was incubated
ith anti-MOR, -� or -KOR immunoprecipitates. While the anti-
OR immunoprecipitate contained specific [3H]DAMGO binding

ites, a negligible amount of [3H]DAMGO was detected in immuno-
recipitates of anti-� or -KOR antibodies (Santa Cruz Biotechnology,
ata not shown).

AMGO-induced [35S]GTP�S binding to G� proteins

AG tissue was homogenized in 10 volumes of ice cold 25 mM
EPES buffer, pH 7.4, which contained 1 mM EGTA, 100 mM
ucrose, 50 �g/ml leupeptin, 0.04 mM PMSF, 2 �g/ml soybean

rypsin inhibitor and 0.2% 2-mercaptoethanol. The homoge-

p
f

ates were centrifuged at 800�g for 5 min and the superna-
ants were centrifuged at 49,000�g for 20 min. The pellets were
uspended in 10 volume of reaction buffer, which contained
5 mM HEPES, pH 7.5, 100 mM NaCl, 50 �g/ml leupeptin,
�g/ml soybean trypsin inhibitor, 0.04 mM PMSF and 0.2%

-mercaptomethanol. The resultant PAG membrane prepara-
ion (200 �g) was incubated at 30 °C for 5 min in reaction buffer
hat contained 1 mM MgCl2 and 0.5 nM [35S]GTP�S (0.1 �Ci/
ssay, PerkinElmer Life and Analytical Sciences) in a total
olume of 250 �l. Incubation continued for 5 min in the absence
r presence of 1 �M DAMGO. The reaction was terminated by
ilution with 750 �l of ice-cold reaction buffer that contained
0 mM MgCl2 and 1 mM EGTA and immediate centrifugation at
6,000�g for 5 min. The resulting pellet was solubilized in
.5 ml of immunoprecipitation buffer containing 0.5% digitonin,
.2% sodium cholate and 0.5% NP-40. Solubilization was fa-
ilitated by sonication for 10 s. Normal rabbit serum (1 �l) was
dded to 1 ml of lysate and incubated at 25 °C for 30 min.
onspecific immune complexes were removed by incubation
ith 25 �l of protein A/G-conjugated agarose beads at 25 °C for
0 min followed by centrifugation at 5000�g at 4 °C for 5 min.
he supernatant was divided and separately incubated for 30
in at 25 °C with four specific G� protein antibodies (1:1000
ilution). The anti-G� immune complexes were collected by

ncubation for 30 min at 25 °C with 40 �l of agarose-conjugated
rotein A/G beads and centrifugation at 5000�g at 4 °C for 5
in. The pellet was washed and suspended in buffer containing
0 mM Tris–HCl, pH 8.0, and 1% NP-40. The radioactivity in the
uspension was determined by liquid scintillation spectrometry.
he binding of [35S]GTP�S to G� proteins is specific since
00 nM GTP�S or Gpp(NH)p completely abolished [35S]GTP�S

n G� immunoprecipitates (data not shown).

AMGO-stimulated coupling of G�� to adenylyl
yclase type II or IV

ypes II and IV adenylyl cyclases are activated by G�� that
esults from the dissociation of G proteins following receptor
timulation. This set of experiments assessed whether adenylyl
yclase type II or IV couples to G�� after stimulation of MOR.
wo hundred micrograms of the synaptic membranes prepared

rom the CNS regions of interest were incubated with 1 �M
AMGO in the presence of 1 nM Gpp(NH)p for 5 min at 37 °C

Friedman and Wang, 1996). The addition of the non-hydrolyz-
ble Gpp(NH)p prevents re-association of the dissociated G��
ith G�-Gpp(NH)p. Membranes were solubilized in immuno-
recipitation buffer containing 0.5% digitonin, 0.2% sodium

ig. 1. Molecular weight of MOR immunoprecipitated by the anti-MOR
ntibody after elution with an acidic versus a neutral buffer. Elution
ith the highly acidic (pH 2.8) antigen elution buffer yielded MORs with
n apparent molecular weight of 53 kDa (lane 1). Elution with a neutral

H gentle elution buffer yielded predominantly the glycosylated 67 kDa

orm with minor 53 Kda MOR proteins (lane 2).
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holate and 0.5% NP-40 at 4 °C with end-over-end rotation, and
�� was isolated by immunoprecipitation with an anti-panG�
ntibody (2 �g). The adenylyl cyclase-G�� complexes in the
nti-G� immunoprecipitates were recovered by centrifugation
t 4 °C and the immuoprecipitates were washed three times
ith 1 ml PBS and solubilized by boiling for 5 min in 200 �l of
AGE sample preparation buffer. The levels of adenylyl cy-
lase subtypes in the anti-G� immunoprecipitates were as-
essed by Western analyses using specific antibodies directed
gainst adenylyl cyclase II and IV subtypes. These experiments
sed membrane preparations from striatum and spinal cord.

The specificities of these antibodies for adenylyl cyclase II or IV
ere demonstrated using 100 �l of eluates derived from covalently

mmobilized anti-adenylyl cyclase I, II, IV or V columns (Fig. 3).

estern blot analysis

triatal, spinal cord and PAG membranes were prepared as de-
cribed above and protein concentration was determined by the
radford method. Membranes were solubilized by boiling for 5 min in
DS-PAGE sample preparation buffer. A 20-�g aliquot of solubilized
embranes was separated by 12% SDS-PAGE and electrophoreti-

ally transferred to nitrocellulose membranes. The membranes were
ashed with PBS and blocked overnight at 4 °C with 10% milk

ollowed by washing with PBS with 0.1% Tween-20 (PBST) and
ncubation at room temperature for 2 h with antibodies against spe-
ific G� proteins (separately, at 1:1000 dilutions) and anti-MOR
ntibodies (1:500 dilution). After washing, membranes were incu-

ig. 2. Antibodies directed against G�i, G�o, G�q/11 and G�s/olf are sp
ntibodies were evaluated using the column eluates derived from immuno
uadruplicate Western blots probed respectively with these same four ant
ntibodies that were pre-absorbed for 30 min at 25 °C with 25 �g of non-m
ith anti-G�s/olf, -G�i, -G�o, and -G�q/11 antibodies) [middle blots]. The
ere pre-absorbed with 25 �g of respective antigen peptides for 30 min a

G�o, and -G�q/11 antibodies) [top blots]. Despite a mild cross-reactivity
eptide, all four anti-G� antibodies specifically recognized their targeted

he demonstration that pre-adsorption with the respective antigen peptide
ated for 1 h with anti-rabbit IgG-HRP (1:5000 dilution) and washed p
ith 0.3% PBST followed by washing with 0.1% PBST. Immunore-
ctivity was visualized by reacting with ECL reagent (Pierce-ENDO-
EN) for exactly 5 min and immediately exposing to X-ray film.

Specific bands were quantitated by densitometric scanning
GS-800 calibrated densitometer, Bio-Rad Laboratories). The
ontrast of each blot was adjusted based on the weakest band
iscernible from background. The optical densities of each band
ere then determined by subtracting the surrounding background.
ith the contrast adjusted equally to all bands in the blot, the

ptical density reflects the relative intensities of the bands.

tatistical analysis

ll data are presented as mean	standard error from the mean.
rotein levels in Western blots were analyzed using optical intensi-

ies derived from densitometric scans. Treatment effects were eval-
ated by two-way ANOVA followed by Newman-Keul’s test for mul-
iple comparisons. Two-tailed Student’s t-test was used for post hoc
airwise comparisons. The threshold for significance was P
0.05.

RESULTS

ltra-low-dose NLX prevents morphine
ntinociceptive tolerance and dependence

ats treated with morphine (10 mg/kg)�NLX (10 ng/kg)
howed no antinociceptive tolerance over the 7 days of
rug administration in contrast to rats treated with mor-

espective targeted G� proteins. The specificities of the different anti-G�
lumns of covalently immobilized anti-G�s/olf, -G�i, -G�o, or -G�q/11 by

ottom blots]. The blots were stripped and re-probed with these same four
ntigen peptides (G�q/11, G�o, G�i, and G�s/olf, respectively incubating
re stripped once again and re-probed with the four antibodies after they
�s/olf, G�i, G�o, G�q/11 respectively incubating with anti-G�s/olf, -G�i,
ti-G�i with G�o that was eliminated by pre-adsorption with G�o antigen
ns. The specificity of these anti-G� antibodies was further supported by
ly reduced or abolished detection of the intended G� protein.
ecific to r
affinity co

ibodies [b
atching a
blots we

t 25 °C (G
of the an
hine alone (Fig. 4A). In fact, a ceiling effect in the
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orphine�NLX group on days 5 and 7 suggests a slight
ugmentation of antinociception over the week of testing.
NOVA revealed a significant effect of treatment (P
0.01)
nd a significant treatment�time interaction (P
0.01).
reatment with NLX alone had no antinociceptive effect, as

atencies for this group did not differ from baseline on any
ay of testing. While morphine�NLX produced a signifi-
ant antinociceptive effect compared with the NLX alone
roup (P
0.05) on all days, the antinociceptive effect of
orphine alone declined over the testing period to a level
ot significantly different from NLX alone (compared with
LX alone: day 1, P
0.01; day 3, P
0.01; day 5, P
0.05;
ay 7, N.S.). Tail-flick latencies for the morphine�NLX
roup were significantly longer than those of the morphine
roup on days 3, 5 and 7 (P
0.01).

The addition of 10 ng/kg NLX to morphine also signif-
cantly reduced signs of physical dependence seen in rats
hronically treated with morphine alone (P
0.05; Fig. 4B).
lthough the co-treatment completely blocked antinocicep-

ig. 3. Antibodies directed against adenylyl cyclase type II and IV are
pecific to these respective adenylyl cyclase subtypes. The specificities of
ntibodies to adenylyl cyclase type II (AC II) and adenylyl cyclase type IV
AC IV) were evaluated using the column eluates derived from immuno-
ffinity columns of the covalently immobilized anti-AC I, -AC II, -AC IV and
AC V antibodies by Western blotting with specific anti-AC II and -AC IV
ntibodies [bottom blots]. The blots were stripped and re-probed with
hese same two antibodies that this time were pre-absorbed for 30 min at
5 °C with 25 �g of the alternate antigen peptide (i.e. anti-AC II and
nti-AC IV were pre-absorbed respectively with AC IV and AC II peptides)

middle blots]. The blots were stripped once again and re-probed with
nti-AC II and -AC IV antibodies that were pre-absorbed with 25 �g of

heir respective antigen peptides for 30 min at 25 °C [top blots]. The data
emonstrate that both anti-AC II and anti-AC IV are specific to their
argeted AC subtype. The specificity of these anti-G� antibodies was
larified further by the demonstration that pre-adsorption with the respec-
ive antigen peptides nearly abolished the detection of intended AC
ubtype.
ive tolerance, the addition of ultra-low-dose NLX did not
m
v

ully block opioid dependence since withdrawal scores for
he morphine�NLX group and the NLX only group were
lso significantly different (P
0.05).

o-immunoprecipitation of MOR–G protein
omplexes shows that NLX attenuates Gs coupling

o determine whether alterations in MOR–G protein coupling
ediate the excitatory signaling that occurs during opioid

olerance and whether ultra-low-dose opioid antagonists
ave any effect on such changes, we isolated MOR-express-

ig. 4. Co-treatment with ultra-low-dose NLX (10 ng/kg) significantly
revented both the antinociceptive tolerance and the physical depen-
ence associated with chronic morphine (10 mg/kg, s.c., twice daily for
days). Rats treated with morphine�NLX showed stable tail-flick

atencies over the week of drug treatment, while tail-flick latencies of
ats receiving morphine alone declined to a level not significantly
ifferent from NLX alone by day 7 (A). In a test of NLX-precipitated
ithdrawal, withdrawal scores of the morphine�NLX group were sig-
ificantly lower than those of the morphine only group (B). Data are

eans	S.E.M. (n�8). * P
0.05 and ** P
0.01 for morphine�NLX

s. morphine. BLINE, pre-drug baseline.
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ng CNS tissue from rats receiving twice daily s.c. injections of
ehicle, 10 mg/kg morphine, 10 mg/kg morphine�10 ng/kg
LX or 10 ng/kg NLX for 7 days. This maximally analgesic
ose of morphine resulted in analgesic tolerance in our be-
avioral experiment, as previously established (Yamamoto et
l., 1988). Under non-denaturing conditions that keep
OR–G protein complexes intact, specific G proteins (Gi,
o, and Gs) together with their coupled receptors were im-
unoprecipitated with selective anti-G� antibodies from sol-
bilized synaptic membranes obtained from striatum or spinal
ord of the four different treatment groups (n�4), under both
asal and morphine-stimulated conditions. As receptor stim-
lation is known to recruit G proteins (Jin et al., 2001), in vitro
orphine stimulation consistently increased MOR–G protein

ig. 5. Chronic morphine-induced Gs–MOR coupling is attenuate
recipitation of G� proteins with MOR using specific anti-G�s/olf (s/ol

mmunoprecipitates of G�o and G�s of striatum (A) or G�i, G�o and G�
10 mg/kg, s.c.), morphine�NLX (10 ng/kg, s.c.) or NLX (10 ng/kg, s.c.). T
emonstrating similar amounts of G� protein precipitated regardless of in v
re shown in C and D. Data are means	S.E.M. derived from four individua
ars indicate basal coupling, and hatched bars indicate coupling after rece
nd NLX-treated groups. # P
0.05 versus same G� protein in morphine
P
0.01) than basal coupling of each G� protein within each treatment
oupling well above basal levels, although an identical pat- b
ern of MOR–G protein coupling was observed under both
onditions.

The relative amounts of MORs coupling to each of the G
rotein subtypes in the four treatment groups are shown in
estern blots of the G� immunoprecipitates probed with the
OR-specific antibody (Fig. 5). In striatum, MOR coupled ex-

lusively to Go in vehicle- and NLX-treated rats, and to both Go
nd Gs in morphine-treated rats. The Go coupling, however,
as decreased in the chronic morphine group compared with

he vehicle group (Fig. 5A and 5C). In striatum of rats treated
ith morphine�NLX, coupling to Gs was markedly decreased

rom that in the morphine-treated animals, whereas coupling to
o was increased toward control levels (Fig. 5A and 5C). In

pinal cord of vehicle- and NLX-treated rats, MOR coupled to

treatment with ultra-low-dose NLX as demonstrated by co-immuno-
i), -G�o (o) or G�q/11 (q/11) antibodies. MOR protein is detected in
al cord (B) from rats treated twice daily for 7 days with saline, morphine

ere stripped and re-probed with antibodies against various G� proteins,
hine exposure or in vivo treatments. Densitometric quantifications of blots
ach of the treatment groups that were processed individually (n�4). Solid
ulation by in vitro morphine. * P
0.05 versus same G� protein in vehicle
or both regions, morphine-stimulated coupling was significantly greater
d by co-
f), -G�i (
s of spin
he blots w
itro morp
l rats in e
ptor stim
oth Go and Gi, demonstrating a clear regional difference in
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OR–G protein coupling profiles (Fig. 5B and 5D). A regional
ifference in G protein coupling has also been noted for D1

opamine receptors (Jin et al., 2001). Despite this regional dif-
erence, repeated morphine treatment decreased both Gi and
o coupling and again evoked a pronounced Gs coupling. As
bserved in striatum, NLX co-treatment attenuated the mor-
hine-induced Gs coupling, and profoundly enhanced Gi/o cou-
ling to levels beyond those of vehicle-treated rats.

The alterations in G protein coupling were not due to
hanges in expression of either MOR or G� proteins (Fig. 6). In

ig. 6. Comparison of relative levels of MOR (A) and G� proteins (B) in
e-probed with an anti-actin antibody to determine the actin immunoreactiv
. Alterations in G protein coupling induced by morphine and alleviated by

n striatum, spinal cord or PAG as MOR and G� proteins levels were
eans	S.E.M. derived from four individual rats in each treatment group
ddition, MOR was demonstrated to be the unique target of the a
nti-MOR antibody since this antibody did not recognize any
roteins in striatal tissue from MOR �/� mice (Fig. 7, top panel).
s a further control, G protein coupling to the KOR was suc-
essfully demonstrated in MOR �/� tissue (Fig. 7, bottom
anel).

protein coupling alterations confirmed by
3H]DAMGO binding

he chronic morphine-induced G protein coupling switch

rent treatment groups by Western blotting. The blots were stripped and
ading controls. Densitometric quantifications of blots are shown in C and
dose NLX were not due to changes in expression of MOR or G� proteins
ble between treatment groups in all brain areas examined. Data are
processed individually (n�4).
the diffe
ities as lo
ultra-low-
compara
nd its attenuation by ultra-low-dose NLX were confirmed
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y experiments in which specific [3H]DAMGO [D-Ala2,
MePhe)4, Gly5-ol]enkephalin] binding was employed to
uantify MORs in the anti-G� immunoprecipitates derived

rom spinal cord of vehicle-, morphine- and morphine�NLX-
reated rats. The results again show that MOR couples to Go
nd Gi in opioid-naïve rats, and that chronic morphine
reatment induces robust Gs coupling to MOR and a con-
urrent reduction in the Gi/o coupling (Fig. 8), confirming

ig. 7. Specificity of the MOR antibody demonstrated by a lack of
etectable MOR coupling to G� proteins in MOR knockout (�/�) mice.
mmunoprecipitates of G� proteins using specific anti-G�s/olf (s/olf),
G�i (i), -G�o (o) or G�q/11 (q/11) antibodies were probed by Western
lotting with antibodies specific to MOR and KOR in striatum of wild-
ype (WT) and MOR �/� mice. While anti-G�o antibody co-immuno-
recipitated MORs in striatal tissue of WT mice, MORs were absent
rom the anti-G�o immunoprecipitate in MOR �/� mice. In contrast,
oth WT and MOR �/� mice showed comparable KOR-1 coupling to
�i. The blots were stripped and re-probed with antibodies against
arious G� proteins, illustrating similar amounts of G� proteins pre-
ipitated.

ig. 8. Specific [3H]DAMGO binding in anti-G� immunoprecipitates d
onfirmed the pattern of G protein coupling shown by co-immunopre

3H]DAMGO binding was detected in G�s immunoprecipitates in spinal
ith morphine�NLX, [3H]DAMGO binding was decreased in G�s imm
mmunoprecipitates compared with the vehicle group. Data are means	S.E.M
rocessed individually (n�4). * P
0.05 versus same G� protein in vehicle gro
ata obtained using the MOR antibody to identify the re-
eptors Fig. 2. These [3H]DAMGO binding data also con-
rm the attenuation of MOR–Gs coupling and the marked
nhancement of MOR coupling to Gi/o, to levels higher
han in the vehicle group, by co-treatment with ultra-low-
ose NLX (Fig. 8). While treatment with 10 ng/kg NLX
wice daily for 7 days did not alter the pattern of MOR–G
rotein coupling, a 21	5% decrease in Go-coupled

3H]DAMGO was observed (Fig. 8).

35S]GTP�S binding shows similar coupling
lterations in PAG

urther evidence that opioid tolerance is associated with
he appearance of MOR–Gs coupling was derived from an
stablished [35S]GTP�S binding assay used to assess the

inkage of receptor to G� proteins (Friedman et al., 1993).
OR coupling to Gi, Go, Gs and Gq was assessed in PAG

rom the four treatment groups (n�4). After in vitro stimu-
ation of MOR with the selective agonist DAMGO, the
35S]GTP�S-bound G� proteins were immunoprecipitated
ith specific antibodies against the various G� proteins.
he [35S]GTP�S in each immunoprecipitate was quantified

o reveal the pattern of G protein coupling in PAG of the
our treatment groups (Fig. 9). This experiment revealed a
oupling pattern similar to that shown via the co-immuno-
recipitation technique used with striatum and spinal cord
issue. MOR coupled to both Go and Gi in PAG of vehicle-
nd NLX-treated rats, and morphine-treated rats showed
he emergence of coupling to Gs concurrent with a de-
rease in coupling to Gi/o proteins was noted. Although
LX alone did not affect the pattern of Gi/o coupling to
ORs, this treatment enhanced Gi-MOR association by

m spinal cord of the different treatment groups. [3H]DAMGO binding
with the anti-MOR antibody shown in Fig. 2. A marked amount of
morphine- but not vehicle-treated rats. In spinal cord from rats treated
ipitates compared with the morphine group, and increased in G�i/o
erived fro
cipitation
cord from

unoprec

. derived from four individual rats in each treatment group that were
up. # P
0.05 versus same G� protein in morphine group.
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8	7%. NLX co-treatment again decreased coupling to
s and restored coupling to Gi/o to levels slightly above

hat of vehicle-treated rats. These experiments were also
erformed using in vitro morphine and the results were
ssentially identical (data not shown).

ltra-low-dose NLX attenuates G��-adenylyl cyclase
nteraction

o test whether G�� contributes to chronic morphine-
ssociated adenylyl cyclase super-activation, we exam-

ned the direct coupling of G�� to adenylyl cyclase types
I and IV, subtypes known to be regulated by G�� (Tang
nd Gilman, 1991). Striatal and spinal cord membranes
rom rats of the four treatment groups (n�4) were stim-
lated in vitro with DAMGO in the presence of the non-
ydrolyzable GTP analog, Gpp(NH)p, which was added
o prevent G protein cycling. The G�� coupled to adeny-
yl cyclase II or IV was co-immunoprecipitated with a
an-G� antibody. Western blots of the immunoprecipi-
ates were then sequentially probed with antibody
gainst the type II cyclase and subsequently re-probed
ith an antibody to adenylyl cyclase type IV. While
oupling between G�� and the cyclases was not detect-
ble in vehicle-treated tissues, chronic morphine treat-
ent elicited coupling of G�� to adenylyl cyclase II and

V in both striatum and spinal cord in response to in vitro
timulation with DAMGO (Figs. 10 and 11). This mor-
hine-induced effect was markedly attenuated or abol-

shed by NLX co-treatment as reflected by the reduced

ig. 9. Chronic morphine treatment induced activation of G�s in PAG
embranes were incubated with 0.5 nM [35S]GTP�S followed by incu

35S]GTP�S-bound G� proteins were separately immunoprecipitated u
xperiments each using a single rat from each treatment group (n�4
# P
0.01 versus same G� protein in morphine group.
evels of adenylyl cyclase types II (Fig. 10) and IV (Fig. e
1) in G� immunoprecipitates. In tissues obtained from
reatment with NLX alone, no detectable association
etween G� and the adenylyl cyclases was detected
oth at baseline and after MOR stimulation. These
hanges in coupling were not due to treatment-induced
hanges in expression levels of G� or adenylyl cyclases
Fig. 12).

DISCUSSION

lthough excitatory effects of opiates have been implicated
n opioid tolerance and dependence, the alterations in

OR signaling that mediate these excitatory effects have
ot been directly examined, particularly in an in vivo treat-
ent paradigm. These data demonstrate chronic mor-
hine-induced MOR signaling alterations and their sup-
ression by the addition of an ultra-low dose of NLX,
ffering a mechanism for the attenuation of tolerance and
ependence by ultra-low-dose opioid antagonists. In addi-
ion, the enhanced Gi/o coupling in spinal cord seen in the
o-treated animals offers a mechanistic explanation for the
nhanced analgesia of these combinations seen even af-
er acute administration (Crain and Shen, 1995).

While the current study examined the behavioral and
olecular effects of ultra-low-dose NLX with morphine,

hese effects may generalize to other combinations of
pioid agonists with ultra-low-dose opioid antagonists. Ul-
ra-low-dose naltrexone (10 ng/kg s.c. or 0.05 ng intrathe-
ally) has previously been used in vivo with morphine to

attenuated by NLX co-treatment, shown here by [35S]GTP�S binding.
ith vehicle or 1 �M DAMGO. Membranes were then solubilized and

-G� antibodies. Data are means	S.E.M. obtained from four separate
.05; ** P
0.01 versus same G� protein in vehicle group. # P
0.05;
that was
bation w
sing anti
nhance acute analgesia, to prevent dependence, and to
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revent or reverse tolerance (Crain and Shen, 1995; Pow-
ll et al., 2002; Oxbro et al., 2003). Both NLX and naltrex-
ne have been shown to prevent the excitatory effects of
piates in vitro by electrophysiology (Shen and Crain,
994; Crain and Shen, 1995). Clinically, ultra-low-dose
LX has demonstrated the enhancement of morphine an-
lgesia in an acute intra-operative setting (Hamman et al.,
004) and an opioid-sparing effect for patients on PCA
orphine (Gan et al., 1997). Ultra-low-dose naltrexone has
lso produced profound analgesia in combination with
ethadone for a severely opioid tolerant patient (Cruciani
t al., 2003), and more recently enhanced the analgesia of
xycodone in a large, randomized, placebo- and active-
ontrolled trial (Chindalore et al., 2005). Ultra-low-dose

ig. 10. Chronic morphine treatment caused direct association of G��
roteins with adenylyl cyclase II protein. This morphine-induced G��-a
denylyl cyclase type II is detected in Western blots of immunoprecipit
ith DAMGO for 5 min (and not shown, 10 min) in the presence of G
emonstrating that equivalent G� protein levels were precipitated in e
-min DAMGO incubations as well as those representing 10-min incu
reatment group that were processed individually (n�4). * P
0.05 ve
almefene has also enhanced morphine analgesia and n
educed the need for antiemetics and antipruritics (Joshi et
l., 1999).

The present results directly support the co-existence of
wo hypotheses of altered MOR signaling in opioid toler-
nce: a switch in the pattern of G protein coupling to Gs
Crain and Shen, 1998) and a stimulation of adenylyl cy-
lase by G�� (Gintzler and Chakrabarti, 2001). Gintzler
nd Cahkrabarti (2001) suggest that the excitatory signal-

ng by G�� to adenylyl cyclase occurs without an alteration
n the G protein coupling profile. The virtually identical
attern of treatment effects on Gs coupling as on the
��-adenylyl cyclase interaction shown here suggests

hat the G�� dimer that signals to adenylyl cyclase after
hronic morphine originates from the Gs heterotrimer and

with adenylyl cyclase type II, shown by co-immunoprecipitation of G�
clase II interaction was attenuated by the 10 ng/kg NLX co-treatment.
� protein from striatal or spinal cord membranes that were stimulated
(A). The blots were stripped and re-probed with an anti-G� antibody,
. Densitometric quantifications were performed on blots representing
B). Data are means	S.E.M. derived from four individual rats in each
hine group.
proteins
denylyl cy
ates of G
pp(NH)p
ach lane
ot from the Gi/o proteins that have reduced their coupling
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o MOR. The excitatory effect on the cell that occurs during
pioid tolerance therefore appears to be an additive or
ynergistic effect of a loss of adenylyl cyclase inhibition by
�i/o and a stimulation of adenylyl cyclase by both G�s
nd its associated G��. The G�� associated with Gs
oupling to other receptors in diverse cell types has dem-
nstrated a variety of effects, including activation of adeny-

yl cyclase (Belevych et al., 2001) and GIRKs (Robillard et
l., 2000) and inhibition of NADPH oxidase (Krieger-
rauer et al., 2000). The hyperpolarizing effects on the cell
ia G�� signaling to ion channels, normally elicited by G��
issociating from G�i/o, should also be attenuated when
eceptor-Gi/o coupling decreases. Moreover, the data pre-
ented here imply that G�� stimulation of adenylyl cyclase
ypes II and IV contributes to an increase in cAMP produc-
ion which was previously suggested to underlie hyperal-

ig. 11. Chronic morphine treatment also caused direct coupling of G
� proteins with adenylyl cyclase IV proteins. This morphine-indu
o-treatment. Western blots in Fig. 7A were stripped and re-probed wit
hown in B. Data are means	S.E.M. derived from four individual rats
esic or excitatory effects of chronic opiate administration t
Wang and Gintzler, 1997). While the emergence of cou-
ling to Gs would be expected to promote excitatory sig-
aling through G�s, our data suggest that it also induces a
��-adenylyl cyclase interaction and that both events may
ontribute to an enhanced activation of adenylyl cyclase
ssociated with opioid tolerance and dependence.

Our data and the effects of chronic morphine in �-ar-
estin-2 knockout mice support the notion that MOR de-
ensitization, or a decrease in the native Gi/o coupling,
ediates analgesic tolerance. Like the �-arrestin-2 knock-
ut, co-treatment with ultra-low-dose NLX prevented the
hronic morphine-induced reduction in intrinsic MOR–Gi/o
oupling, maintaining analgesia by continued inhibition of
denylyl cyclase or perhaps merely by the interaction of
i/o-associated G�� with ion channels. However, although

he �-arrestin-2 knockout prevents MOR desensitization,

ns to adenylyl cyclase type IV as shown by co-immunoprecipitation of
-adenylyl cyclase IV association was also attenuated by the NLX
ody to adenylyl cyclase type IV (A). Densitometric quantifications are
treatment group (n�4). * P
0.05 versus morphine group.
�� protei
ced G��
h an antib
he activation of adenylyl cyclase in these animals is un-
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ffected, as is dependence (Bohn et al., 2000). Hence, the
orphine-induced activation of adenylyl cyclase appears

o mediate dependence in the �-arrestin-2 knockout mice,
nd this activation might be the result of Gs coupling that
ccurs despite a lack of Gi/o desensitization. This possi-
ility suggests that chronic morphine might not cause a
imple coupling switch in a given receptor, but possibly, a
hange in the probability of signaling by one receptor
opulation versus another. Ultra-low-dose NLX’s attenua-
ion of MOR–Gs coupling, concurrent with a restoration of
OR–Gi/o coupling, may explain its attenuation of both

ig. 12. Western blots comparing the relative levels of adenylyl cycla
nd re-probed with an anti-actin antibody to determine the actin imm
yclase type II and IV induced by morphine and alleviated by ultra-low
nd IV proteins in striatum or spinal cord. Densitometric quantifications
ats from each treatment group that were processed individually (n�4
olerance and dependence. H
Two other examples of a G protein coupling switch by
eceptors have been reported, although the concept is still
ontroversial. The �2-adrenergic receptor can switch from
s to Gi coupling, and this switch also leads to altered

ignaling by both G�� and the � subunit novel to this
eceptor, leading to different signaling cascades (Daaka et
l., 1997). In this case, protein kinase A-mediated phos-
horylation of the receptor reduces coupling efficiency to
s and enhances coupling efficiency to Gi, thus enabling
ctivation of MAPK via G��. The second example is the
B1 cannabinoid receptor, which normally couples to Gi/o.

and IV in the different treatment groups (A). The blots were stripped
ivities as loading controls. Alterations in coupling of G�� to adenylyl
LX were not due to changes in expression of adenylyl cyclase type II
are shown in B. Data are means	S.E.M. derived from four individual
se type II
unoreact
-dose N
of blots
ere, concurrent activation of D2 dopamine receptors with
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B1 receptors causes a shift in coupling of the CB1 recep-
or to Gs, resulting in accumulation rather than inhibition of
AMP (Jarrahian et al., 2004). The CB1 receptor was also
hown to switch G protein coupling following pertussis
oxin treatment, which ADP-ribosylates G�i/o resulting in
issociation of the Gi/o trimer, thereby preventing its inter-
ction with the receptor and enabling coupling to Gs (Bon-
aus et al., 1998).

A common theme in all these examples of a change in
he G protein coupling profile is the loss of coupling effi-
iency to the original G protein. After chronic agonist ex-
osure, opioid receptors desensitize via phosphorylation
y G-protein receptor kinases and subsequent binding by

he regulatory proteins �-arrestins that in turn reduce the
fficiency of intrinsic Gi/o protein coupling (Ferguson et al.,
996). The novel association of MOR with Gs may be due
o receptor modifications caused by repeated stimulation
uch as altering the phosphorylation state of the receptor
r the G protein that in turn leads to a change in coupling
fficiency. Alternatively, continued signaling and recycling
f receptor and G proteins during prolonged morphine
xposure may result in regrouping of MOR, G proteins,
ffectors and regulatory molecules that facilitate the novel

nteractions merely by variations in proximities among
hese membrane constituents.

This paper confirms the earlier hypothesis that ultra-
ow-dose opioid antagonists antagonize excitatory func-
ions of opioid receptors (Crain and Shen, 2000). However,
he mechanism by which opioid antagonists attenuate the
ellular adaptations shown here at such exceedingly low
oses is not yet fully understood. Clearly, higher doses of
n opioid antagonist would prevent opioid tolerance but
hese doses would also prevent the activity of the opiate. In
he Powell et al. (2002) study, 10 ng/kg of naltrexone more
otently reversed morphine tolerance than did 50 ng/kg. In
n earlier study, 100 ng/kg naltrexone was more effective
t enhancing the acute antinociceptive potency of mor-
hine than either 1 �g/kg or 1 ng/kg naltrexone (Shen and
rain, 1997). Although NLX and naltrexone have been
hown to act as inverse agonists at MOR after chronic
pioid exposure (Wang et al., 2004a), such blockade of
asal signaling by uncoupling MORs from their native G
roteins (Gi/o) does not explain the present finding that
ltra-low-dose NLX suppressed Gs coupling while enhanc-

ng Gi/o coupling. An inverse agonist would uncouple the
eceptor from all G proteins. Moreover, our results clearly
emonstrate that NLX at 10 ng/kg itself has little effect on
OR or its associated signaling components in the ab-

ence of the opiate. This result is consistent with our
nding that ultra-low-dose NLX alone did not affect noci-
eption here, nor did ultra-low-dose naltrexone previously
Crain and Shen, 1995). The subtle NLX-induced change
n the ratio of Gi to Go coupling detected by [3H]DAMGO
nd [35S]GTP�S binding may simply reflect the noise of

hese assays without functional implications, especially
ince vehicle and NLX groups did not differ in the co-
mmunoprecipitation assay. Collectively, these data sug-
est that ultra-low-dose NLX co-treatment may enhance

he ability of MOR or MOR-associated protein complexes o
o resist re-alignment induced by chronic exposure to MOR
gonists.

Using saturation binding studies (Lewanowitsch and
rvine, 2003) the estimated receptor occupancy of a similar
ose of NLX is about 1% of the MOR population if one
ssumes 100% CNS availability. It is possible that MORs
oupling to Gs differentially alter NLX and morphine dis-
ociation rates since the slow dissociation phase of a NLX
nalog (NLX benzoylhydrazone) from MOR was elimi-
ated by pertussis toxin, which targets Gi/o, but not by
holera toxin, which targets Gs (Brown and Pasternak,
988). By this reasoning, repeated morphine exposure
ight alter the receptor in a way that reduces its affinity for
i/o proteins, promotes coupling to Gs and enhances its

elative affinity for NLX. Although such a change in affinity
f a sub-population of receptors may not feasibly explain
ltra-low-dose NLX’s mechanism of attenuating tolerance
nd dependence, the shift in G protein coupling profiles is
learly governed by factors highly sensitive to NLX. The
act that the time-effect curve for NLX in blocking opioid
nalgesia is shorter than the time-effect curve for morphine

n inducing analgesia suggests a novel target for ultra-low-
ose NLX in these effects. Potential targets of ultra-low-
ose opioid antagonists on these receptors include
hanges in receptor conformation and associated mem-
rane proteins. Such targets become more feasible if they
imultaneously affect the coupling of multiple MORs.
oreover, although receptor changes that may alter MOR

ignaling are not yet elucidated, the present results more
learly define the mechanism of ultra-low-dose opioid an-
agonists in blocking excitatory signaling of opioid recep-
ors and potentially in enhancing analgesia and preventing
olerance and withdrawal (Crain and Shen, 1995; Powell et
l., 2002).

The present work showed that ultra-low-dose NLX co-
reatment attenuates chronic morphine-induced MOR sig-
aling alterations as well as morphine analgesic tolerance
nd dependence. Clinically, ultra-low-dose naltrexone
ombined with oxycodone (OxytrexTM) was recently shown
o produce significantly greater pain relief than the same
ose of oxycodone administered alone in a randomized,
ouble-blind, placebo-controlled, 350-patient clinical trial
f osteoarthritis patients (Chindalore et al., 2005). In addi-

ion, a longer, phase III clinical trial of Oxytrex demon-
trated equivalent analgesia from a significantly lower
ose of oxycodone when combined with ultra-low-dose
altrexone than from oxycodone alone. The addition of
ltra-low-dose naltrexone in this phase III clinical trial also
ramatically reduced opioid dependence as measured by
he short opioid withdrawal scale following abrupt cessa-
ion of treatment (Webster, manuscript in preparation).
ecent preclinical data using environmental conditioning
aradigms showed that ultra-low-dose naltrexone co-treat-
ent reduced the aversive effects of opioid withdrawal and
lso the acute rewarding or “euphoric” effects of opiates
Olmstead and Burns, 2005). Additionally, ultra-low-dose
altrexone was shown to reduce the rewarding potency of
xycodone and subsequent “drug-seeking” in a rat model

f addiction (Leri and Burns, in press). In summary, ultra-



l
u
c
h

A
�
f
s
K
P
w

A

A

B

B

B

B

C

C

C

C

C

C

C

C

C

C

D

F

F

F

F

G

G

H

I

J

J

J

K

K

K

L

L

L

H.-Y. Wang et al. / Neuroscience 135 (2005) 247–261260
ow-dose opioid antagonists appear to alleviate a variety of
ndesirable effects of opioids, and the attenuation of
hronic morphine-induced signaling alterations shown
ere suggests an underlying molecular mechanism.
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