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CONSTITUTIVELY ACTIVE MU OPIOID RECEPTORS DURING

MORPHINE WITHDRAWAL

J. R. SHOBLOCK* AND N. T. MAIDMENT

Department of Psychiatry and Biobehavioral Sciences, Semel Institute
for Neuroscience & Human Behavior, 760 Westwood Plaza, UCLA,
Los Angeles, CA 90024, USA

Abstract—We previously demonstrated that naloxone admin-
istration produces a robust conditioned place aversion (CPA)
in opiate-naive rodents by blocking the action of enkephalins
at p opioid receptors (MORs). The aversive response to nal-
oxone is potentiated by prior exposure to morphine. Mor-
phine-induced MOR constitutive activity is hypothesized to
underlie this enhanced effect of naloxone, an inverse agonist
at the MOR. We sought additional evidence for the role of
constitutively active MORs in this morphine-induced en-
hancement using the pro-enkephalin knockout (pENK™/7)
mouse, which is devoid of naloxone CPA in the morphine-
naive state. Naloxone, but not the neutral antagonist, 6-3-
naloxol, produced CPA and physical withdrawal signs in
PENK~/~ mice when administered 2 h, but not 20 h, after
morphine administration. Naloxone-precipitated physical
withdrawal signs were attenuated in the pENK™/~ mice rela-
tive to wild-type (WT) animals. In both WT and pENK™/™ mice,
naloxone-precipitated withdrawal jumping was greatest when
naloxone was administered 2 h after morphine treatment and
diminished at 3 h, in agreement with previous estimates of
the time course for morphine-induced MOR constitutive ac-
tivity in vitro. However, naloxone regained an ability to pre-
cipitate physical withdrawal in the WT, but not the pENK™/~
mice when administered 4.5 h after morphine administration.
Taken together, the data suggest that a compensatory in-
crease in enkephalin release during spontaneous morphine
withdrawal promotes a second period of MOR constitutive
activity in WT mice that is responsible for the enhanced
naloxone aversion observed in such animals even when nal-
oxone is administered 20 h after morphine. The endogenous
enkephalin system and MOR constitutive activity may there-
fore play vital roles in hedonic homeostatic dysregulation
following chronic opiate administration. © 2007 Published by
Elsevier Ltd on behalf of IBRO.
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G-protein-coupled receptors, including the w opioid recep-
tor (MOR), are believed to exist in a spontaneous equilib-
rium between the active and inactive states, such that a
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basal level of signaling occurs even in the absence of
agonist binding (see Seifert and Wenzel-Seifert, 2002 for
review). Exposure to agonist increases the number of re-
ceptors in the active state, either through selection or
through induction (Hunyady et al., 2003). It has also been
suggested that exposure to some agonists, such as mor-
phine, can produce a long-lasting increase in constitutively
active MORs (Wang et al., 2001; Liu and Prather, 2001)
that outlasts exposure to the agonist and is most likely a
result of a change in receptor phosphorylation (Wang et
al., 1994; Cruz et al., 1996; Wang et al., 1996, 1999, 2001).

While most of the early studies on constitutively active
MORs employed in vitro approaches (Wang et al., 1994,
2001; Cruz et al., 1996; Neilan et al., 1999; Burford et al.,
2000; Liu and Prather, 2001), recently attempts were made
to study these receptors in vivo to determine their physio-
logical significance and potential as therapeutic targets
(Selley et al., 2000; Wang et al., 2004; Raehal et al., 2005;
Freye and Levy, 2005; Heinzen et al., 2005; Shoblock
and Maidment, 2006). Several behavioral studies sup-
ported the hypothesis that constitutively active MORs
are involved in physical dependence. Inverse MOR ago-
nists produced greater withdrawal jumping compared with
neutral antagonists (Wang et al., 1994, 2001, 2004; Rae-
hal et al., 2005), a neutral antagonist attenuated the with-
drawal jumping produced by the inverse agonist naloxone
(Bilsky et al., 1996), and differences in time and dose
dependency were demonstrated between neutral antago-
nists and inverse agonists (Wang et al., 2004; Walker and
Sterious, 2005; Shoblock and Maidment, 2006).

Constitutively active MORs may also be involved in
psychological dependence. Morphine pretreatment poten-
tiates naloxone-conditioned place aversion (CPA) (Schul-
teis et al., 1994; Parker and Joshi, 1998; Blokhina et al.,
2000; Parker et al., 2002; Azar et al., 2003), an effect that
outlasts the presence of morphine (Parker et al., 2002).
Such enhanced naloxone CPA following morphine treat-
ment is thought to reflect the negative motivational and
affective state associated with morphine withdrawal
(Mucha and Walker, 1987; Gracy et al., 2001) and may be
a product of the counteradaptive processes that lead to
dysregulation of hedonic homeostasis and psychological
dependence (Kreek and Koob, 1998). We recently pro-
vided evidence for the involvement of constitutively active
MORs in this process by demonstrating that morphine
pretreatment potentiates CPA to the inverse agonist, nal-
oxone, but not to the neutral antagonists 6-a- or 6-3-
naloxol (Shoblock and Maidment, 2006).
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We previously demonstrated that, in the morphine-
naive state, naloxone produces aversion by blocking the
action of endogenous pro-enkephalin-derived peptides at
the MOR, because neither MOR knockout nor pro-en-
kephalin knockout (pENK™/7) mice display naloxone CPA
(Skoubis et al., 2001, 2005). Furthermore, the delta opioid
receptor (DOR) antagonist, naltrindole, is devoid of aver-
sive effects (Skoubis et al., 2001; Shippenberg et al., 1987,
Bals-Kubik et al., 1989; De Vries et al., 1995). Naloxone-
precipitated physical withdrawal was also dependent on
the presence of the MOR (Matthes et al., 1996). In the
current study, we sought to determine whether, following
morphine pretreatment, the induction of constitutively ac-
tive MORs would render the presence of endogenous
pro-enkephalin-derived peptides unnecessary for the ex-
pression of naloxone CPA and physical withdrawal symp-
toms by virtue of the inverse agonist property of the drug,
thereby reinforcing the importance of MOR constitutive
activity to morphine psychological and physical depen-
dence.

EXPERIMENTAL PROCEDURES
Subjects

Adult male C57BL/6 wild-type (WT) and age-matched (8-10
weeks old at start of experiment) pENK™/~ (Konig et al., 1996)
mice were obtained from The Jackson Laboratories (Bar Harbor,
ME, USA) or bred in-house from breeders obtained from The
Jackson Laboratories. The pENK™/~ congenic strain was previ-
ously backcrossed at least 10 generations onto a C57BL/6 back-
ground by The Jackson Laboratories. All experiments were car-
ried out during the light phase of a 12-h light/dark cycle (0700—
1900 h). Food and water were available ad libitum. All procedures
complied with the NIH Guide for Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Use Committee. All efforts were made to minimize the number of
animals used and any suffering.

Drugs

Naloxone (10-100 mg/kg; Sigma, St. Louis, MO, USA), 6-3-
naloxol (10-50 mg/kg; National Institute on Drug Abuse [NIDA]),
6-a-naloxol (10 mg/kg; NIDA), and morphine (20 mg/kg) were
dissolved in saline and administered s.c. in a volume of 10 ml/kg.

CPA protocol

Details of the nonbiased conditioning apparatus were described
previously (Shoblock and Maidment, 2006). Briefly, a square
arena was divided into three chambers: a gray neutral start cham-
ber and two black and white conditioning chambers that were
discriminated based on different patterns (black and white check-
ers or black and white cow patterns) and different olfactory cues
(almond or lemon scent, McCormick and Co., Hunt Valley, MD,
USA). The two conditioning chambers were accessible via the
neutral chamber through guillotine doors. Animals were habitu-
ated to the apparatus on the first day by being placed in the gray
chamber and given free access to all three chambers for 15 min.
Subsequently, animals were conditioned three times each to sa-
line in one conditioning chamber and drug (naloxone 10 mg/kg,
6-B-naloxol 10 mg/kg, or saline as a control, all s.c.) in the oppo-
site conditioning chamber, starting with saline. The drug-paired
chamber was chosen randomly. Immediately after injection, the
animal was confined to the chamber for 30 min and observed for
the presence or absence of jumping or diarrhea. Locomotor ac-

tivity was automatically recorded via photobeams (Coulbourn In-
struments, Allentown, PA, USA). Following conditioning, animals
were tested for CPA in a drug-free state. Animals were placed in
the gray chamber with free access to all three chambers for 15 min
and the time spent in each chamber and locomotor activity was
recorded.

In the first experiment, pENK™/~ animals received morphine
(20 mg/kg, s.c.) to induce constitutively active MOR or saline (s.c.)
20 h before each saline and drug conditioning session and 20 h
before the CPA test session, in the home cage, consistent with our
previous study (Shoblock and Maidment, 2006), with the goal of
conducting naloxone conditioning after clearance of morphine.
Saline and drug conditioning sessions were therefore conducted
on alternate days. In the second experiment, all animals received
morphine (20 mg/kg, s.c.) 2 h before only the drug conditioning
session, in the home cage, to test the conditioning effect of
naloxone and 6-B-naloxol when administered during the peak
level of constitutive activity. Morphine was not given before saline
conditioning because the high levels of morphine at 2 h would
result in a place preference for the saline chamber. Because
morphine was only given before drug conditioning, animals were
conditioned to both saline and drug each day (days 2-4), 4 h
apart, to avoid extended periods of morphine withdrawal. The third
experiment was similar in design to the second experiment with
groups of pENK™/~ mice being administered morphine 2 h before
each of three naloxone (but not saline) conditioning sessions. In
this case, however, 6-B-naloxol (10 or 50 mg/kg) or saline was
administered just prior to naloxone (10 mg/kg) injection.

Withdrawal jumping protocol

Quantitative analysis of withdrawal jumping in both WT and
pENK™/™ mice was assessed using additional sets of animals. In
one experiment the dose-response curve for naloxone-precipi-
tated withdrawal jumping following two daily high dose morphine
injections was determined. Animals received an injection of mor-
phine (100 mg/kg, s.c.) on day 1 and 3 h later were habituated to
clear cylindrical chambers for 1 h. On day 2, 24 h after the first
morphine injection, animals received a second injection of mor-
phine (100 mg/kg, s.c.) and 3 h later were placed in the chambers
again for a 1-h habituation. Animals then received an injection of
naloxone (10—-100 mg/kg, s.c.) and the number of jumps was
recorded over a 30-min period.

The time course of naloxone-precipitated withdrawal jumping
was determined in a separate experiment. Naloxone (10 mg/kg,
s.c.) was administered 1, 2, 3, or 4.5 h after a single administration
of a lower dose of morphine (20 mg/kg, s.c.), in separate groups
of animals, and jumping was recorded over a 30-min period. As a
comparison, the neutral antagonist 6-a-naloxol (10 mg/kg, s.c.),
which has a higher affinity for the MOR than naloxone (Wang et
al., 2001) and which is more potent than naloxone in morphine-
naive animals, was also tested.

Data analysis

Because the short morphine pretreatment time used in the second
CPA experiment precluded the use of saline-conditioned controls
(the animals would develop a place preference to morphine), all
CPA data were analyzed for significant place aversion with a
one-group t test. The one-group ¢ test compared the time spent in
the drug-paired chamber in each individual group with the theo-
retical mean of 300 s, which represents equal time spent in all
chambers, or no aversion. The Bonferroni correction was used to
control for the multiple comparisons within each experiment. Sub-
sequently, significant differences between treatments were tested,
where indicated, using analysis of variance (ANOVA) on the time
spent in the drug-paired chamber. Locomotor activity during the
conditioning sessions from the second CPA experiment was an-
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alyzed as total distance traveled with a four-way ANOVA for
naloxone/6-B-naloxol treatment, dose, conditioning day, and con-
ditioning session (first control conditioning vs. second drug con-
ditioning), with two levels of repeated measures for day and
session. The presence of diarrhea or jumping during the drug
conditioning sessions was recorded in a binary manner (present
or not present) and, when analyzed, Fisher’s exact test comparing
percentages of animals expressing the behavior was used. Be-
cause naloxone produced withdrawal jumping in all animals with
the shorter morphine pretreatment, these data were instead ana-
lyzed as the total number of jumps. The number of jumps 4 h after
100 mg/kg morphine was analyzed using a two-way ANOVA
genotypexXdose. Jumping at 1-4.5 h after morphine administra-
tion was analyzed as total number of jumps with a two-way
ANOVA for genotype and time or drug and time. All tests were
two-tailed, except for tests of aversion. Because only the hypoth-
esized effect of aversion, and not preference, was of concern
(Shoblock and Maidment, 2006), one-tailed tests were used for
the analyses. ANOVAs were followed by a Student-Newman—
Keuls (SNK) post hoc test when appropriate. Analyses were car-
ried out using Statistica software (Tulsa, OK, USA).

RESULTS

Naloxone did not produce CPA or jumping
in pENK™/~ mice when administered
20 h after morphine

There was no significant CPA produced by 10 mg/kg nal-
oxone in pENK™/™ mice, regardless of whether the ani-
mals were pretreated with chronic morphine or chronic
saline (Fig. 1; P>0.05, one-group { tests with Bonferroni
correction). In our previous study (Shoblock and Maid-
ment, 2006), this dose of naloxone produced CPA in WT
mice, an effect that was potentiated by prior morphine
treatment.

Also contrasting with our previous findings in WT mice
was the degree to which naloxone-precipitated physical
withdrawal signs developed in the pENK™/~ mice. While
naloxone-precipitated withdrawal jumping was apparent in
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Fig. 1. Naloxone fails to induce CPA in pENK™/~ mice. No CPA to
naloxone was observed in pENK™/~ mice irrespective of morphine or
saline pretreatment 20 h prior to naloxone conditioning. Such a mor-
phine pretreatment regime was previously shown to potentiate nalox-
one CPA in WT mice (Shoblock and Maidment, 2006).
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Fig. 2. Withdrawal jumping 4 h after morphine administration in
pENK™/~ and WT mice. In a separate group of animals, naloxone was
less effective at producing withdrawal jumping 4 h after the second of
two daily injections of morphine (100 mg/kg) in pENK™/~ mice com-
pared with WT animals (* P<<0.0002, from WT vs. pENK™/~, SNK post
hoc).

100% of the WT mice by the third conditioning session in
our previous study (Shoblock and Maidment, 2006), nal-
oxone failed to precipitate any withdrawal jumping in the
pENK™/~ mice (data not shown). Morphine-pretreated
pENK™/~ mice conditioned to saline also displayed low
levels of spontaneous withdrawal, as measured by the
presence of diarrhea (40% of animals) and jumping (0% of
animals).

PENK ~/~ mice display reduced
naloxone-precipitated jumping 4 h after morphine

pENK™/™ mice displayed less naloxone-precipitated with-
drawal jumping than WT mice in a dose-dependent fashion
when naloxone was administered 4 h after the second of
two morphine (100 mg/kg, s.c.) injections (Fig. 2; effect of
genotypexdose interaction, F, 3,=4.62, P<0.02, P<<0.0002
SNK post hoc at 30 mg/kg).

WT and pENK ~/~ mice display a different time
course of naloxone-precipitated withdrawal jumping

When naloxone (10 mg/kg) was administered at different
times after a single low dose of morphine (20 mg/kg) a
triphasic pattern of withdrawal jumping was apparent in the
WT but not the pENK™/™ animals (Fig. 3; F3,4,=3.77,
P<0.02, genotypeXtime interaction). Naloxone precipi-
tated less withdrawal jumping in the pENK™/~ mice com-
pared with WT mice when administered 2 h, but not 3 h,
and again at 4.5 h after morphine administration (P<0.01
for 2 and 4.5 h SNK post hoc), as a result of naloxone
regaining the ability to precipitate withdrawal in the WT at
4.5 h (P<0.05, 45 h vs. 3 h in WT, SNK post hoc).
6-a-Naloxol did not produce any significant withdrawal
jumping at any time point following 20 mg/kg morphine in
the WT.
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Fig. 3. Time course for naloxone-precipitated jumping in pENK /-
and WT mice. Naloxone-precipitated jumping first peaked at 2 h and
declined at 3 h, suggesting that constitutively active mu receptors may
quickly decay following induction by morphine. However, in the WT,
naloxone regained its ability to precipitate jumping at 4.5 h, suggesting
that enkephalin release during withdrawal contributes to persistent
levels of constitutive activity (P<<0.05, comparing 4.5 and 3 h in the
WT, SNK post hoc). The neutral antagonist, 6-a-naloxol (10 mg/kg),
which is more potent than naloxone (Shoblock and Maidment, 2006)
and has higher affinity for the u receptor than naloxone (Wang et al.,
2001), did not produce any significant withdrawal jumping. Each time
point represents a separate group of animals. (* P<0.01, naloxone WT
vs. naloxone pENK™/~, SNK post hoc).

Naloxone, but not 6-p-naloxol, produced CPA
in pENK™/~ mice when administered 2 h after
morphine treatment

Naloxone, when administered 2 h after morphine, pro-
duced significant CPA in pENK™ /™ mice at both the 1 and
the 10 mg/kg dose (P<0.05 and P<0.02, respectively;
one-group t test with Bonferroni correction), whereas 6-3-
naloxol was without any aversive effect (Fig. 4; P>0.05;
n=5-9). (An apparent conditioned place preference at the
1 mg/kg dose reflects failure of the dose to block the effect
of morphine pretreatment). There was an increase in loco-
motor activity during conditioning to 1 mg/kg 6-B-naloxol,
2 h after morphine, compared with activity during
saline conditioning (Fig. 5; F,,,=24.61, P<0.0001,
treatmentxXdoseXsession; P<0.0002 comparing the sa-
line session to the drug session for 1 mg/kg 6-B-naloxol,
SNK post hoc). There were no significant differences in
locomotor activity between the saline conditioning session
and the naloxone (1 or 10 mg/kg) or 6-pB-naloxol (10 mg/kg)
conditioning sessions (P>0.05, SNK post hoc). Only nal-
oxone produced withdrawal jumping during conditioning
(data not shown; P<0.03, naloxone compared with 6-8-
naloxol, Fisher's exact test).

6-p-Naloxol attenuates naloxone CPA

Naloxone (10 mg/kg) conditioning, administered 2 h after
morphine, produced CPA in all three groups similar to the
previous experiment (Fig. 6; P<<0.05, one-group t test with
Bonferroni correction; n=4-8). However, 6-B-naloxol (10
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Fig. 4. CPAin pENK™/~ mice2 h after morphine treatment. Two hours
after morphine (20 mg/kg) treatment, 1 and 10 mg/kg naloxone pro-
duced significant CPA in pENK™/~ mice (P<0.05, one-group t test with
Bonferroni correction). The use of 10 mg/kg 6-B-naloxol, which com-
pletely blocked the hyperlocomotor effect of morphine and is as effec-
tive as 1 and 10 mg/kg naloxone in inducing CPA in morphine-naive
WT animals (Shoblock and Maidment, 2006), did not produce any
aversion. Morphine was not effectively blocked with 1 mg/kg 6-beta-
naloxol, resulting in an apparent place preference.

and 50 mg/kg) pretreatment significantly attenuated the
CPA produced by naloxone (F, ,,=4.38, P<0.01, main
effect of dose; P<0.03 and P<0.02 comparing 10 and
50 mg/kg 6-B-naloxol to saline, SNK post hoc).

DISCUSSION

We previously demonstrated that naloxone fails to produce
aversion in mice deficient in either the MOR or the pro-

*

12000 + [_L—Jcontrol conditioning
. I Drug conditioning

10000 4

3000 -
6000 4

4000 -

2000 +

Total Distance Traveled (cm)

0

I«9 oo Na\O"“""ne

oxon®
Nal 40 mg o M9 glk9

eoN
A w9 gk

Fig. 5. Locomotor activity in pENK™/~ mice2 h after morphine treat-
ment. There was no increase in locomotor activity in the animals that
received 10 mg/kg 6-B-naloxol or 1-10 mg/kg naloxone 2 h after
morphine (20 mg/kg), suggesting that these treatments effectively
blocked morphine activation of the MOR. Morphine was not blocked by
1 mg/kg 6-B-naloxol, as shown by elevated levels of locomotor activity
(P<0.0002 comparing saline and drug conditioning sessions for
1 mg/kg 6-B-naloxol, SNK post hoc).
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Fig. 6. 6-p-Naloxol attenuates naloxone CPA in pENK™/~ mice2 h
after morphine treatment. Naloxone (10 mg/kg) conditioning, adminis-
tered 2 h after morphine (20 mg/kg), produced a robust CPA in
pENK™/~ mice, similar to that of the previous experiment shown in Fig.
5 (P<0.05, one-group t test with Bonferroni correction for each of the
three groups). However, the effect was attenuated by 6-B-naloxol (10
and 50 mg/kg) administered just prior to naloxone (* P<<0.05, vs. the
saline-naloxone group, SNK post hoc).

enkephalin, whereas it remains intact in B-endorphin-defi-
cient mice (Skoubis et al., 2001, 2005). This, combined
with the observation that the & receptor antagonist, naltrin-
dole, does not induce CPA (Skoubis et al., 2001; Shippen-
berg et al., 1987; Bals-Kubik et al., 1989; De Vries et al.,
1995) suggests that pro-enkephalin-derived peptide acti-
vation of the MOR, specifically, is responsible for an ap-
parent endogenous opioid-mediated hedonic tone. There-
fore, the endogenous pro-enkephalin system (not only Met
and Leu enkephalin, but also, potentially, C-terminally ex-
tended Met-enkephalin peptides and the larger receptor-
active peptides, BAM18, peptide E, and peptide F; Evans
et al., 1986) may play a part in the disruptions to hedonic
homeostasis that follow chronic exposure to morphine
(Kreek and Koob, 1998). The dysregulation of hedonic
homeostasis may be modeled by morphine potentiation of
naloxone aversion, which is considered reflective of the
negative affective state of “psychological withdrawal” (Azar
et al., 2003). We recently provided evidence that such
chronic morphine-induced potentiation of naloxone aver-
sion in WT mice is a result of the production of constitu-
tively active MORs (Shoblock and Maidment, 2006) by
demonstrating that CPA to naloxone, an inverse agonist at
the MOR, but not CPA to the neutral antagonists, 6-a- and
6-B-naloxol, was enhanced following morphine treatment.
Such upregulation of constitutively active MORs (Wang et
al., 2001; Liu and Prather, 2001) may contribute to activa-
tion of downstream counteradaptive processes that ulti-
mately produce dependence on those constitutively active
receptors. The results of the present study in pENK™/~
mice further consolidate the hypothesized role of MOR
constitutive activity in both the negative motivational and
the physical components of the morphine withdrawn state
but indicate that enkephalin release may be a critical factor

in the formation and maintenance of such constitutively
active receptors.

We hypothesized that naloxone would gain aversive
properties in pENK™/~ mice when administered following
repeated morphine pretreatment by virtue of its inverse
agonist property if such pretreatment does indeed induce
constitutive activity of MORs. This proved not to be the
case; naloxone remained ineffective at producing CPA in
pENK™/~ mice even when administered repeatedly 20 h
after morphine injection, the same pretreatment regime
that enhanced naloxone aversion in WT mice (Shoblock
and Maidment, 2006). Perhaps the simplest conclusion
that could be drawn from this result is that, contrary to our
interpretation of earlier findings (Shoblock and Maidment,
2006), direct blockade of endogenous enkephalin action at
the MOR rather than inverse agonist activity at that recep-
tor remains the primary means by which naloxone pro-
duces its aversive effect, even when administered in con-
junction with repeated spontaneous withdrawal from mor-
phine. Indeed, it has been hypothesized that enkephalin
release is increased during morphine withdrawal as a com-
pensatory mechanism ameliorating the effects of with-
drawal (Fukunaga and Kishioka, 2000).

However, if this were the case, one would predict
greater spontaneous withdrawal in the pENK™/~ mice,
which was not observed in the current study. If anything,
spontaneous withdrawal-induced diarrhea during condi-
tioning was less in the pENK™/~ mice compared with WT
mice of our previous study (40% vs. 82%, unpublished
results) and neither genotype displayed spontaneous with-
drawal jumping. The observation conflicts with a previous
report showing enhanced spontaneous withdrawal in
pENK™/~ mice (Nitsche et al., 2002), but this most likely
reflects use of morphine pellets in that study rather than
repeated injection (see below). Furthermore, none of the
pENK™/~ mice in the current study displayed naloxone-
precipitated withdrawal jumping during conditioning after
injection of a dose of naloxone that produced withdrawal
jumping in 100% of WT animals in our previous study
(Shoblock and Maidment, 2006). There is substantial evi-
dence that naloxone-induced withdrawal jumping is an
effect mediated by inverse agonist activity at constitutively
active MORs (Wang et al., 1994, 2001, 2004; Bilsky et al.,
1996; Raehal et al., 2005; Walker and Sterious, 2005;
Shoblock and Maidment, 2006). This suggests that consti-
tutively active receptors were present in the WT but not the
pENK™/™ mice 20 h after morphine administration, leading
us to consider an alternative hypothesis; that pro-enkeha-
lin-derived peptides are essential for the development or
continued maintenance of MOR constitutive activity.

A theoretical basis for such a difference in morphine-
induced MOR constitutive activity between the genotypes
can be found from results of a previous study showing that
the ability to induce constitutive activity of the MOR is not
a property unique to morphine, but rather is a general
property of MOR agonists, including enkephalins, in a
manner positively correlated with intrinsic activity (Liu and
Prather, 2001). Therefore, the morphine-induced MOR
constitutive activity in WT animals should be considered a
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synergistic effect in conjunction with endogenous en-
kephalins. This may be particularly important given that
morphine releases enkephalins centrally (Olive et al.,
1995). In the absence of enkephalins morphine would
therefore be less potent in producing constitutively active
receptors. In support of this concept, naloxone produced
much less jumping in the pENK™/~ mice compared with
the WT even when administered 4 h after 100 mg/kg
morphine treatment, when some morphine should still be
present in the system. This again conflicts with the data of
Nitsche et al. (2002), which demonstrated no difference
between pENK™/~ and WT animals in naloxone-precipi-
tated withdrawal jumping. However, the use of morphine
pellets in that study to induce dependence (rather than
repeated morphine injection) and the consequent persis-
tent high concentration of morphine would ensure that the
receptors would be continuously saturated with agonist
and the absence of enkephalins before removal of the
pellet would therefore be predicted to have less effect. If
enkephalins do produce constitutively active receptors as
morphine does, then their absence would be felt during
lower levels of morphine, much later after removal of the
pellet or following metabolism of a bolus injection, such as
20 h after morphine treatment in the current study. As
such, enkephalins could act to maintain the high levels of
constitutively active MORs induced by morphine by sus-
taining kinase activity at a level sufficient to prolong their
phosphorylated state.

To examine whether enkephalins are indeed involved
in the maintenance of constitutively active MORSs, the pres-
ence of such receptors at various time points after mor-
phine administration was determined by the amount of
withdrawal jumping precipitated by naloxone in both WT
and pENK™/™ mice. As a control, the withdrawal jumping
produced by the neutral antagonist, 6-a-naloxol, which is
more potent than naloxone (Shoblock and Maidment,
2006) and has higher affinity for the MOR than naloxone
(Wang et al., 2001), was also measured. Because the
neutral antagonist did not produce any significant with-
drawal jumping in this test it is a reasonable assumption
that the withdrawal jumping observed following naloxone
was not due to a blockade of enkephalins or morphine,
but a result of inverse agonist activity at constitutively
active receptors. Naloxone-precipitated withdrawal jump-
ing peaked 2 h after morphine injection in both WT and
pENK™/~ mice and was considerably diminished at 3 h.
Interestingly, this is in agreement with both the time course
for morphine-induced MOR phosphorylation in vitro, be-
lieved to be responsible for constitutive activity (Wang et
al,, 1996), and the measurements of MOR constitutive
activity itself in vitro (Wang et al., 1994). However, nalox-
one was again able to precipitate withdrawal jumping when
administered 4.5 after morphine, at a time when animals
were going through spontaneous withdrawal (rearing, sniff-
ing, and wall climbing, but not jumping), but only in WT
mice. This suggests that spontaneous withdrawal-induced
enkephalin release may serve to promote a second wave
of MOR constitutive activity during morphine withdrawal,
explaining the apparent longevity of such constitutive ac-

tivity in vivo (in contrast with in vitro) following morphine
administration (Wang et al., 2004).

Increases in enkephalin release during morphine with-
drawal were implicated on the basis of measurements of
peptide tissue content, pro-enkephalin mRNA levels, or
microdialysis of extracellular enkephalins in several brain
areas of potential importance to morphine physical and
psychological dependence, such as the nucleus accum-
bens (Nylander et al., 1995), striatum (Pierce et al., 1992;
Gudehithlu and Bhargava, 1995; Nylander et al., 1995),
and periaqueductal gray (Fukunaga et al., 1996; Fukunaga
et al., 1998; Nieto et al., 2002). Such secondary enkepha-
lin-mediated induction of constitutively active receptors
would be expected to induce further downstream counter-
adaptive responses, perhaps themselves further enhanc-
ing enkephalin release in response to withdrawal from
subsequent morphine administration, thereby furthering in-
duction of constitutively active MORs in a spiraling fashion.
To further test the hypothesis that the failure of naloxone to
induce CPA in pENK™/~ mice when administered 20 h
after morphine was a result of the short duration of consti-
tutive activity, we compared the CPA to naloxone with that
of the neutral antagonist, 6-B-naloxol when administered
2 h after morphine injection—the time of predicted peak
MOR constitutive activity. Whereas both 1 and 10 mg/kg
naloxone produced significant aversion and withdrawal
jumping, 6-B-naloxol was without effect in either regard.
The ineffectiveness of the 1 mg/kg dose is explained by its
inability to block morphine’s action, as indicated by the
elevated locomotor activity and an apparent place prefer-
ence, consistent with our previous study in WT mice
(Shoblock and Maidment, 2006). However, 10 mg/kg 6-3-
naloxol, which has an effectiveness between 1 and
10 mg/kg naloxone in morphine-naive animals (Shoblock
and Maidment, 2006), completely blocked morphine-in-
duced locomotor activity, indicating that it was effective as
an antagonist. The difference between naloxone and 6-3-
naloxol, seen only 2 h after morphine and not in morphine-
naive animals (Shoblock and Maidment, 2006), is consis-
tent with the difference in negative intrinsic activity be-
tween the two drugs and suggests the neutral antagonist
was rendered ineffective by high levels of MOR constitu-
tive activity produced by morphine.

Further evidence that naloxone produces aversion fol-
lowing morphine by acting as an inverse agonistis provided
by the observation that 6-B-naloxol significantly reduced
the aversion produced by naloxone. Because a combina-
tion of two neutral antagonists of the same receptor would
result in an increased effect (or no change if a maximal
effect had been attained), such attenuation of naloxone
aversion by 6-p-naloxol implies that either naloxone acts
as an inverse agonist, as proposed, or that 6-B-naloxol is a
partial agonist. It is unlikely that 6-B-naloxol is a partial
agonist because 10 mg/kg 6-B-naloxol given alone after
morphine resulted in complete neutrality, not slight place
preference. In addition, structure—activity relationship stud-
ies show that « substitution at C6 is vital to induce agonist
activity, and 6- derivatives were devoid of partial agonist
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effects (Chatterjie and Inturrisi, 1975; Ronai et al., 1977,
Koman et al., 1985).

Future demonstration of MOR functional status, by ex
vivo measurement of guanosine 5’-O-(3-thiotriphosphate)
binding, for instance, is required to confirm our hypothesis.
However, such measurements in whole-brain tissue offer
limited sensitivity for detection of what are likely to be small
changes in isolated brain regions, with the previously mea-
sured differences in activity being quite subtle (Wang et al.,
2004). In the absence of such data it is necessary to
consider alternative explanations for our data. In addition
to those highlighted above, it is possible that 6-a- and
6-B-naloxol interact with receptor systems other than the
MOR with greater potency or intrinsic activity than nalox-
one, that such interaction counters both CPA and with-
drawal jumping, and that morphine pretreatment enhances
this effect. The complete binding profiles of 6-a- and 6-3-
naloxol are not known but so far the only identified activi-
ties are at the MOR and DOR. Because their affinities for
the DOR are similar to that of naloxone (Wang et al., 2001)
and because the DOR is apparently not involved in the
behavioral phenomena, activity at the DOR cannot explain
the data. It is also necessary to recognize the possibility
that developmental changes in other systems induced by
pro-enkephalin deletion could potentially contribute differen-
tially to the effects of naloxone versus 6-a- and 6-B-naloxol in
these behaviors. However, given that the only known differ-
ence between naloxone and its 6-hydroxyl derivatives is the
difference in negative intrinsic activity, that naloxone acts as
an inverse agonist to produce greater aversion and physical
withdrawal is currently the best supported hypothesis.

CONCLUSION

In summary, the data further support the hypothesis that
repeated morphine administration enhances the CPA pro-
duced by naloxone by inducing constitutively active MORs
(Shoblock and Maidment, 2006) but indicate that enkepha-
lins, or other pro-enkephalin-derived peptides, released
during morphine withdrawal may induce a second wave of
constitutive activity, thereby prolonging the enhancement
of naloxone’s psychological and physical precipitated with-
drawal effects. Indeed, the persistence of such constitu-
tively active receptors, produced by enkephalin release,
may be a homeostatic mechanism delaying or ameliorating
the aversive effects of spontaneous opiate withdrawal.
However, the induction of constitutively active MORs could
lead to more dependence and greater subsequent with-
drawal and therefore play a key role in the chronic opiate-
induced “downward spiral” to hedonic homeostatic dys-
regulation, which is proposed to underlie the addicted state
(Koob and Le Moal, 2001). Because neutral antagonists
are effective at blocking morphine, but produce less phys-
ical and psychological withdrawal than inverse agonists in
morphine-treated animals, they may offer a better alterna-
tive to naloxone or naltrexone in the treatment of opiate
addiction.
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