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NKEPHALIN RELEASE PROMOTES HOMEOSTATIC INCREASES IN
ONSTITUTIVELY ACTIVE MU OPIOID RECEPTORS DURING

ORPHINE WITHDRAWAL
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os Angeles, CA 90024, USA

bstract—We previously demonstrated that naloxone admin-
stration produces a robust conditioned place aversion (CPA)
n opiate-naive rodents by blocking the action of enkephalins
t � opioid receptors (MORs). The aversive response to nal-
xone is potentiated by prior exposure to morphine. Mor-
hine-induced MOR constitutive activity is hypothesized to
nderlie this enhanced effect of naloxone, an inverse agonist
t the MOR. We sought additional evidence for the role of
onstitutively active MORs in this morphine-induced en-
ancement using the pro-enkephalin knockout (pENK�/�)
ouse, which is devoid of naloxone CPA in the morphine-
aive state. Naloxone, but not the neutral antagonist, 6-�-
aloxol, produced CPA and physical withdrawal signs in
ENK�/� mice when administered 2 h, but not 20 h, after
orphine administration. Naloxone-precipitated physical
ithdrawal signs were attenuated in the pENK�/� mice rela-

ive to wild-type (WT) animals. In both WT and pENK�/� mice,
aloxone-precipitated withdrawal jumping was greatest when
aloxone was administered 2 h after morphine treatment and
iminished at 3 h, in agreement with previous estimates of
he time course for morphine-induced MOR constitutive ac-
ivity in vitro. However, naloxone regained an ability to pre-
ipitate physical withdrawal in the WT, but not the pENK�/�

ice when administered 4.5 h after morphine administration.
aken together, the data suggest that a compensatory in-
rease in enkephalin release during spontaneous morphine
ithdrawal promotes a second period of MOR constitutive
ctivity in WT mice that is responsible for the enhanced
aloxone aversion observed in such animals even when nal-
xone is administered 20 h after morphine. The endogenous
nkephalin system and MOR constitutive activity may there-
ore play vital roles in hedonic homeostatic dysregulation
ollowing chronic opiate administration. © 2007 Published by
lsevier Ltd on behalf of IBRO.

ey words: naloxone, conditioned place aversion, depen-
ence, knockout mice, opiate addiction, inverse agonist.

-protein-coupled receptors, including the � opioid recep-
or (MOR), are believed to exist in a spontaneous equilib-
ium between the active and inactive states, such that a

Corresponding author. Present address: Johnson & Johnson, Phar-
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iego CA 92121, USA. Tel: �1-858-320-3483; fax: �1-858-450-2040.
-mail address: jshobloc@prdus.jnj.com (J. R. Shoblock).
bbreviations: ANOVA, analysis of variance; CPA, conditioned place
version; DOR, delta opioid receptor; MOR, mu opioid receptor;

� �
n
ENK / , pro-enkephalin knockout; SNK, Student–Newman–Keuls;
T, wild-type.
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asal level of signaling occurs even in the absence of
gonist binding (see Seifert and Wenzel-Seifert, 2002 for
eview). Exposure to agonist increases the number of re-
eptors in the active state, either through selection or
hrough induction (Hunyady et al., 2003). It has also been
uggested that exposure to some agonists, such as mor-
hine, can produce a long-lasting increase in constitutively
ctive MORs (Wang et al., 2001; Liu and Prather, 2001)
hat outlasts exposure to the agonist and is most likely a
esult of a change in receptor phosphorylation (Wang et
l., 1994; Cruz et al., 1996; Wang et al., 1996, 1999, 2001).

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

Constitutively active MORs may also be involved in
sychological dependence. Morphine pretreatment poten-
iates naloxone-conditioned place aversion (CPA) (Schul-
eis et al., 1994; Parker and Joshi, 1998; Blokhina et al.,
000; Parker et al., 2002; Azar et al., 2003), an effect that
utlasts the presence of morphine (Parker et al., 2002).
uch enhanced naloxone CPA following morphine treat-
ent is thought to reflect the negative motivational and
ffective state associated with morphine withdrawal
Mucha and Walker, 1987; Gracy et al., 2001) and may be

product of the counteradaptive processes that lead to
ysregulation of hedonic homeostasis and psychological
ependence (Kreek and Koob, 1998). We recently pro-
ided evidence for the involvement of constitutively active
ORs in this process by demonstrating that morphine
retreatment potentiates CPA to the inverse agonist, nal-
xone, but not to the neutral antagonists 6-�- or 6-�-

aloxol (Shoblock and Maidment, 2006).
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We previously demonstrated that, in the morphine-
aive state, naloxone produces aversion by blocking the
ction of endogenous pro-enkephalin-derived peptides at

he MOR, because neither MOR knockout nor pro-en-
ephalin knockout (pENK�/�) mice display naloxone CPA
Skoubis et al., 2001, 2005). Furthermore, the delta opioid
eceptor (DOR) antagonist, naltrindole, is devoid of aver-
ive effects (Skoubis et al., 2001; Shippenberg et al., 1987;
als-Kubik et al., 1989; De Vries et al., 1995). Naloxone-
recipitated physical withdrawal was also dependent on
he presence of the MOR (Matthes et al., 1996). In the
urrent study, we sought to determine whether, following
orphine pretreatment, the induction of constitutively ac-

ive MORs would render the presence of endogenous
ro-enkephalin-derived peptides unnecessary for the ex-
ression of naloxone CPA and physical withdrawal symp-
oms by virtue of the inverse agonist property of the drug,
hereby reinforcing the importance of MOR constitutive
ctivity to morphine psychological and physical depen-
ence.

EXPERIMENTAL PROCEDURES

ubjects

dult male C57BL/6 wild-type (WT) and age-matched (8–10
eeks old at start of experiment) pENK�/� (Konig et al., 1996)
ice were obtained from The Jackson Laboratories (Bar Harbor,
E, USA) or bred in-house from breeders obtained from The

ackson Laboratories. The pENK�/� congenic strain was previ-
usly backcrossed at least 10 generations onto a C57BL/6 back-
round by The Jackson Laboratories. All experiments were car-
ied out during the light phase of a 12-h light/dark cycle (0700–
900 h). Food and water were available ad libitum. All procedures
omplied with the NIH Guide for Care and Use of Laboratory
nimals and were approved by the Institutional Animal Care and
se Committee. All efforts were made to minimize the number of
nimals used and any suffering.

rugs

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

PA protocol

etails of the nonbiased conditioning apparatus were described
reviously (Shoblock and Maidment, 2006). Briefly, a square
rena was divided into three chambers: a gray neutral start cham-
er and two black and white conditioning chambers that were
iscriminated based on different patterns (black and white check-
rs or black and white cow patterns) and different olfactory cues
almond or lemon scent, McCormick and Co., Hunt Valley, MD,
SA). The two conditioning chambers were accessible via the
eutral chamber through guillotine doors. Animals were habitu-
ted to the apparatus on the first day by being placed in the gray
hamber and given free access to all three chambers for 15 min.
ubsequently, animals were conditioned three times each to sa-

ine in one conditioning chamber and drug (naloxone 10 mg/kg,
-�-naloxol 10 mg/kg, or saline as a control, all s.c.) in the oppo-
ite conditioning chamber, starting with saline. The drug-paired
hamber was chosen randomly. Immediately after injection, the
nimal was confined to the chamber for 30 min and observed for

he presence or absence of jumping or diarrhea. Locomotor ac- c
ivity was automatically recorded via photobeams (Coulbourn In-
truments, Allentown, PA, USA). Following conditioning, animals
ere tested for CPA in a drug-free state. Animals were placed in

he gray chamber with free access to all three chambers for 15 min
nd the time spent in each chamber and locomotor activity was
ecorded.

In the first experiment, pENK�/� animals received morphine
20 mg/kg, s.c.) to induce constitutively active MOR or saline (s.c.)
0 h before each saline and drug conditioning session and 20 h
efore the CPA test session, in the home cage, consistent with our
revious study (Shoblock and Maidment, 2006), with the goal of
onducting naloxone conditioning after clearance of morphine.
aline and drug conditioning sessions were therefore conducted
n alternate days. In the second experiment, all animals received
orphine (20 mg/kg, s.c.) 2 h before only the drug conditioning

ession, in the home cage, to test the conditioning effect of
aloxone and 6-�-naloxol when administered during the peak

evel of constitutive activity. Morphine was not given before saline
onditioning because the high levels of morphine at 2 h would
esult in a place preference for the saline chamber. Because
orphine was only given before drug conditioning, animals were

onditioned to both saline and drug each day (days 2–4), 4 h
part, to avoid extended periods of morphine withdrawal. The third
xperiment was similar in design to the second experiment with
roups of pENK�/� mice being administered morphine 2 h before
ach of three naloxone (but not saline) conditioning sessions. In
his case, however, 6-�-naloxol (10 or 50 mg/kg) or saline was
dministered just prior to naloxone (10 mg/kg) injection.

ithdrawal jumping protocol

uantitative analysis of withdrawal jumping in both WT and
ENK�/� mice was assessed using additional sets of animals. In
ne experiment the dose–response curve for naloxone-precipi-
ated withdrawal jumping following two daily high dose morphine
njections was determined. Animals received an injection of mor-
hine (100 mg/kg, s.c.) on day 1 and 3 h later were habituated to
lear cylindrical chambers for 1 h. On day 2, 24 h after the first
orphine injection, animals received a second injection of mor-
hine (100 mg/kg, s.c.) and 3 h later were placed in the chambers
gain for a 1-h habituation. Animals then received an injection of
aloxone (10–100 mg/kg, s.c.) and the number of jumps was
ecorded over a 30-min period.

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

ata analysis

ecause the short morphine pretreatment time used in the second
PA experiment precluded the use of saline-conditioned controls

the animals would develop a place preference to morphine), all
PA data were analyzed for significant place aversion with a
ne-group t test. The one-group t test compared the time spent in
he drug-paired chamber in each individual group with the theo-
etical mean of 300 s, which represents equal time spent in all
hambers, or no aversion. The Bonferroni correction was used to
ontrol for the multiple comparisons within each experiment. Sub-
equently, significant differences between treatments were tested,
here indicated, using analysis of variance (ANOVA) on the time
pent in the drug-paired chamber. Locomotor activity during the

onditioning sessions from the second CPA experiment was an-
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lyzed as total distance traveled with a four-way ANOVA for
aloxone/6-�-naloxol treatment, dose, conditioning day, and con-
itioning session (first control conditioning vs. second drug con-
itioning), with two levels of repeated measures for day and
ession. The presence of diarrhea or jumping during the drug
onditioning sessions was recorded in a binary manner (present
r not present) and, when analyzed, Fisher’s exact test comparing
ercentages of animals expressing the behavior was used. Be-
ause naloxone produced withdrawal jumping in all animals with
he shorter morphine pretreatment, these data were instead ana-
yzed as the total number of jumps. The number of jumps 4 h after
00 mg/kg morphine was analyzed using a two-way ANOVA
enotype�dose. Jumping at 1–4.5 h after morphine administra-
ion was analyzed as total number of jumps with a two-way
NOVA for genotype and time or drug and time. All tests were

wo-tailed, except for tests of aversion. Because only the hypoth-
sized effect of aversion, and not preference, was of concern
Shoblock and Maidment, 2006), one-tailed tests were used for
he analyses. ANOVAs were followed by a Student–Newman–
euls (SNK) post hoc test when appropriate. Analyses were car-

ied out using Statistica software (Tulsa, OK, USA).

RESULTS

aloxone did not produce CPA or jumping
n pENK�/� mice when administered
0 h after morphine

here was no significant CPA produced by 10 mg/kg nal-
xone in pENK�/� mice, regardless of whether the ani-
als were pretreated with chronic morphine or chronic

aline (Fig. 1; P�0.05, one-group t tests with Bonferroni
orrection). In our previous study (Shoblock and Maid-
ent, 2006), this dose of naloxone produced CPA in WT
ice, an effect that was potentiated by prior morphine

reatment.
Also contrasting with our previous findings in WT mice

as the degree to which naloxone-precipitated physical
ithdrawal signs developed in the pENK�/� mice. While
aloxone-precipitated withdrawal jumping was apparent in

ig. 1. Naloxone fails to induce CPA in pENK�/� mice. No CPA to
aloxone was observed in pENK�/� mice irrespective of morphine or
aline pretreatment 20 h prior to naloxone conditioning. Such a mor-
t
hine pretreatment regime was previously shown to potentiate nalox-
ne CPA in WT mice (Shoblock and Maidment, 2006).
00% of the WT mice by the third conditioning session in
ur previous study (Shoblock and Maidment, 2006), nal-
xone failed to precipitate any withdrawal jumping in the
ENK�/� mice (data not shown). Morphine-pretreated
ENK�/� mice conditioned to saline also displayed low

evels of spontaneous withdrawal, as measured by the
resence of diarrhea (40% of animals) and jumping (0% of
nimals).

ENK �/� mice display reduced
aloxone-precipitated jumping 4 h after morphine

ENK�/� mice displayed less naloxone-precipitated with-
rawal jumping than WT mice in a dose-dependent fashion
hen naloxone was administered 4 h after the second of

wo morphine (100 mg/kg, s.c.) injections (Fig. 2; effect of
enotype�dose interaction, F2,30�4.62, P�0.02, P�0.0002
NK post hoc at 30 mg/kg).

T and pENK �/� mice display a different time
ourse of naloxone-precipitated withdrawal jumping

hen naloxone (10 mg/kg) was administered at different
imes after a single low dose of morphine (20 mg/kg) a
riphasic pattern of withdrawal jumping was apparent in the

T but not the pENK�/� animals (Fig. 3; F3,42�3.77,
�0.02, genotype�time interaction). Naloxone precipi-

ated less withdrawal jumping in the pENK�/� mice com-
ared with WT mice when administered 2 h, but not 3 h,
nd again at 4.5 h after morphine administration (P�0.01
or 2 and 4.5 h SNK post hoc), as a result of naloxone
egaining the ability to precipitate withdrawal in the WT at
.5 h (P�0.05, 4.5 h vs. 3 h in WT, SNK post hoc).
-�-Naloxol did not produce any significant withdrawal

umping at any time point following 20 mg/kg morphine in

ig. 2. Withdrawal jumping 4 h after morphine administration in
ENK�/� and WT mice. In a separate group of animals, naloxone was

ess effective at producing withdrawal jumping 4 h after the second of
wo daily injections of morphine (100 mg/kg) in pENK�/� mice com-
ared with WT animals (* P�0.0002, from WT vs. pENK�/�, SNK post
oc).
he WT.
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aloxone, but not 6-�-naloxol, produced CPA
n pENK�/� mice when administered 2 h after

orphine treatment

aloxone, when administered 2 h after morphine, pro-
uced significant CPA in pENK�/� mice at both the 1 and

he 10 mg/kg dose (P�0.05 and P�0.02, respectively;
ne-group t test with Bonferroni correction), whereas 6-�-
aloxol was without any aversive effect (Fig. 4; P�0.05;
�5–9). (An apparent conditioned place preference at the
mg/kg dose reflects failure of the dose to block the effect
f morphine pretreatment). There was an increase in loco-
otor activity during conditioning to 1 mg/kg 6-�-naloxol,

h after morphine, compared with activity during
aline conditioning (Fig. 5; F1,20�24.61, P�0.0001,
reatment�dose�session; P�0.0002 comparing the sa-
ine session to the drug session for 1 mg/kg 6-�-naloxol,
NK post hoc). There were no significant differences in

ocomotor activity between the saline conditioning session
nd the naloxone (1 or 10 mg/kg) or 6-�-naloxol (10 mg/kg)
onditioning sessions (P�0.05, SNK post hoc). Only nal-
xone produced withdrawal jumping during conditioning
data not shown; P�0.03, naloxone compared with 6-�-
aloxol, Fisher’s exact test).

-�-Naloxol attenuates naloxone CPA

aloxone (10 mg/kg) conditioning, administered 2 h after
orphine, produced CPA in all three groups similar to the
revious experiment (Fig. 6; P�0.05, one-group t test with

ig. 3. Time course for naloxone-precipitated jumping in pENK�/�

nd WT mice. Naloxone-precipitated jumping first peaked at 2 h and
eclined at 3 h, suggesting that constitutively active mu receptors may
uickly decay following induction by morphine. However, in the WT,
aloxone regained its ability to precipitate jumping at 4.5 h, suggesting
hat enkephalin release during withdrawal contributes to persistent
evels of constitutive activity (P�0.05, comparing 4.5 and 3 h in the

T, SNK post hoc). The neutral antagonist, 6-�-naloxol (10 mg/kg),
hich is more potent than naloxone (Shoblock and Maidment, 2006)
nd has higher affinity for the � receptor than naloxone (Wang et al.,
001), did not produce any significant withdrawal jumping. Each time
oint represents a separate group of animals. (* P�0.01, naloxone WT
s. naloxone pENK�/�, SNK post hoc).
onferroni correction; n�4–8). However, 6-�-naloxol (10
(
1

nd 50 mg/kg) pretreatment significantly attenuated the
PA produced by naloxone (F2,17�4.38, P�0.01, main
ffect of dose; P�0.03 and P�0.02 comparing 10 and
0 mg/kg 6-�-naloxol to saline, SNK post hoc).

DISCUSSION

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

ig. 4. CPA in pENK�/� mice2 h after morphine treatment. Two hours
fter morphine (20 mg/kg) treatment, 1 and 10 mg/kg naloxone pro-
uced significant CPA in pENK�/� mice (P�0.05, one-group t test with
onferroni correction). The use of 10 mg/kg 6-�-naloxol, which com-
letely blocked the hyperlocomotor effect of morphine and is as effec-

ive as 1 and 10 mg/kg naloxone in inducing CPA in morphine-naive
T animals (Shoblock and Maidment, 2006), did not produce any

version. Morphine was not effectively blocked with 1 mg/kg 6-beta-
aloxol, resulting in an apparent place preference.

ig. 5. Locomotor activity in pENK�/� mice2 h after morphine treat-
ent. There was no increase in locomotor activity in the animals that

eceived 10 mg/kg 6-�-naloxol or 1–10 mg/kg naloxone 2 h after
orphine (20 mg/kg), suggesting that these treatments effectively
locked morphine activation of the MOR. Morphine was not blocked by
mg/kg 6-�-naloxol, as shown by elevated levels of locomotor activity
P�0.0002 comparing saline and drug conditioning sessions for
mg/kg 6-�-naloxol, SNK post hoc).
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nkephalin, whereas it remains intact in �-endorphin-defi-
ient mice (Skoubis et al., 2001, 2005). This, combined
ith the observation that the � receptor antagonist, naltrin-
ole, does not induce CPA (Skoubis et al., 2001; Shippen-
erg et al., 1987; Bals-Kubik et al., 1989; De Vries et al.,
995) suggests that pro-enkephalin-derived peptide acti-
ation of the MOR, specifically, is responsible for an ap-
arent endogenous opioid-mediated hedonic tone. There-
ore, the endogenous pro-enkephalin system (not only Met
nd Leu enkephalin, but also, potentially, C-terminally ex-
ended Met-enkephalin peptides and the larger receptor-
ctive peptides, BAM18, peptide E, and peptide F; Evans
t al., 1986) may play a part in the disruptions to hedonic
omeostasis that follow chronic exposure to morphine
Kreek and Koob, 1998). The dysregulation of hedonic
omeostasis may be modeled by morphine potentiation of
aloxone aversion, which is considered reflective of the
egative affective state of “psychological withdrawal” (Azar
t al., 2003). We recently provided evidence that such
hronic morphine-induced potentiation of naloxone aver-
ion in WT mice is a result of the production of constitu-
ively active MORs (Shoblock and Maidment, 2006) by
emonstrating that CPA to naloxone, an inverse agonist at
he MOR, but not CPA to the neutral antagonists, 6-�- and
-�-naloxol, was enhanced following morphine treatment.
uch upregulation of constitutively active MORs (Wang et
l., 2001; Liu and Prather, 2001) may contribute to activa-

ion of downstream counteradaptive processes that ulti-
ately produce dependence on those constitutively active

eceptors. The results of the present study in pENK�/�

ice further consolidate the hypothesized role of MOR
onstitutive activity in both the negative motivational and
he physical components of the morphine withdrawn state

ig. 6. 6-�-Naloxol attenuates naloxone CPA in pENK�/� mice2 h
fter morphine treatment. Naloxone (10 mg/kg) conditioning, adminis-
ered 2 h after morphine (20 mg/kg), produced a robust CPA in
ENK�/� mice, similar to that of the previous experiment shown in Fig.
(P�0.05, one-group t test with Bonferroni correction for each of the

hree groups). However, the effect was attenuated by 6-�-naloxol (10
nd 50 mg/kg) administered just prior to naloxone (* P�0.05, vs. the
aline-naloxone group, SNK post hoc).
ut indicate that enkephalin release may be a critical factor c
n the formation and maintenance of such constitutively
ctive receptors.

We hypothesized that naloxone would gain aversive
roperties in pENK�/� mice when administered following
epeated morphine pretreatment by virtue of its inverse
gonist property if such pretreatment does indeed induce
onstitutive activity of MORs. This proved not to be the
ase; naloxone remained ineffective at producing CPA in
ENK�/� mice even when administered repeatedly 20 h
fter morphine injection, the same pretreatment regime
hat enhanced naloxone aversion in WT mice (Shoblock
nd Maidment, 2006). Perhaps the simplest conclusion
hat could be drawn from this result is that, contrary to our
nterpretation of earlier findings (Shoblock and Maidment,
006), direct blockade of endogenous enkephalin action at
he MOR rather than inverse agonist activity at that recep-
or remains the primary means by which naloxone pro-
uces its aversive effect, even when administered in con-

unction with repeated spontaneous withdrawal from mor-
hine. Indeed, it has been hypothesized that enkephalin
elease is increased during morphine withdrawal as a com-
ensatory mechanism ameliorating the effects of with-
rawal (Fukunaga and Kishioka, 2000).

However, if this were the case, one would predict
reater spontaneous withdrawal in the pENK�/� mice,
hich was not observed in the current study. If anything,
pontaneous withdrawal-induced diarrhea during condi-
ioning was less in the pENK�/� mice compared with WT
ice of our previous study (40% vs. 82%, unpublished

esults) and neither genotype displayed spontaneous with-
rawal jumping. The observation conflicts with a previous
eport showing enhanced spontaneous withdrawal in
ENK�/� mice (Nitsche et al., 2002), but this most likely
eflects use of morphine pellets in that study rather than
epeated injection (see below). Furthermore, none of the
ENK�/� mice in the current study displayed naloxone-
recipitated withdrawal jumping during conditioning after

njection of a dose of naloxone that produced withdrawal
umping in 100% of WT animals in our previous study
Shoblock and Maidment, 2006). There is substantial evi-
ence that naloxone-induced withdrawal jumping is an
ffect mediated by inverse agonist activity at constitutively
ctive MORs (Wang et al., 1994, 2001, 2004; Bilsky et al.,
996; Raehal et al., 2005; Walker and Sterious, 2005;
hoblock and Maidment, 2006). This suggests that consti-

utively active receptors were present in the WT but not the
ENK�/� mice 20 h after morphine administration, leading
s to consider an alternative hypothesis; that pro-enkeha-

in-derived peptides are essential for the development or
ontinued maintenance of MOR constitutive activity.

A theoretical basis for such a difference in morphine-
nduced MOR constitutive activity between the genotypes
an be found from results of a previous study showing that
he ability to induce constitutive activity of the MOR is not

property unique to morphine, but rather is a general
roperty of MOR agonists, including enkephalins, in a
anner positively correlated with intrinsic activity (Liu and
rather, 2001). Therefore, the morphine-induced MOR

onstitutive activity in WT animals should be considered a
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ynergistic effect in conjunction with endogenous en-
ephalins. This may be particularly important given that
orphine releases enkephalins centrally (Olive et al.,
995). In the absence of enkephalins morphine would
herefore be less potent in producing constitutively active
eceptors. In support of this concept, naloxone produced
uch less jumping in the pENK�/� mice compared with

he WT even when administered 4 h after 100 mg/kg
orphine treatment, when some morphine should still be
resent in the system. This again conflicts with the data of
itsche et al. (2002), which demonstrated no difference
etween pENK�/� and WT animals in naloxone-precipi-
ated withdrawal jumping. However, the use of morphine
ellets in that study to induce dependence (rather than
epeated morphine injection) and the consequent persis-
ent high concentration of morphine would ensure that the
eceptors would be continuously saturated with agonist
nd the absence of enkephalins before removal of the
ellet would therefore be predicted to have less effect. If
nkephalins do produce constitutively active receptors as
orphine does, then their absence would be felt during

ower levels of morphine, much later after removal of the
ellet or following metabolism of a bolus injection, such as
0 h after morphine treatment in the current study. As
uch, enkephalins could act to maintain the high levels of
onstitutively active MORs induced by morphine by sus-
aining kinase activity at a level sufficient to prolong their
hosphorylated state.

To examine whether enkephalins are indeed involved
n the maintenance of constitutively active MORs, the pres-
nce of such receptors at various time points after mor-
hine administration was determined by the amount of
ithdrawal jumping precipitated by naloxone in both WT
nd pENK�/� mice. As a control, the withdrawal jumping
roduced by the neutral antagonist, 6-�-naloxol, which is
ore potent than naloxone (Shoblock and Maidment,
006) and has higher affinity for the MOR than naloxone
Wang et al., 2001), was also measured. Because the
eutral antagonist did not produce any significant with-
rawal jumping in this test it is a reasonable assumption
hat the withdrawal jumping observed following naloxone
as not due to a blockade of enkephalins or morphine,
ut a result of inverse agonist activity at constitutively
ctive receptors. Naloxone-precipitated withdrawal jump-

ng peaked 2 h after morphine injection in both WT and
ENK�/� mice and was considerably diminished at 3 h.
nterestingly, this is in agreement with both the time course
or morphine-induced MOR phosphorylation in vitro, be-
ieved to be responsible for constitutive activity (Wang et
l., 1996), and the measurements of MOR constitutive
ctivity itself in vitro (Wang et al., 1994). However, nalox-
ne was again able to precipitate withdrawal jumping when
dministered 4.5 after morphine, at a time when animals
ere going through spontaneous withdrawal (rearing, sniff-

ng, and wall climbing, but not jumping), but only in WT
ice. This suggests that spontaneous withdrawal-induced
nkephalin release may serve to promote a second wave
f MOR constitutive activity during morphine withdrawal,

xplaining the apparent longevity of such constitutive ac- a
ivity in vivo (in contrast with in vitro) following morphine
dministration (Wang et al., 2004).

Increases in enkephalin release during morphine with-
rawal were implicated on the basis of measurements of
eptide tissue content, pro-enkephalin mRNA levels, or
icrodialysis of extracellular enkephalins in several brain
reas of potential importance to morphine physical and
sychological dependence, such as the nucleus accum-
ens (Nylander et al., 1995), striatum (Pierce et al., 1992;
udehithlu and Bhargava, 1995; Nylander et al., 1995),
nd periaqueductal gray (Fukunaga et al., 1996; Fukunaga
t al., 1998; Nieto et al., 2002). Such secondary enkepha-

in-mediated induction of constitutively active receptors
ould be expected to induce further downstream counter-
daptive responses, perhaps themselves further enhanc-

ng enkephalin release in response to withdrawal from
ubsequent morphine administration, thereby furthering in-
uction of constitutively active MORs in a spiraling fashion.
o further test the hypothesis that the failure of naloxone to

nduce CPA in pENK�/� mice when administered 20 h
fter morphine was a result of the short duration of consti-
utive activity, we compared the CPA to naloxone with that
f the neutral antagonist, 6-�-naloxol when administered
h after morphine injection—the time of predicted peak
OR constitutive activity. Whereas both 1 and 10 mg/kg
aloxone produced significant aversion and withdrawal

umping, 6-�-naloxol was without effect in either regard.
he ineffectiveness of the 1 mg/kg dose is explained by its

nability to block morphine’s action, as indicated by the
levated locomotor activity and an apparent place prefer-
nce, consistent with our previous study in WT mice
Shoblock and Maidment, 2006). However, 10 mg/kg 6-�-
aloxol, which has an effectiveness between 1 and
0 mg/kg naloxone in morphine-naive animals (Shoblock
nd Maidment, 2006), completely blocked morphine-in-
uced locomotor activity, indicating that it was effective as
n antagonist. The difference between naloxone and 6-�-
aloxol, seen only 2 h after morphine and not in morphine-
aive animals (Shoblock and Maidment, 2006), is consis-
ent with the difference in negative intrinsic activity be-
ween the two drugs and suggests the neutral antagonist
as rendered ineffective by high levels of MOR constitu-

ive activity produced by morphine.
Further evidence that naloxone produces aversion fol-

owing morphine by acting as an inverse agonistis provided
y the observation that 6-�-naloxol significantly reduced
he aversion produced by naloxone. Because a combina-
ion of two neutral antagonists of the same receptor would
esult in an increased effect (or no change if a maximal
ffect had been attained), such attenuation of naloxone
version by 6-�-naloxol implies that either naloxone acts
s an inverse agonist, as proposed, or that 6-�-naloxol is a
artial agonist. It is unlikely that 6-�-naloxol is a partial
gonist because 10 mg/kg 6-�-naloxol given alone after
orphine resulted in complete neutrality, not slight place
reference. In addition, structure–activity relationship stud-

es show that � substitution at C6 is vital to induce agonist

ctivity, and 6-� derivatives were devoid of partial agonist
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ffects (Chatterjie and Inturrisi, 1975; Ronai et al., 1977;
oman et al., 1985).

Future demonstration of MOR functional status, by ex
ivo measurement of guanosine 5=-O-(3-thiotriphosphate)
inding, for instance, is required to confirm our hypothesis.
owever, such measurements in whole-brain tissue offer

imited sensitivity for detection of what are likely to be small
hanges in isolated brain regions, with the previously mea-
ured differences in activity being quite subtle (Wang et al.,
004). In the absence of such data it is necessary to
onsider alternative explanations for our data. In addition
o those highlighted above, it is possible that 6-�- and
-�-naloxol interact with receptor systems other than the
OR with greater potency or intrinsic activity than nalox-
ne, that such interaction counters both CPA and with-
rawal jumping, and that morphine pretreatment enhances
his effect. The complete binding profiles of 6-�- and 6-�-
aloxol are not known but so far the only identified activi-
ies are at the MOR and DOR. Because their affinities for
he DOR are similar to that of naloxone (Wang et al., 2001)
nd because the DOR is apparently not involved in the
ehavioral phenomena, activity at the DOR cannot explain
he data. It is also necessary to recognize the possibility
hat developmental changes in other systems induced by
ro-enkephalin deletion could potentially contribute differen-

ially to the effects of naloxone versus 6-�- and 6-�-naloxol in
hese behaviors. However, given that the only known differ-
nce between naloxone and its 6-hydroxyl derivatives is the
ifference in negative intrinsic activity, that naloxone acts as
n inverse agonist to produce greater aversion and physical
ithdrawal is currently the best supported hypothesis.

CONCLUSION

n summary, the data further support the hypothesis that
epeated morphine administration enhances the CPA pro-
uced by naloxone by inducing constitutively active MORs
Shoblock and Maidment, 2006) but indicate that enkepha-
ins, or other pro-enkephalin-derived peptides, released
uring morphine withdrawal may induce a second wave of
onstitutive activity, thereby prolonging the enhancement
f naloxone’s psychological and physical precipitated with-
rawal effects. Indeed, the persistence of such constitu-
ively active receptors, produced by enkephalin release,
ay be a homeostatic mechanism delaying or ameliorating

he aversive effects of spontaneous opiate withdrawal.
owever, the induction of constitutively active MORs could

ead to more dependence and greater subsequent with-
rawal and therefore play a key role in the chronic opiate-

nduced “downward spiral” to hedonic homeostatic dys-
egulation, which is proposed to underlie the addicted state
Koob and Le Moal, 2001). Because neutral antagonists
re effective at blocking morphine, but produce less phys-

cal and psychological withdrawal than inverse agonists in
orphine-treated animals, they may offer a better alterna-

ive to naloxone or naltrexone in the treatment of opiate
ddiction.
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