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In Vivo Activation of a Mutant �-Opioid Receptor by
Naltrexone Produces a Potent Analgesic Effect But No
Tolerance: Role of �-Receptor Activation and �-Receptor
Blockade in Morphine Tolerance
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Opioid analgesics are the standard therapeutic agents for the treatment of pain, but their prolonged use is limited because of the
development of tolerance and dependence. Recently, we reported the development of a �-opioid receptor knock-in (KI) mouse in which
the �-opioid receptor was replaced by a mutant receptor (S196A) using a homologous recombination gene-targeting strategy. In these
animals, the opioid antagonist naltrexone elicited antinociceptive effects similar to those of partial agonists acting in wild-type (WT)
mice; however, development of tolerance and physical dependence were greatly reduced. In this study, we test the hypothesis that the
failure of naltrexone to produce tolerance in these KI mice is attributable to its simultaneous inhibition of �-opioid receptors and
activation of �-opioid receptors. Simultaneous implantation of a morphine pellet and continuous infusion of the �-opioid receptor
antagonist naltrindole prevented tolerance development to morphine in both WT and KI animals. Moreover, administration of SNC-80
[(�)-4-[(�R)-�-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide], a � agonist, in the naltrexone-
pelleted KI animals resulted in a dose-dependent induction in tolerance development to both morphine- and naltrexone-induced anal-
gesia. We conclude that although simultaneous activation of both �- and �-opioid receptors results in tolerance development, �-opioid
receptor activation in conjunction with �-opioid receptor blockade significantly attenuates the development of tolerance.

Key words: morphine; tolerance; naltrexone; SNC-80; naltrindole; knock-in animals

Introduction
The development of tolerance and physical dependence induced
by chronic morphine administration limits its prolonged use in
the treatment of pain (Ellison 1993). Both analgesia and tolerance
to morphine are abolished in �-opioid receptor knock-out mice,
implicating the �-opioid receptor as the primary receptor type
mediating both of these effects (Fang et al., 1986; Matthes et al.,
1996; Sora et al., 1997). However, several lines of evidence suggest
the additional involvement of the �-opioid receptor in morphine
tolerance. Initial studies using �-opioid receptor antagonists
(Abdelhamid et al., 1991) and more recent studies using �-opioid
receptor knock-out mice (Nitsche et al., 2002) were shown to
disrupt the development of tolerance. Although these studies
suggest a role for the �-opioid receptor in morphine tolerance,
they do not provide conclusive evidence for its involvement. For
example, in the �-opioid receptor knock-out mice, adaptive
mechanisms, such as the observed novel upregulated “�-like”
receptors (Zhu et al., 1999), might account for the lack of toler-

ance observed in these animals. In pharmacological studies, the
selective �-receptor antagonist naltrindole (NTI) has been shown
to interact with alternate receptors, because NTI binding was still
detected in the �/�/� triple knock-out mice (Gaveriaux-Ruff et
al., 2001). Furthermore, at high concentrations, NTI has been
shown to lose its � selectivity and act as an agonist in some cell
types (Chen et al., 2004).

Recently, we described the development of a �-opioid recep-
tor knock-in (KI) mouse in which the �-opioid receptor was
replaced by a mutant receptor (S196A) using a homologous re-
combination gene-targeting strategy (Yang et al., 2003). In these
animals, the opioid antagonists naloxone and naltrexone elicited
antinociceptive effects similar to those of partial agonists acting
in wild-type (WT) mice; however, tolerance development and
physical dependence were greatly reduced. The advantages of this
animal model over gene deletion and pharmacological antagonist
studies reported thus far for studying the role of the �-opioid
receptor in morphine tolerance are as follows: (1) Although the
receptor is genetically mutated to recognize naltrexone as an ag-
onist, the functional properties of the � and � receptors are still
intact in these animals. (2) Naltrexone, unlike NTI, is selective
even at high doses in blocking �-opioid receptors as well as acti-
vating �-opioid receptors in the KI mice. Thus, these KI animals
provide us with a unique tool to test the role of �-opioid receptors
in morphine-induced tolerance.

In this study, we specifically test the hypothesis that failure of
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naltrexone to produce tolerance in the KI
mice is attributable to its simultaneous in-
hibition of �-opioid receptors and activa-
tion of �-opioid receptors. We first show
that simultaneous implantation of a mor-
phine pellet and continuous NTI infusion
prevents tolerance development to mor-
phine in both the WT and KI animals. We
subsequently show that simultaneous acti-
vation of both �- and �-opioid receptors
results in tolerance development.

Materials and Methods
Generation of KI mice. Homozygous mutant KI
mice were generated as described previously
(Yang et al., 2003). Only WT and homozygous
mice were used in the current study. The han-
dling of animals and experimental procedures
were performed as approved by the University of Minnesota Institutional
Biosafety Committee.

Tail-flick antinociception test. The tail-flick antinociception test was
done as described by Yang et al. (2003). Percentage of maximum possible
effect was calculated using the following formula: [(measured latency �
baseline latency)/(cutoff time � baseline latency)] � 100. We tested each
dose on 8 –10 mice. ED50 values were derived from regression analyses of
the linear portion of each dose–response curve or calculated by nonlinear
regression. Student’s t tests were used to calculate significance between
treatment groups.

Chronic drug treatment. Mice were anesthetized with ketamine/xyla-
zine and implanted subcutaneously with a 75 mg morphine pellet, a 20
mg naltrexone pellet, or a cellulose placebo pellet (National Institute on
Drug Abuse, Rockville, MD) encased in a 1 � 1 cm nylon mesh bag to
permit easy removal. Based on previous studies (Yang et al., 2003), it was
established that mice were tolerant to the analgesic effects of morphine by
72 h after morphine pellet implantation. In all experiments, pellets were left
in place for 72 h. Nociceptive tests were done at the same time each day.

Alzet pump delivery of NTI and (�)-4-[(�R)-�-((2S,5R)-4-allyl-2,5-
dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide. Mice
were implanted subcutaneously with an Alzet (Cupertino, CA) osmotic
minipump infusing either the � antagonist NTI (10 mg � kg �1 � d �1) or
varying doses of the � agonist (�)-4-[(�R)-�-((2S,5R)-4-allyl-2,5-
dimethyl-1-piperazinyl)-3-methoxybenzyl]- N, N-diethylbenzamide
(SNC-80). Two hours after pump placement, animals were implanted
with a morphine, naltrexone, or placebo pellet. Pellets and pumps were
removed 72 h after pellet implantation. Morphine tolerance was mea-
sured 8 h after pellet removal.

Results
We have shown previously (Yang et al., 2003) that the antinoci-
ceptive effect of morphine in the KI homozygous mice was sim-
ilar to its effect in the WT mice, although receptor number
[D-Ala 2-N-Me-Phe 4-glycol 5-enkephalin (DAMGO) binding
sites] was 85% lower in the KI mice (Bmax, 17.5) compared with
the WT mice (Bmax, 113). The affinities (Kd) for DAMGO, how-
ever, were similar (2.6 and 3.6 nM for WT and KI, respectively)
(Yang et al., 2003). We also showed that naltrexone acted as an
agonist in the KI animals and that chronic naltrexone treatment
did not result in tolerance development to antinociceptive effects
in these animals.

Because naltrexone has antagonist activity at the �-opioid re-
ceptors, we investigated whether this effect contributes to the lack
of tolerance. Both KI and WT animals were implanted with a
placebo, morphine, or naltrexone pellet for 72 h, and analgesia
(tail-flick assay) was tested 8 h after withdrawal.

As expected in the WT animals (Fig. 1A), morphine pellet
implantation resulted in significant tolerance development, as

indicated by a rightward shift in the dose–response curve, with an
ED50 of �12.92 mg/kg. Surprisingly, morphine pellet implanta-
tion in the KI animals resulted in a greater degree of tolerance,
with a more exaggerated rightward shift and an ED50 of �65.24
mg/kg (Fig. 1B). As we have observed previously, although sig-
nificant tolerance developed to morphine in the KI mice after
chronic morphine treatment, no tolerance to morphine was ob-
served in the KI mice chronically treated with naltrexone, an
agonist in the KI mice (ED50, �2.05 mg/kg) (Fig. 1B). As ex-
pected, chronic naltrexone treatment of WT mice did not pro-
duce any significant change in morphine analgesia, with ED50

values being very similar to those of the placebo-treated group
(ED50 values, 1.27 and 2.05 mg/kg) (Fig. 1A).

We subsequently investigated whether tolerance to naltrexone
develops after chronic naltrexone or placebo treatment in the WT
and KI animals. Our results show that although morphine-
pelleted KI animals displayed significant cross tolerance to
naltrexone-induced analgesia, the ED50 for naltrexone-induced
analgesia (ED50, �15.7 mg/kg) (Fig. 1C) was significantly lower
than that for morphine-induced analgesia (ED50, 65.24 mg/kg).
In naltrexone-pelleted animals, no significant tolerance to
naltrexone-induced analgesia was seen (ED50, 0.81 mg/kg), and
ED50 values were similar to the placebo group (ED50, 0.69 mg/
kg). As expected, naltrexone did not induce any analgesic effect in
the WT animals implanted with morphine, placebo, or naltrex-
one pellets (data not shown).

To test the hypothesis that the lack of tolerance development
in the KI animals was attributable to blockade of the �-opioid
receptor, both WT and KI animals were first implanted with an
Alzet pump delivering NTI (a � antagonist) at a steady-state rate
of 10 mg � kg�1 � 24 h�1. Animals were implanted with a placebo,
morphine, or naltrexone pellet 2 h after pump placement. Results
show that implantation of a morphine pellet together with con-
tinuous NTI infusion prevented tolerance development in the
WT animals (Fig. 2A), with a significant leftward shift in the
dose–response curve. A similar leftward shift in the morphine
dose–response curve was also seen in the KI animals implanted
with a morphine pellet and continuously infused with NTI (Fig.
2B). As expected, because both NTI and naltrexone act as antag-
onists at the � receptor, no morphine tolerance was observed in
KI animals treated with either naltrexone alone or naltrexone
plus NTI (Fig. 2C). Similarly, no tolerance to naltrexone was
observed in KI animals treated with either naltrexone or naltrex-
one plus NTI (Fig. 3A)

We then investigated whether NTI infusion to WT and KI
animals after tolerance has developed could reverse the effects of

Figure 1. Dose–response effect of morphine- and naltrexone-induced analgesia in WT and KI animals after chronic placebo,
morphine, or naltrexone treatment. WT (A) or KI (B, C) animals were implanted with a placebo, morphine, or naltrexone pellet for
72 h, and morphine-induced (A, B) or naltrexone-induced (C) analgesia was measured by the tail-withdrawal test 8 h after pellet
withdrawal. There is a significant difference between the placebo-treated and the morphine-treated group in all three experi-
ments. *p � 0.05, significant difference from the placebo-treated group (Student’s t test). Each dose was tested on at least 8 –10
animals. % MPE, Percentage of maximum possible effect. Error bars represent SEM.
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tolerance. Animals were implanted with either morphine and
placebo pellets for 72 h and then implanted with an Alzet pump
delivering NTI (10 mg � kg�1 � 24 h�1). Once tolerance devel-
oped, infusion of NTI failed to reverse tolerance to morphine
both in WT (Fig. 3B) and in KI (data not shown) animals. The
ED50 for morphine-induced analgesia in the morphine- plus
NTI-treated WT animals (ED50, 19.7 � 9.5 mg/kg) was not sig-
nificantly different from the morphine- plus vehicle-treated
group (ED50, 18.6 � 8.6 mg/kg).

We next tested the hypothesis that activation of �-opioid re-
ceptor with simultaneous activation of �-opioid receptor in the
KI mice would induce tolerance. In these experiments, KI mice
were implanted with a naltrexone pellet and also with an Alzet
pump delivering either the � agonist SNC-80 (10 mg � kg�1 � 24
h�1) or vehicle control. Tolerance was measured 8 h after pellet
and pump removal. SNC-80 administration in the naltrexone-
pelleted KI animals resulted in significant tolerance development
to both morphine-induced (ED50, 9.37 � 1.39 mg/kg) (Fig. 4A)

and naltrexone-induced (ED50, 11.45 �
2.69 mg/kg) (Fig. 4B) analgesia compared
with vehicle-infused, naltrexone-pelleted
KI animals.

To determine the minimum dose of
SNC-80 required to induce tolerance, KI
mice were implanted with a naltrexone
pellet and an Alzet pump delivering vary-
ing doses of SNC-80 (0.1, 1, or 10 mg/kg)
or vehicle control. Tolerance was mea-
sured 8 h after pellet and pump removal.
Our data show (Fig. 4C) that SNC-80 ad-
ministration in the naltrexone-pelleted KI
animals resulted in a dose-dependent
rightward shift in the dose–response
curve; significant tolerance was observed
with a dose as low as 1 mg � kg�1 � 24 h�1

SNC-80; the ED50 for SNC-80 was 6.48 �
1.2 mg/kg compared with the ED50 for ve-
hicle, which was 1.02 � 0.8 mg/kg. ED50

values for 0.1 and 10 mg of SNC-80 were
2.089 � 0.93 and 10.15 � 2.1 mg � kg�1 � 24 h�1, respectively.

To determine the minimum exposure required to induce tol-
erance, KI mice were implanted with a naltrexone pellet and also
with an Alzet pump delivering either vehicle or SNC-80 for 24,
48, or 72 h. Pumps were filled with 24, 48, or 72 �l of SNC-80 with
a delivery rate of 1 �l/h (final SNC-80 dose was 10 mg � kg�1 � 24
h�1). No significant tolerance was observed when SNC-80 was
continuously infused for 24 or 48 h. Significant tolerance was
observed only when SNC-80 was continuously infused for 72 h
(Fig. 4D). These studies indicate that continual administration
for the duration that the animal is exposed to morphine is neces-
sary for the development of tolerance.

Discussion
The �-opioid receptor has been implicated but not conclusively
proven to be involved in morphine tolerance (Larson et al., 1980;
Lee et al., 1980; Russell et al., 1986; Heyman et al., 1989; Malm-
berg and Yaksh, 1992; Hepburn et al., 1997; Zhu et al., 1999; Riba
et al., 2002). In this paper, we report more compelling evidence
for an involvement of �-opioid receptors in the development of
morphine-induced tolerance, using KI mice in which the
�-opioid receptor was replaced by a mutant receptor (S196A). In
these animals, an analgesic response was observed with acute
administration of naltrexone; however, chronic administration
of naltrexone did not result in tolerance to naltrexone itself or to
morphine. We hypothesized that the lack of tolerance in these
animals was attributable to activation of �-opioid receptor and
blockade of �-opioid receptor concurrently. To test our hypoth-
esis, both WT and KI mice were infused with naltrindole, a selec-
tive � antagonist, 2 h before morphine pellet implantation. Both
the pellet and the Alzet pump were removed after 3 d, and the
animals were tested for their response to morphine. Our results
show that both WT and KI mice failed to develop tolerance to
morphine in the presence of the � antagonist naltrindole. These
studies are in agreement with other reports (Vaught and Take-
mori, 1979; Fundytus et al., 1995; Schiller et al., 1999; Wells et al.,
2001) that show that pharmacological blockade of �-opioid re-
ceptors attenuates morphine tolerance. We then investigated
whether � blockade after tolerance has developed could reverse
the effects of tolerance. In these experiments, WT and KI animals
were infused with NTI 72 h after morphine pellet implantation.
Both WT and KI animals developed a high degree of tolerance to

Figure 2. Dose–response effect of morphine-induced analgesia in WT (A) and KI (B, C) animals after chronic naltrindole
treatment in WT and KI animals. WT (A) or KI (B, C) animals were implanted with placebo, morphine (A, B), or naltrexone (NLTRX)
(C) pellets and infused with either saline or naltrindole (Alzet pump; 10 mg � kg �1 � 24 h �1) for 72 h. Morphine-induced
analgesia was measured as described above. There was a significant difference between the placebo- plus saline-treated and the
morphine- plus saline-treated groups ( p � 0.05). There was no significant difference between the placebo plus saline group and
the morphine plus NTI group ( p � 0.1). *p � 0.05, significant difference from the placebo-treated group (Student’s t test). No
significant difference was observed among the three treatment groups in the naltrexone-pelleted animals (C); p � 0.1 (Student’s
t test). Each dose was tested on at least 8 –10 animals. % MPE, Percentage of maximum possible effect. Error bars represent SEM.

Figure 3. A, Effect of naltrindole treatment on naltrexone (NLTRX)-induced analgesia in KI
animals (as in Fig. 2C, except that naltrexone-induced analgesia was measured). No significant
difference was observed among the three treatment groups; p � 0.06 (Student’s t test). Each
dose was tested on at least 8 –10 animals. B, Effect of naltrindole treatment on morphine-
induced analgesia after tolerance development. WT animals were implanted with a placebo or
morphine pellet for 72 h. At 24 h before pellet removal, animals were implanted with an Alzet
pump delivering 10 mg � kg �1 � 24 h �1 NTI. Morphine-induced analgesia was measured as
described above. *p � 0.05, significant difference between the morphine- plus vehicle-
treated group and the placebo-treated group; � indicates a significant difference be-
tween the morphine plus NTI group and the placebo-treated group (Student’s t test). Each
dose was tested on at least 8 –10 animals. % MPE, Percentage of maximum possible
effect. Error bars represent SEM.
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morphine. These results suggest that inhibition of �-opioid re-
ceptor must occur at the time of � activation to prevent tolerance
development. Tolerance development can be prevented by �
blockade but cannot reversed once it has occurred.

If activation of �-opioid receptor and blockade of �-opioid
receptor are the mechanism for the lack of tolerance development
in the KI mice, then we speculate that activation of � receptor
with simultaneous activation of �-opioid receptor will induce
tolerance in the KI animals. To test this hypothesis, experiments
were performed to activate �-opioid receptors with SNC-80, a �
agonist, in the presence of � activation by naltrexone in the KI
animals. Our results support our hypothesis that �-receptor ac-
tivation in the presence of a �-opioid receptor agonist results in
tolerance development, because infusion of SNC-80 resulted in a
dose-dependent rightward shift in the morphine dose–response
curve. A minimal dose of 1 mg � kg�1 � 24 h�1 was sufficient in
inducing morphine tolerance. Furthermore, our studies also
show that continual administration for the duration that the an-
imal is exposed to morphine is necessary for tolerance develop-
ment. These results suggest that analgesic agents that have both
�- and �- (even minimal) agonistic properties would have limi-
tations for long-term analgesic use, because of their potential to
induce tolerance.

Although these results provide strong evidence that �-opioid
receptor activation in the presence of �-opioid receptor blockade
reduced the induction of tolerance, it is quite conceivable that the
mutant receptor, although having �-opioid receptor characteris-
tics, may result in a conformational change with naltrexone bind-
ing that is distinct from that induced by morphine. This could
result in the recruitment or activation of adapter proteins or
second messenger systems that require �-opioid receptor coop-
erativity. However, because blockade of the �-opioid receptors in
the WT animals also attenuated tolerance, it is unlikely that this
phenomenon is an exclusive characteristic of the mutant recep-
tor. Furthermore, in vitro binding and functional (adenylyl cy-
clase activity) studies using cells transfected with the mutant re-
ceptor show that the mutant receptor still retains WT affinity and
potency (Claude et al., 1996), implying that ligand–receptor in-
teractions were not altered by the mutation. We speculate that the
mutation of the serine in the WT mice to a non-hydrogen-
bonding leucine residue as in the KI mice leads to a more permis-
sive receptor activation state, allowing sterically hindered but
structurally similar antagonists greater access to the activation
domains. This possibility is supported by studies demonstrating
that antagonists with high structural homology to agonists (i.e.,
naloxone, naltrexone, naltriben, and H-Tyr-Tic[CH(2)NH]-
Phe-Phe-OH-�) are capable of agonist activity if the receptor
allows it.

In summary, our study provides additional, compelling evi-
dence that �-opioid receptors are involved in the development of

4

analgesia was then measured. There was a significant difference between the naltrexone- plus
vehicle-treated group and the naltrexone- plus 1 mg/kg SNC-80-treated and naltrexone- plus
10 mg/kg SNC-80-treated groups; p � 0.05 (Student’s t test). Each dose was tested on at least
8 –10 animals. D, Different durations of SNC-80 exposure on morphine-induced analgesia in KI
animals. KI animals were implanted with a naltrexone pellet and infused with either vehicle or
SNC-80 (Alzet pump; 10 mg � kg �1 � 24 h �1) for 24, 48, and 72 h; morphine-induced analge-
sia was then measured. There was a significant difference between the naltrexone- plus
vehicle-treated group and the naltrexone plus 72 h SNC-80 group; p � 0.05 (Student’s t test).
Each asterisk indicates a significant difference from the naltrexone- plus vehicle-treated group.
Each dose was tested on at least 8 –10 animals. % MPE, Percentage of maximum possible effect.
Error bars represent SEM.

Figure 4. Effect of SNC-80 treatment on morphine-induced (A) and naltrexone-induced (B)
analgesia in KI animals. KI animals were implanted with a placebo or a naltrexone (NLTRX)
pellet and infused with either vehicle or SNC-80 (Alzet pump; 10 mg � kg �1 � 24 h �1) for 72 h;
morphine-induced (A) or naltrexone-induced (B) analgesia was then measured. There was a
significant difference between the placebo- plus vehicle-treated group and the naltrexone- plus
SNC-80-treated group; p � 0.05 (Student’s t test). Each asterisk indicates a significant differ-
ence from the placebo-treated group. Each dose was tested on at least 8 –10 animals. C, Dose–
response effect of SNC-80 infusion on morphine-induced analgesia in KI animals. KI animals
were implanted with a naltrexone pellet and infused with either vehicle or varying concentra-
tions of SNC-80 (Alzet pump; 0.1, 1, and 10 mg � kg �1 � 24 h �1) for 72 h; morphine-induced
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tolerance to morphine. An important implication of this conclu-
sion is that analgesic agents that have both �- and �- (even min-
imal) agonistic properties would have limitations for long-term
analgesic use, because of their potential to induce tolerance. Fu-
ture studies using this unique model may help to further eluci-
date the cellular and molecular mechanism underlying morphine
tolerance.
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