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Summary

We had previously demonstrated that opioid receptors contribute to the induction and expression of
behavioral sensitization induced by repeated daily injection with 2.5 mg/kg of methamphetamine for
7 days. Using the same regimen, the present study investigated the alterations in l-opioid receptor during
the induction (on days 2, 5, and 8) and expression (on days 11 and 21) periods of behavioral sensitization.
Radioligand binding revealed that the maximal binding of l-opioid receptor was not changed on days 2
and 5, but down-regulated on day 8. After cessation of drug treatment, the maximal binding of l-opioid
receptor gradually and time-dependently returned to normal level on day 11 and up-regulated on day 21. In
contrast, no changes in d- and j-opioid receptors were detectable on any given day examined. The potency
of DAMGO for [35S]-GTPcS coupling was enhanced on days 2, 5, 11, and 21. Moreover, 1 lM of nal-
trexone or b-chlornaltrexamine significantly suppressed the basal [35S]-GTPcS coupling on days 2, 11, and
21. These findings indicate enhanced responsiveness and elevated constitutive activity of l-opioid receptor.
In summary, our data clearly demonstrate that alterations in l-opioid receptor are involved in and may
contribute to the sensitization to locomotor stimulating effect of methamphetamine.

Abbreviations: ANOVA – analysis of variance; AMPH – amphetamine; b-CNA – b-chlornaltrexamine;
DAMGO – [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin; DPDPE – [D-Pen2,5]-enkephalin; GDP – guanosine
5¢-diphosphate; [35S]-GTPcS – guanosine 5¢-O-(3-[35S]-thio) triphosphate; METH – methamphetamine;
NAcc – nucleus accumbens; NAT – naltrexone; U69,593 – ( + )-(5a,7a,8b)-N-methyl-N-[7-(1-pyrrolid-
inyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide; VTA – ventral tegmental area

Introduction

Continued use of psychostimulants such as
amphetamine (AMPH), methamphetamine
(METH), and cocaine is typically associated with
the development of tolerance. However, repeated
intermittent exposure to these drugs was found to
produce ‘‘reverse tolerance’’ known as behavioral

sensitization, which is characterized by progressive
and enduring augmentation of the behavioral
effects in response to subsequent exposure to the
same dose of the drug [1, 2]. Behavioral sensitiza-
tion has been used as an animal model for studying
the development of craving in addicts and psycho-
sis that arises from repeated exposure to psycho-
stimulants [2, 3].

METH is a synthetic drug and chemically
related to AMPH but has a higher potential for
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abuse. The behavioral activating effects of AMPH
are thought to depend primarily on its ability to
increase dopamine release in the terminal regions
of the mesolimbic dopamine system [4]. The
ventral tegmental area (VTA) is the somatoden-
dritic region of the mesolimbic dopamine neurons,
whose nerve terminals project primarily to the
nucleus accumbens (NAcc), an important struc-
ture for mediating spontaneous and pharmacolog-
ically stimulated locomotor activity [5]. The
mesolimbic dopamine system has been implicated
in the rewarding effects of drugs of abuse [6]. It is
clear that neuroadaptations in the VTA and NAcc
are critical for the induction and expression of
behavioral sensitization to psychostimulants,
respectively [7, 8]. In addition to anatomical
differences, the processes of induction and expres-
sion of behavioral sensitization are also temporally
distinct. An abundance of neuroadaptive phenom-
ena observed during the establishment and expres-
sion of behavioral sensitization was occurring in a
time-dependent fashion [9], suggesting different
neuronal mechanisms were involved.

Topographic overlaps between opioid and
dopamine neurons were found in the VTA, sub-
stantia nigra, striatum, and limbic areas, suggest-
ing that there are interactions between these two
systems [10]. Our previous study in mice showed
that, pretreatment with naltrexone (NAT), a non-
selective opioid receptor antagonist, attenuated the
induction and expression of METH-induced
behavioral sensitization [11]. When administered
prior to daily METH treatment, the inhibitory
effect of NAT on the induction of behavioral
sensitization appeared to vanish after a longer
period of abstinence. Moreover, when adminis-
tered prior to METH challenge, the inhibitory
effect of NAT on the expression of behavioral
sensitization was found to be more effective after a
longer period of abstinence. These differential
effects of NAT indicated potential alterations in
opioid receptors after repeated METH treatment,
which might be time-dependent and definitive for
expression of behavioral sensitization.

Endogenous opioids have been suggested to
play a key role in mediating the rewarding effects
of psychostimulants. It is well accepted that
j-opioid receptors play a role in opposing the
behavioral consequences induced by repeated psy-
chostimulant administration [12]. In addition,

although agonists of d- and l-opioid receptors
exhibit rewarding property, it has been found
that l- but not d-opioid receptors play a major
role in modulating mesolimbic dopamine system
[13–15]. Pharmacological evidence reveals that
mesolimbic dopaminergic activity can be con-
trolled by c-aminobutyric acid (GABA), a major
inhibitory afferent in this brain region [16]. In the
VTA, activation of l-opioid receptors located
possibly on both GABA afferent and interneurons
is known to hyperpolarize these GABA-containing
neurons and decrease GABA release [17, 18].
Therefore, the neuronal activity of mesolimbic
dopamine neurons is also indirectly regulated
by l-opioid receptors in the VTA through GABA.
Accordingly, activation of l-opioid receptors led
to increase in dopamine neuronal activity and
subsequent dopamine release in the NAcc [18, 19],
whereas blockade of the receptor resulted in
a significant decrease in baseline and AMPH-
induced dopamine levels in the NAcc [15, 19].

Acute administration with AMPH or METH is
known to increase the expression of opioid peptide
mRNA and neurotransmission of endorphin in the
brain [20, 21], and mesolimbic structures such as
VTA and NAcc receive b-endorphin containing
fibers [22]. It was found that the GABA contents
of the midbrain were decreased 1 h after a single
administration of METH [23], suggesting the
activation of l-opioid receptors in the VTA.
Therefore, repeated METH treatment during the
induction period of behavioral sensitization may
cause repeated or persistent activation of l-opioid
receptor. Moreover, activation of l-opioid recep-
tors in the VTA is known to mediate food intake
behavior [24]. It was found that not only the
feeding [24, 25] but also the dopamine releasing
[26] effects of l-opioid receptor were greatly
enhanced after repeated AMPH or METH treat-
ment, suggesting functional alterations in l-opioid
receptors. Taken together with the findings
above, l-opioid receptors seem to play a major
role in modulating or mediating the effects of
psychostimulants in the mesolimbic dopamine
system and susceptible to repeated psychostimu-
lant treatment. Therefore, the present study was
designed to extend our research by addressing the
question whether alterations in l-opioid receptor
are associated with the induction and expression of
METH-induced behavioral sensitization.
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Materials and methods

Materials

[3H]-[D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin
([3H]-DAMGO; 50 Ci/mmol), [3H]-[D-Pen2,5]-
enkephalin ([3H]-DPDPE; 45 Ci/mmol), [3H]-(5a,
7a,8b)-(+)-N-methyl-N-(7-[1-pyrrolidinyl]-1-ox
aspiro[4.5]dec-8-yl)-benzeneacetamide ([3H]-U69,
593; 39.7 Ci/mmol), and guanosine 5¢- O-(3-[35S]-
thio) triphosphate ([35S]-GTPcS; 1250 Ci/mmol),
were purchased from Perkin Elmer Inc. (Boston,
MA). Scintillation cocktail (Bio-safe II) was
obtained from RPI (Mount Prospect, IL). The
assay reagent for protein content was purchased
from Bio-Rad (Richmond, CA). METH, nalox-
one, NAT, b-chlornaltrexamine (b-CNA), DAM-
GO, guanosine 5¢-diphosphate (GDP), GTPcS,
and all other chemicals, were purchased from
Sigma-Aldrich (St. Louis, MO).

Animals

Male NIH Swiss mice (Harlan, Indianapolis, IN),
weighing 20–25 g at the beginning of the experi-
ment were used. Upon arrival, mice were housed in
groups of four in animal colony room on a 12-h
light–dark cycle, and at constant temperature
(22 ± 2 �C). Before any treatment, mice were
maintained in the colony room for at least 7 days
without disturbance. l-Opioid receptor knockout
mice used in this study were developed by Loh
et al. [27] and maintained on a 1:1 hybrid genetic
background (C57/BL6 and 129/Ola) as described.
Food and water were available ad libitum. All
procedures for animal handling and experiments
were approved by Institutional Animal Care Com-
mittee of the University of Mississippi Medical
Center, and performed in compliance with the
NIH Guide for the Care and Use of Laboratory
Animals.

Induction of behavioral sensitization

For induction of behavioral sensitization, each
mouse was injected i.p. with either 2.5 mg/kg of
METH (sensitized group) or saline (control non-
sensitized group) once a day for seven consecutive
days. Mice were kept in animal colony room and
received all injections in their home cages. Our
previous study demonstrated that this treatment

regimen of METH successfully induced long-
lasting behavioral sensitization in mice (at least
3 weeks after the cessation of the drug treatment)
[11]. METH was freshly dissolved in saline before
use and injected at a volume of 10 ml/kg of body
weight.

Brain membrane preparations

To investigate the neuronal alterations induced by
repeated METH treatment during the induction
period (days 1–7), brain samples were obtained
24 h after the first, fourth, and last daily injections
of saline or METH on days 2, 5, and 8, respec-
tively, for the purpose of preventing the possible
interference produced by acute effect of the drug.
For studies of the neuronal alterations associated
with the expression of behavioral sensitization after
short-term and long-term periods of abstinence,
brain samples were obtained on days 11 and 21,
respectively. Mice received 7 days of repeated
METH treatment without behavioral testing were
assumed to be sensitized with the same consider-
ation. l-Opioid receptor knockout and wild-type
mice were sacrificed without any treatment. Mice
were sacrificed by decapitation and the brains were
removed and frozen immediately in liquid nitrogen
for 14 s. Whole brains without cerebella were
homogenized in 30 volumes of ice-cold homoge-
nizing buffer (50 mM Tris–HCl, 3 mM MgCl2,
1 mM EGTA, pH 7.4 at 4 �C). The membrane
homogenates were incubated for 20 min at 37 �C
to remove endogenous ligand and washed twice
with the same buffer by centrifugation (49,000 �
g for 20 min at 4 �C) and re-suspension. After the
last centrifugation, the brain membranes were
suspended in the homogenizing buffer containing
0.32 M sucrose and stored at ) 80 �C until use.
The protein content was measured using reagent
purchased from Bio-Rad (Richmond, CA).

Saturation analysis of radioligand binding
in brain membranes

All binding experiments were performed in 50 mM
Tris–HCl buffer (pH 7.4) in a final volume of
0.5 ml containing 80–120 lg of membrane protein.
For total binding, aliquots of membrane
homogenates were assayed in tubes containing
0.05–8 nM of [3H]-DAMGO, [3H]-DPDPE, or
[3H]-U69,593 for the labeling of l-, d-, or j-opioid
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receptors, respectively. Non-specific binding was
determined in the presence of 10 lM of naloxone
under identical conditions. Tubes were incubated
for 90 min at 25 �C and the reactions were
terminated by rapid filtration through Whatman
GF/B filters in a cell harvester. Filters were washed
three times with 3 ml of ice-cold Tris–HCl buffer
(50 mM, pH 7.7) and transferred into vials con-
taining 4 ml of scintillation cocktail. The radioac-
tivity in the samples was determined by a liquid
scintillation analyzer (Packard Instrument, Meri-
den, CT). Specific binding values were calculated
by subtracting non-specific binding from total
binding values. All experiments were performed in
duplicate using pooled brain membranes from
three mice and the results were obtained from four
independent experiments with different groups of
animals.

[35S]-GTPcS coupling in brain membranes

For investigating concentration effect of l-opioid
receptor agonist-stimulated [35S]-GTPcS coupling,
aliquots (�15 lg of protein) of brain membrane
homogenates were assayed in the buffer (50 mM
Tris–HCl, 3 mM MgCl2, 1 mM DTT, 1 mM
EGTA, 100 mM NaCl, 0.1% BSA, pH 7.5) con-
taining 100 lM GDP, 0.1 nM [35S]-GTPcS, and
different concentrations (1 nM to 10 lM) of
DAMGO in a final volume of 0.5 ml. Constitutive
activity of l-opioid receptor was determined by
adding 1 lM of NAT, a non-selective opioid
receptor antagonist, or 1 lM of b-CNA, an
antagonist of l-opioid receptor with negative
intrinsic activity (inverse agonist) [28], into the
assay buffer containing 10 lM GDP. With the
concentration of 1 lM, both agents have been
reported to specifically suppress the constitutive
activity of l-opioid receptor in mice brain homo-
genates [29]. Changes in constitutive activity were
revealed by changes in the effects of antagonists on
[35S]-GTPcS coupling. Basal coupling was deter-
mined in the absence of agonist or antagonist and
non-specific coupling was determined in the pres-
ence of 10 lM of unlabeled GTPcS. All prepara-
tions were incubated for 90 min at 25 �C and
reactions were terminated by rapid filtration
through Whatman GF/B filters in a cell harvester.
Filters were washed three times with 3 ml of ice-
cold buffer (50 mM Tris–HCl, 50 mM NaCl,
pH 7.7) and transferred into vials containing

4 ml of scintillation cocktail. Net [35S]-GTPcS
coupling values were calculated by subtracting
non-specific coupling values. Drug-stimulated
changes in [35S]-GTPcS coupling values were
expressed as % of basal coupling values under
identical conditions. All experiments were per-
formed in triplicate using pooled brain membranes
from three mice and the results were obtained
from at least five independent experiments with
different groups of animals.

Data analysis

The parameters (Kd and Bmax) of radioligand
binding were obtained from non-linear regression
analysis of saturation binding curve, using Graph-
Pad Prism 3.02 (GraphPad Software, San Diego,
CA). The EC50 of DAMGO for [35S]-GTPcS
coupling was obtained from non-linear regression
analysis of sigmoidal concentration–response
curve using the same computer software. The
effects of METH on alterations in opioid receptors
during the induction or expression periods of
behavioral sensitization were analyzed by two-way
analysis of variance (ANOVA) followed by Bon-
ferroni post-tests, using SigmaStat 3.0 (SPSS
Science, Rochester, MN). Data are expressed as
mean ± standard errors of the mean (S.E.M.).

Results

Effects of METH on receptor binding during
the induction period of behavioral sensitization

To investigate whether repeated METH treatment
produces alteration in opioid receptors, we first
determined the changes in l-opioid receptor bind-
ing during the induction period on days 2, 5, and
8, as described in methods. Saturation analysis of
radioligand binding revealed that repeated saline
treatment did not affect either the Bmax (the
maximum number of binding sites, fmol/mg; day
2, 323 ± 9; day 5, 313 ± 14; day 8, 327 ± 10)
or Kd (binding affinity, nM; day 2, 1.4 ± 0.2; day
5, 1.1 ± 0.1; day 8, 1.3 ± 0.1) values of [3H]-
DAMGO to l-opioid receptor binding. Similar Kd

values were also obtained in the brain from
METH-pretreated mice across the days examined
(day 2, 1.2 ± 0.1; day 5, 1.1 ± 0.1; day 8,
1.4 ± 0.2). However, a two-way ANOVA
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(METH treatment � days of treatment) revealed
significant effects for Bmax values (METH treat-
ment: F[1, 18] = 5.48, p = 0.031; interaction:
F[2, 18] = 4.23, p = 0.031). Compared with the
corresponding saline-pretreated control group, the
Bmax values of [

3H]-DAMGO binding in the brain
from METH-pretreated mice were nearly un-
changed on days 2 (315 ± 18; Figure 1a) and 5
(316 ± 9; Figure 1b), but decreased significantly
with prolonged METH treatment on day 8
(277 ± 9; �85% of control, p<0.05, Bonferroni
post-test; Figure 1c). To further investigate poten-
tial alterations in other types of opioid receptors,
radioligands [3H]-DPDPE and [3H]-U69,593 were
used for the labeling of d- and j-opioid receptors,
respectively. Compared with the corresponding
saline-pretreated group, no significant changes in
Bmax or Kd values for [3H]-DPDPE (saline vs.
METH, Bmax and Kd, respectively: day 2, 372 ±

31 and 6.4 ± 0.5 vs. 346 ± 35 and 6.2 ± 0.5;
day 5, 347 ± 33 and 6.0 ± 0.2 vs. 353 ± 38
and 6.7 ± 0.6; day 8, 365 ± 48 and 6.6 ± 0.9
vs. 338 ± 66 and 6.4 ± 1.1) and [3H]-U69,593
(day 2, 70 ± 6 and 2.1 ± 0.2 vs. 81 ± 5 and
2.6 ± 0.2; day 5, 65 ± 12 and 1.8 ± 0.3 vs. 87
± 19 and 2.5 ± 0.5; day 8, 75 ± 3 and 2.2 ±
0.2 vs. 72 ± 3 and 1.9 ± 0.1) binding were
detectable in the brain from METH-pretreated
mice on any given day tested (Figure 1a–c).

Effects of METH on receptor binding during the
expression period of behavioral sensitization

Next, we determined whether alterations in l-opioid
receptor are associated with the expression of
METH-induced behavioral sensitization after
short- and long-term periods of abstinence on
days 11 and 21, respectively. During the expression

Figure 1. Effects of METH on receptor binding in brain membranes during the induction period. Saturation analyses of radioli-
gand binding using [3H]-DAMGO, [3H]-DPDPE, or [3H]-U69,593 were performed in the brain from mice 24 h after the first,
fourth, and last daily injections of saline or METH on days 2 (a), 5 (b), and 8 (c), respectively. Data are mean values (mean ±
S.E.M.) of four independent experiments.
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periods, no changes in the Bmax and Kd values of
[3H]-DAMGO binding were observed in the brain
from non-sensitized (saline-pretreated) mice (Bmax

and Kd, respectively: day 11, 311 ± 7 and
1.3 ± 0.1; day 21, 317 ± 13 and 1.2 ± 0.2),
and similar Kd values were also obtained from
sensitized (METH-pretreated) mice (day 11,
1.2 ± 0.1; day 21, 1.3 ± 0.2). However, a two-
way ANOVA (METH treatment � days of absti-
nence) revealed significant effects for Bmax values
(METH treatment: F[1, 12] = 12.42, p = 0.004;
days of abstinence: F[1, 12] = 5.52, p = 0.037).
The Bmax value of [3H]-DAMGO binding in the
brain from sensitized mice after a short-term
period of abstinence was returned, from down-
regulated on day 8, to normal level on day 11
(334 ± 23; �111% of control, this value did not
reach statistical significance; Figure 2a). After a
longer period of abstinence on day 21, the Bmax

value of [3H]-DAMGO binding in the brain from
sensitized mice was up-regulated when compared
with the corresponding non-sensitized control
group (393 ± 10; �124% of control, p<0.01,
Bonferroni post-test; Figure 2b). In contrast, the
Bmax or Kd values for [

3H]-DPDPE (non-sensitized
vs. sensitized, Bmax and Kd, respectively: day 11,
398 ± 17 and 6.1 ± 0.9 vs. 388 ± 29 and

6.7 ± 0.9; day 21, 349 ± 13 and 5.1 ± 0.4 vs.
363 ± 24 and 4.8 ± 0.2) and [3H]-U69,593 (day
11, 76 ± 5 and 2.1 ± 0.3 vs. 85 ± 9 and
2.2 ± 0.5; day 21, 75 ± 6 and 2.1 ± 0.3 vs.
83 ± 6 and 2.5 ± 0.2) binding remained un-
changed in sensitized mice at these time points
tested (Figure 2a, b). These results support the
hypothesis that alterations in l-opioid receptor
are involved in METH-induced behavioral sensi-
tization and indicate that l-opioid receptors are
the most sensitive to repeated METH treatment.
Therefore, we only focused on the alterations
in l-opioid receptor in the following functional
studies.

Effects of METH on DAMGO-stimulated
[35S]-GTPcS coupling during the induction period

Exchange of GDP for GTP is the first step in G
protein-coupled receptor signaling and l-opioid
receptors are negatively coupled to adenylyl
cyclase via Gi/Goa proteins. Thus, to further
investigate whether repeated METH treatment
produces functional alterations in l-opioid recep-
tor, different concentrations of l-opioid receptor
agonist DAMGO, ranging from 1 nM to 10 lM,
were used to determine the changes in potency

Figure 2. Effects of METH on receptor binding in brain membranes during the expression period. Saturation analyses of radioli-
gand binding using [3H]-DAMGO, [3H]-DPDPE, or [3H]-U69,593 were performed in the brain from saline- or METH-pretreated
mice after short-term and long-term periods of abstinence on days 11 (a) and 21 (b), respectively. Data are mean values (mean ±
S.E.M.) of four independent experiments.
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(EC50) and efficacy of the agonist for receptor
activation. During the induction period investi-
gated, addition of DAMGO into the brain mem-
branes from saline-pretreated mice produced
similar increase in [35S]-GTPcS coupling by �50%
with no significant changes in the EC50 values (nM;
day 2, 714 ± 90; day 5, 734 ± 132; day 8,
747 ± 51; Figure 3a–c). The lack of DAMGO
effect on brain membranes from l-opioid receptor
gene knockout mice confirmed that the increase in
[35S]-GTPcS coupling was resulted from l-opioid
receptor activation (Figure 4). Repeated METH
treatment did not affect the maximal responses
(efficacy) induced by DAMGO, whereas the con-
centration–response curves for DAMGO shifted to
the left on days 2 (Figure 3a) and 5 (Figure 3b), but
did not after prolonged METH treatment on day 8
(Figure 3c). A two-way ANOVA (METH treat-
ment � days of treatment) revealed significant
effects for EC50 values of DAMGO (METH treat-
ment: F[1, 30] = 22.70, p<0.001; days of treat-
ment: F[2, 30] = 3.55, p = 0.041). Compared with
the corresponding saline-pretreated group, the
EC50 values were significantly decreased in the
brain from METH-treated mice on days 2
(262 ± 36; p<0.01, Bonferroni post-test) and 5
(368 ± 84; p<0.01, Bonferroni post-test), but
nearly unchanged on day 8 (641 ± 40).

Effects of METH on DAMGO-stimulated
[35S]-GTPcS coupling during the expression
period

Next, DAMGO-induced [35S]-GTPcS coupling
were performed in brain membranes from mice
on days 11 and 21 to investigate whether func-
tional alterations in l-opioid receptor are associ-
ated with the expression of behavioral
sensitization after short-term and long-term peri-
ods of abstinence, respectively. During the expres-
sion periods, addition of DAMGO into the brain
membranes from non-sensitized mice produced
similar increase in [35S]-GTPcS coupling with no
significant changes in the EC50 values (day 11,
719 ± 50; day 21, 728 ± 23; Figure 5a, b).
Similar maximal responses induced by DAMGO
were also observed in brain membranes from
sensitized mice; nevertheless, a two-way ANOVA
(METH treatment � days of abstinence)
revealed significant effects for EC50 values (METH
treatment: F[1, 20] = 44.62, p<0.001; days

of abstinence: F[1, 20] = 10.61, p = 0.004;
interaction: F[1, 20] = 12.13, p = 0.002). Com-
pared with the corresponding non-sensitized

Figure 3. Effects of METH on DAMGO-stimulated
[35S]-GTPcS coupling in brain membranes during the induc-
tion period. [35S]-GTPcS coupling concentration–response
curves for DAMGO were obtained in the brain from mice
24 h after the first, fourth, and last daily injections of saline
or METH on days 2 (a), 5 (b), and 8 (c), respectively. Data
are expressed as % of basal level (mean ± S.E.M.) under
identical conditions of six independent experiments.
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group, the EC50 value of DAMGO for [35S]-
GTPcS coupling was decreased modestly in sensi-
tized mice after a short-term period of abstinence
on day 11 (597 ± 28; p<0.05, Bonferroni post-
test; Figure 5a). With the concentration–response
curve shifting to the left, the EC50 value was
decreased further in sensitized mice after a longer
period of abstinence on day 21 (341 ± 46;
p<0.01, Bonferroni post-test; Figure5b).

Effects of METH on the constitutive activity
of l-opioid receptor during the induction period

Many G protein-coupled receptors, includ-
ing l-opioid receptor, exhibit constitutive activity
which produces spontaneous regulation of G
proteins and effectors in the absence of activation
by agonists [28, 30]. Recent in vitro [28, 30] and in
vivo [29] studies found that chronic activation
of l-opioid receptor by morphine treatment in-
creased such agonist-independent activity. By
suppressing the elevated constitutive activity, the
property of NAT was found from neutral antag-
onist in untreated cells, to turn into inverse agonist
(antagonist with negative intrinsic activity) in cells
after chronic morphine treatment. Moreover, as an
irreversible antagonist, b-CNA was reported to
serve as an inverse agonist and specifically sup-
press the constitutive activity of l-opioid receptor
[28]. To investigate whether repeated METH treat-
ment affects the constitutive activity of l-opioid
receptor, the effects of these antagonists on basal
[35S]-GTPcS coupling were determined.

Addition of NAT (1 lM) into brain mem-
branes from saline-pretreated mice slightly in-
creased [35S]-GTPcS coupling (open bars;
Figure 6a). A two-way ANOVA (METH treat-
ment � days of treatment) revealed significant
effects for NAT-induced [35S]-GTPcS coupling
(METH treatment: F[1, 30] = 7.45, p = 0.001).
Compared with the corresponding saline-pretreat-
ed group, NAT significantly suppressed the basal
[35S]-GTPcS coupling in brain membranes from
mice received a single METH injection on day 2
(p<0.01, Bonferroni post-test). The NAT-in-
duced decrease in basal [35S]-GTPcS coupling
indicates inverse agonist activity of the antagonist
and suggests the presence of constitutive activity.
Although NAT also appeared to suppress the
basal [35S]-GTPcS coupling in METH-pretreated

Figure 5. Effects of METH on DAMGO-stimulated [35S]-
GTPcS coupling in brain membranes during the expression
period. [35S]-GTPcS coupling concentration-response curves
for DAMGO were obtained in the brain from saline- or
METH-pretreated mice after short-term and long-term peri-
ods of abstinence on days 11(a) and 21 (b), respectively. Data
are expressed as % of basal level (mean ± S.E.M.) under
identical conditions of six independent experiments.

Figure 4. DAMGO-stimulated [35S]-GTPcS coupling in
wild-type and l-opioid receptor knockout mice. [35S]-GTPcS
coupling concentration–response curves for DAMGO were
obtained in the brain from wild-type and l-opioid receptor
knockout mice without any treatment. Data are expressed as
% of basal level (mean ± S.E.M.) under identical conditions
of three independent experiments.
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mice on days 5 and 8, they were not statistically
significant (closed bars; Figure 6a).

To further identify whether this elevated con-
stitutive activity was resulted from l-opioid recep-
tor, the effects of b-CNA on basal [35S]-GTPcS
coupling were determined. Addition of b-CNA
(1 lM) produced similar agonist-like effects in
saline-pretreated mice as did by NAT (open bars;
Figure 6b). The lack of inhibitory effect of b-CNA
on basal [35S]-GTPcS coupling indicates that no
constitutive activity of l-opioid receptor was
detectable in saline-pretreated mice under
the experimental conditions used. However, a
two-way ANOVA (METH treatment � days of
treatment) revealed significant effects for b-CNA-
induced [35S]-GTPcS coupling (METH treatment:
F[1, 30] = 6.38, p = 0.017). Consistent with the
results produced by NAT, b-CNA significantly
suppressed the basal [35S]-GTPcS coupling in
METH-pretreated mice on day 2 (p<0.05, Bon-
ferroni post-test), but not on days 5 and 8 (closed
bars; Figure 6b). The b-CNA-induced decrease in
basal [35S]-GTPcS coupling confirms enhanced

constitutive activity of l-opioid receptor after a
single METH treatment.

Effects of METH on the constitutive activity
of l-opioid receptor during the expression period

Next, the effects of 1 lM of NAT and b-CNA on
basal [35S]-GTPcS coupling were determined to
investigate whether alterations in constitutive activ-
ity of l-opioid receptor are associated with the
expression of behavioral sensitization. In brain
membranes from non-sensitized mice on days 11
and 21 (open bars in figures), both agents produced
similar agonist-like effects on [35S]-GTPcS coupling
(Figure 7a, b), indicating that no constitutive
activity was detectable. In contrast, two-way ANO-
VA (METH treatment � days of abstinence)
revealed significant effects for NAT- (METH treat-
ment: F[1, 16] = 18.331, p<0.001) and b-CNA-
induced [35S]-GTPcS coupling (METH treatment:
F[1, 16] = 12.15, p = 0.003). Compared with the
corresponding non-sensitized group, the [35S]-

Figure 7. Effects of antagonists on basal [35S]-GTPcS cou-
pling in brain membranes during the expression period. Ef-
fects of NAT (a) and b-CNA (b) were determined in the
brain from saline- or METH-pretreated mice after short-term
and long-term periods of abstinence on days 11 and 21,
respectively. Data are expressed as % of basal level (mean ±
S.E.M.) under identical conditions (n = 5). *p<0.05,
**p<0.01, compared with response of corresponding saline-
pretreated group, according to Bonferroni post-tests after a
two-way ANOVA (METH treatment � days of abstinence).

Figure 6. Effects of antagonists on basal [35S]-GTPcS cou-
pling in brain membranes during the induction period. Effects
of NAT (a) and b-CNA (b) were determined in the brain
from mice 24 h after the first, fourth, and last daily injections
of saline or METH on days 2, 5, and 8, respectively. Data are
expressed as % of basal level (mean ± S.E.M.) under identi-
cal conditions (n = 6). *p<0.05, **p<0.01, compared with
response of corresponding saline-pretreated group, according
to Bonferroni post-tests after a two-way ANOVA (METH
treatment � days of treatment).
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GTPcS coupling in brain membranes from sensi-
tized mice (closed bars in figures) on day 11 were
significantly suppressed by NAT (p<0.01, Bon-
ferroni post-test; Figure 7a) or b-CNA (p<0.05,
Bonferroni post-test; Figure 7b), suggesting the
presence of constitutive activity of l-opioid recep-
tor. The [35S]-GTPcS coupling remained to be
suppressed by NAT or b-CNA in sensitized mice
after a longer period of abstinence on day 21
(p<0.05, Bonferroni post-test). These results indi-
cate that elevated constitutive activity of l-opioid
receptor was associated with the expression of
METH-induced behavioral sensitization.

Discussion

As described in previous section, acute adminis-
tration of AMPH or METH increased endogenous
opioid contents in the brain and suggested the
activation of l-opioid receptors by these endoge-
nous opioids. Therefore, it is reasonable to assume
that repeated or prolonged activation of l-opioid
receptor by these endogenous opioids may ulti-
mately lead to receptor down-regulation, a conse-
quence resembles to those of morphine-induced
tolerance and dependence [31]. In agreement with
this prediction, we demonstrated that the maximal
binding of l-opioid receptor was not modified
during the early stage of the induction period but
was down-regulated with prolonged treatment of
the drug. This observation is consistent with
previous findings in rats that acute d-AMPH had
no effect on the expression of l-opioid receptor
mRNA, whereas five intermittent injections of the
drug resulted in a significant down-regulation of
the receptor mRNA levels in the brain [32].

After the drug treatment was stopped, in con-
trast, themaximal binding of l-opioid receptor was
gradually recovered, from down-regulation on day
8, returning to normal levels on day 11, and up-
regulation on day 21. Significant up-regulation
of l-opioid receptor was also found in some brain
regions following chronic intermittent cocaine
administration [33]. A study in rats identified that
the expression of AMPH-induced behavioral sen-
sitization was associated with up-regulation
of l-opioid receptor mRNA in the VTA [34].
Evidence in literature suggests that the mechanism
leads to up-regulation of l-opioid receptor after
repeated psychostimulant treatment might be

mediated, at least in part, through dopamine D2

receptors. Continuous infusion of dopamine D2 but
not D1 receptor agonist increased the expression
of l- but not d-opioid receptors [35]. Conversely,
chronic administration of dopamine D2 receptor
antagonists decreased l-opioid receptor binding in
the brain [36]. Furthermore, AMPH- or METH-
induced behavioral sensitization was found to
associate with enhanced phosphorylation of cAMP
response element binding protein (CREB) and
expression of transcription factors such as Fos
and Jun family proteins [37, 38]. These transcrip-
tion factors are components of the AP-1 complex
and the consensus binding sites of this complex are
known to be located in the promoter region of
the l-opioid receptor gene [39]. The finding that
AP-1 binding activity was enhanced in various
brain regions after repeated METH treatment [37]
supports the idea that METH-induced alteration in
expression of l-opioid receptor might be resulted
from the induction of these transcription factors
following dopamine receptor activation.

Chronic repeated administration of cocaine
resulted in up-regulation of l- and j-, but not
d-opioid receptors in rats [33]. Moreover, a tran-
sient elevated expression of d-opioid receptor
mRNA was found in the VTA after repeated
AMPH treatment [34]. Unlike those findings, no
changes in Bmax or Kd values of d- and j-opioid
receptors were detectable in the present study. The
discrepancies may have resulted from differences in
subjects, drugs, or experimental conditions. What-
ever the differences, it must however be noted that
the effects of repeated METH treatment may not
globally affect the expression of opioid receptors in
the brain, the radioligand binding method using
whole brain samples thereforemay be insufficient to
reveal the region-specific changes in expression of
opioid receptors. Although the potential alterations
in receptors other than l-opioid receptors cannot
be excluded, the present results not only indicate
that l-opioid receptors are the most sensitive to
repeated METH treatment, but also support the
hypothesis that l-opioid receptors are involved in
METH-induced behavioral sensitization.

Decrease in the EC50 values of agonist for
[35S]-GTPcS coupling represents increase in the
potency of the agonist as well as the sensitivity
of receptor to agonist stimulation. Administration
of METH is known to cause overexpression of
neuronal nitric oxide synthase in the mouse brain
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[40]. As a second messenger, nitric oxide has been
suggested tomediateMETH-induced neurotoxicity
and behavioral sensitization [41]. It was found that
infusion with L-arginine for 8 h, a nitric oxide
precursor, did not alter the Bmax or Kd values of
[3H]-DAMGO binding to the mouse brain mem-
branes, whereas, it enhanced the efficacy and
potency of DAMGO for [35S]-GTPcS coupling
[42]. These observations are similar to the present
study that they were induced by METH treatment.
Although no significant differences in efficacy were
found, the enhanced potency ofDAMGOon days 2
and 5 were not due to METH-induced increases
in l-opioid receptor binding, as the Bmax and Kd

values for [3H]-DAMGO binding were not signif-
icantly changed on these days tested. Since nitric
oxide is known to regulate gene expression by
activating diverse signaling pathways [43], it is
possible that the enhanced potency of DAMGO in
response to METH treatment was resulted from an
up-regulation of Gi/Goa proteins. In addition,
nitric oxide has also been suggested to be involved
in opioid desensitization in the CNS [44]. Receptor
desensitization was implicated as the mechanism
underlying opioid tolerance and dependence, and
repeated administration of L-arginine was found to
mimic tolerance induced by repeated DAMGO
treatment [45]. As the reduction of total membrane
receptors was reported to be the major mechanism
for functional desensitization of the l-opioid recep-
tor [46], the decrease in sensitivity of l-opioid
receptor with prolonged METH treatment, from
enhanced on day 2 to normal observed on day 8,
might be due to down-regulation of the receptor, as
the present results indicated. Although not mea-
sured, these findings support the hypothesis that
nitric oxide plays a role in mediating METH-
induced functional alterations in l-opioid receptor.

After cessation of repeated METH treatment,
the enhanced potency of DAMGO for [35S]-
GTPcS coupling appeared to be parallel to the
changes in the Bmax but not Kd values of [3H]-
DAMGO binding during the expression period of
sensitization, whereas the changes only evident in
potency but not efficacy was unexpected. Due to
the experimental or methodological factors, tiny or
region-specific changes might not be revealed in
the present study. Although the enhanced sensi-
tivity of l-opioid receptor to agonist stimulation
may attribute to the up-regulation of the receptor,
the potential changes in expression or binding

affinity of G proteins cannot be excluded. Further
investigations are required to clear this point.

The observation that inverse agonists decrease
basal G protein coupling in membrane prepara-
tions is the most convincing evidence demonstrat-
ing constitutive activation of l-opioid receptors.
With the concentration of 1 lM, b-CNA has been
reported to have negligible non-specific effects in
brain homogenates from l-opioid receptor gene
knockout mice, but significantly suppressed basal
[35S]-GTPcS coupling in those from genetically
normal mice, indicating the presence of constitu-
tive activity of l-opioid receptors in vivo [29].
However, consistent with other research that failed
to demonstrate constitutive activity [47], b-CNA
failed to demonstrate constitutive activity in
saline-pretreated mice in the present study. The
discrepancies may be resulted from differences in
subjects or experimental conditions such incuba-
tion temperature and incubation time used in these
studies. Nonetheless, by making comparisons
between saline- and METH-pretreated groups,
the basal [35S]-GTPcS coupling was significantly
suppressed by 1 lM of b-CNA on days 2, 11, and
21, indicating the elevated constitutive activity
of l-opioid receptors. Moreover, increase in the
constitutive activity of l-opioid receptors has been
found to increase the inhibitory effects of antag-
onists such as naloxone and NAT on basal [35S]-
GTPcS coupling in brain homogenates [29]. Con-
sistent with the observation, our results showed
that NAT produced agonist-like effects in brain
membranes from saline-pretreated mice, but sig-
nificantly suppressed the basal [35S]-GTPcS cou-
pling in those from METH-pretreated mice on
days 2, 11, and 21.

The mechanism by which METH treatment
affects the constitutive activity of l-opioid recep-
tor is currently unclear. Since acute administration
of AMPH or METH is known to increase the
content of endogenous opioids, the effects of these
endogenous opioids acting presumably at l-opioid
receptors might bear some resemblance to the
effects of morphine. However, enhanced constitu-
tive activity of l-opioid receptor following mor-
phine treatment was found to associate with
reduced agonist-stimulated G protein activation
[29]. These results seem to be contradictory to the
present study that the elevated constitutive
activities of the receptor were associated with
enhanced potency of DAMGO for [35S]-GTPcS
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coupling. It should be mentioned that dopamine
receptors were found to exhibit constitutive activ-
ity as well [48, 49]. As an indirect dopamine
receptor agonist, METH has profound effects on
these and even other G protein-coupled receptors.
Therefore, in regard to constitutive activity
of l-opioid receptor, the consequences after re-
peated METH treatment might be distinct from
those after morphine. A study using photolabeling
of Ga subunits demonstrated that individual G
proteins activated by constitutively active l-opioid
receptors were different from those by agonist
DAMGO [30]. Moreover, a study in mutant l-
opioid receptors which expressed elevated constit-
utive activity also showed enhanced potency of
DAMGO for [35S]-GTPcS coupling [50]. These
findings may corroborate in part of our observa-
tions. Without affecting the maximal binding of
the receptor, the elevated constitutive activity at l-
opioid receptors observed on day 2 might also
result from an up-regulation of Gi/Goa proteins
coupling to the constitutively active receptors.
Moreover, owing to a greater chance of encounter
of a receptor in the active conformation with G
protein, it has been postulated that a high density
of receptors would result in a greater degree of
constitutive activity [51]. This provides a reason-
able explanation for our observations on days 11
and 21 that the elevated constitutive activity at l-
opioid receptors might simply result from the up-
regulation of the newly synthesized receptors.

The actions of psychostimulants in the VTA
are critical for the induction of behavioral sensi-
tization [7]. AMPH and morphine were found to
cross-sensitize the locomotor effect of each other’s
[52, 53], and l-opioid receptor was found to play
an important role in morphine-induced behavioral
sensitization [54]. Therefore, it is possible that
morphine- and METH-induced behavioral sensi-
tization share a common mechanism, activation
of l-opioid receptor. In fact, it has been identified
that repeated activation of l-opioid receptor in the
VTA sensitized the mesoaccumbens dopamine
neurons to l-opioid receptor stimulation in the
VTA [55, 56] and the locomotor response to
AMPH [8, 57]. With prolonged METH treatment,
the desensitization of l-opioid receptors observed
in the present study not only reflects the conse-
quences of persistent activation of l-opioid recep-
tor, but also supports the hypothesis that l-opioid

receptor contributes to the induction of behavioral
sensitization.

The augmentation in dopamine transmission in
the NAcc underlies the expression of behavioral
sensitization [7], and dopamine D2 receptors play
an important role in the expression of sensitized
behaviors of AMPH or METH [58, 59]. Several
lines of evidence suggest that the locomotor effect
of l-opioid receptor in the VTA is dependent on
post-synaptic dopamine D2 receptor [60, 61]. In
addition, tonic activation or the constitutive activ-
ity of l-opioid receptors in the VTA has been
found to play a role in maintenance of basal
dopamine levels in the NAcc [15, 19]. Therefore,
alterations in the responsiveness of l-opioid recep-
tor may have profound effect on dopamine D2

receptor-mediated behavior. The elevated constit-
utive activity of l-opioid receptor may enhance or
maintain the hyperreactivity of mesolimbic dopa-
mine neurons and thereby lower the threshold of
locomotor activity triggered by subsequent chal-
lenge of METH. In fact, it has been suggested that
an increased expression of l-opioid receptor
mRNA in the VTA predisposes animals to a
sensitized response to psychostimulant challenge
[62]. Moreover, although the locomotor activity
induced by l-opioid receptor stimulation in the
NAcc is dopamine-independent [63], the expres-
sion of l-opioid receptor in the NAcc is sensitive
to the negative regulatory effect of dopamine D2

receptor on enkephalin in this brain region [35].
Furthermore, sensitization of the locomotor re-
sponse to dopamine D2 receptor agonist induced
by lesion of the NAcc [5] may associate with an
enhanced behavioral response to locally
applied l-opioid receptor agonist [63]. Taken
together with these findings, the long-lasting alter-
ations in l-opioid receptor observed in the present
study may be relevant to METH-induced changes
in dopamine-dependent behavior and support the
hypothesis that l-opioid receptor contributes to
the expression of behavioral sensitization. This can
be further supported by a parallel study from our
laboratory that mice lacking l-opioid receptor
expressed significantly lower intensity of behav-
ioral sensitization induced by METH than wild-
type mice (Ma et al. unpublished data), even they
have been identified to possess compensatory up-
regulation of dopamine D2 receptor [64] and
showed enhanced locomotor response to apomor-
phine [64] and AMPH [65].
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In summary, the present study has examined
the effects of repeated METH treatment and
abstinence on l-opioid receptors in the brain of
mice. Differences found between saline- and
METH-pretreated mice demonstrate that l-opioid
receptors are sensitive to repeated METH treat-
ment and alterations in l-opioid receptor are time-
dependently associated with the induction and
expression of METH-induced behavioral sensiti-
zation. Although the contributions of l-opioid
receptor to the induction or expression of behav-
ioral sensitization induced by METH require
further investigation, these findings extend and
provide possible explanation for our previous
study that these time-dependent alterations
in l-opioid receptor might be accountable for the
differential effects of NAT on the induction and
expression of behavioral sensitization.
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