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Abstract

In mice, 3-O-methylnaltrexone blocks the analgesic actions of morphine-6b-glucuronide and heroin at doses which are inactive against
morphine. We found a similar selectivity in rats. 3-O-Methylnaltrexone antagonized the analgesic actions of 6-acetylmorphine in
Sprague–Dawley rats and heroin in Wistar rats at doses that were inactive against morphine. Inclusion of a fixed dose of 3-O-methyl-
naltrexone significantly shifted the analgesic dose–response curves for 6-acetylmorphine and heroin without altering the morphine
dose–response curves. In a self-administration model, 3-O-methylnaltrexone treatment significantly increased both heroin and morphine
intake during the first hour, suggestive of an antagonist effect. This effect at doses of 3-O-methylnaltrexone which were inactive against
morphine analgesia implied a role for the morphine-6b-glucuronide opioid receptor in the reinforcing properties of heroin and morphine.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding the receptor mechanisms responsible for
the addictive potential of drugs is an essential component
of research on this pressing social problem. Most abused
opioids act through m-opioid receptors. However, the
demonstration of pharmacologically distinct subtypes of

Ž .m-opioid receptors Pasternak, 1993 , along with the
cloning of a number of m-opioid receptor splice variants
Ž .Bare et al., 1994; Zimprich et al., 1995; Pan et al., 1999 ,
offers the possibility that the addictive actions of drugs
may reside in a subset of the m-opioid receptors. This
hypothesis took on greater potential significance with the
demonstration of pharmacological differences between
morphine and heroin and the suggestion that heroin acts in
large part through the morphine-6b-glucuronide opioid

Žreceptor Pasternak and Standifer, 1995; Rossi et al., 1995b,
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.1996, 1997; Brown et al., 1997 . Evidence for these recep-
tor subtypes comes from a variety of sources. Morphine is

Žinactive supraspinally in the CXBK strain of mice Baron
.et al., 1975; Reith et al., 1981 . Yet, heroin and its active

metabolite 6-acetylmorphine retain their analgesic potency
Ž .in these same mice Rossi et al., 1996 . At the molecular

level, antisense mapping studies also readily distinguish
between morphine and heroin analgesia. Antisense probes

Ž .targeting exon 1 of the cloned m-opioid receptor MOR-1
diminish morphine analgesia, but not that of morphine-
6b-glucuronide. Conversely, additional antisense probes
based upon exon 2 lower morphine-6b-glucuronide anal-
gesia without interfering with morphine. These same exon
2 probes also block the analgesic actions of heroin and its

Žactive metabolite 6-acetylmorphine Rossi et al., 1995a,b,
.1996, 1997 . Finally, the discovery that 3-O-methylnaltre-

xone can antagonize morphine-6b-glucuronide analgesia at
Ždoses which are inactive against morphine Brown et al.,

.1997 has provided another tool to address the question of
receptor selectivity of drug action. Self-administration of
drugs is a powerful tool to assess the reinforcing potential

Ž .of compounds Woolverton and Schuster, 1983 . Both
morphine and heroin are readily self-administered by rats
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Ž .Weeks and Collins, 1964; Blakesley et al., 1972 . Com-
petitive opioid antagonists increase the rate of self-admin-

Ž .istration decreasing the inter-injection interval on doses
of the descending limb of the dose–effect function, pre-
sumably to surmount the antagonism of opioid receptors
Ž .Ettenberg et al., 1982 . In the current studies, we exam-
ined the effects of 3-O-methylnaltrexone on heroin and
morphine self-administration to assess the receptor selec-
tivity of the reinforcing actions of these drugs.

2. Materials and methods

Opioid naıve male Sprague–Dawley and Wistar rats¨
Ž .180–220 g; Charles River Laboratories, Kingston, NY
were used in the analgesic studies. All drugs were a
generous gift from the Research Technology branch of the
National Institute on Drug Abuse. Drugs were adminis-

Ž .tered subcutaneously s.c. and analgesia assessed in the
Žradiant heat tailflick assay, as previously reported Rossi et

.al., 1993, 1995a . Baseline latencies ranged from 2 to 3 s.
A maximal latency cutoff of 10 s was used to minimize
any tissue damage to the tail. Antagonists were adminis-
tered immediately prior to the agonist, which was given 30
min prior to tailflick testing. Results are the means"

S.E.M. of the tailflick latencies.
ŽEleven male Wistar rats 450–550 g at the start of the

.study were used for the self-administration experiments.
Rats were housed in groups of two per cage, and main-
tained on a 12-h lightrdark cycle. All self-administration

Ž .sessions were performed during the their active dark
phase. Rats were trained to lever-press for food on a FR 1

Ž .time-out TO 20 s schedule prior to implantation of
jugular catheters. Catheters were implanted as described
Ž .Ahmed and Koob, 1997 and rats were allowed to recover
seven days before the start of self-administration sessions.
During recovery rats were intravenously given the antibi-

Žotic Timentinq 10 mg ticarcillinr0.33 mg clavulanate in
0.1 ml; SmithKline Beecham Pharmaceuticals, Philadel-

.phia, PA daily. Catheters were flushed daily with hep-
Ž .arinized saline 0.1 ml; 3 units heparinrml before and

after the self-administration sessions. All experiments were
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Seven rats were used for heroin self-administration and
four for the morphine studies. All rats had a history of
heroin self-administration and three rats had a history of
high levels of opioid exposure. These groups were com-

Ž .bined because their baseline heroin 10 mgrinfusion self-
administration intakes immediately before initiating these

Žexperiments for the high-opioid exposure rats 22.0"1.4
. Ž .infusionsrh and the others 21.9"6.2 were not appre-

Ž .ciably different. In addition, naloxone 0.03 mgrkg, s.c.
administration increased heroin self-administration to an

Žequal degree for the low-exposure 180"30.8% of s.c.

. Žsaline and high-exposure groups 187"30.0% of s.c.

.saline , indicating that sensitivity to heroin was not altered
by the history of opioid exposure.

In the heroin group, rats self-administered 10 mgrinfu-
sion on a FR1 TO 20 s schedule for 3 hrday. Self-admin-
istration behavior was stable after 5 days, with mean of
three consecutive days varying only by approximately
10%. Rats were given each 3-O-methylnaltrexone dose
Ž .s.c. in a Latin Square design immediately before starting
the self-administration sessions. Two baseline days with
s.c. saline injections were included between each dose of
3-O-methylnaltrexone.

In the morphine group, rats self-administered 300
mgrinfusion in 3-h sessions. This dose was shown to have
equivalent reinforcing efficacy to a 10-mg heroin dose

Žbased on an operant place conditioning procedure Hutto
.and Crowder, 1997 . Rats achieved baseline criteria after

nine sessions with the mean of three consecutive days
varying only by approximately 10%. Rats were each given

Ž .3-O-methylnaltrexone dose s.c. in a Latin square design
immediately before the start of the self-administration
sessions. Two baseline days with s.c. saline injections were
included between each dose.

The number of infusions for the first hour of each
self-administration session was compared between differ-
ent drug treatments. Data was analyzed by one-way analy-

Ž .sis of variance ANOVA with dose as the repeated mea-
sure. Post hoc analysis was made with the Student’s t-test.
ED and ID were calculated as graded dose–response50 50

Ž .curves, as described in Tallarida and Murray 1987 .

3. Results

In mice, 3-O-methylnaltrexone reverses the analgesic
actions of morphine-6-glucuronide and heroin more po-

Ž .tently than those of morphine Brown et al., 1997 . First,
we explored whether 3-O-methylnaltrexone had a similar
selectivity in rats. The sensitivity of equianalgesic doses of
morphine and heroin to 3-O-methylnaltrexone in Wistar

Ž .rats differed by more than 10-fold Fig. 1a . Heroin anal-
gesia was reduced by doses of 3-O-methylnaltrexone under
0.1 mgrkg, s.c. and the response approached baseline
latencies by 0.25 mgrkg, s.c. In contrast, the same 3-O-
methylnaltrexone dose had minimal effects on the mor-
phine response. We then performed morphine and heroin
dose–response curves in the absence and presence of a

Ž . Žfixed 3-O-methylnaltrexone dose 0.25 mgrkg, s.c. Fig.
.1b . The inclusion of 3-O-methylnaltrexone significantly

shifted the heroin dose–response curve about three-fold to
the right, as expected for a competitive antagonist. The
morphine analgesic dose–response curve was unaffected
by the antagonist at this dose.

Sprague–Dawley rats revealed similar results compar-
ing 6-acetylmorphine, the active component of heroin, and
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Ž .Fig. 1. Effect of 3-O-methylnaltrexone in Wistar rats. a Groups of
Ž . Ž .Wistar rats ns5 were administered either morphine 7.5 mgrkg, s.c.

Ž .or heroin 0.5 mgrkg, s.c. and the indicated dose of 3-O-methylnaltre-
Ž .xone 3MeONtx . Analgesia was assessed 30 min later. Results are

presented as the means"S.E.M. The ID for 3-O-methylnaltrexone was50
Ž . Ž .0.33 mgrkg 0.21, 0.55 against morphine and 0.02 mgrkg 0.009, 0.08
Ž . Ž .against heroin. b Groups of Wistar rats ns5 were given the indicated

doses of morphine or heroin alone or in combination with a fixed dose of
Ž .3-O-methylnaltrexone 0.25 mgrkg, s.c. . Results are presented as the

Ž .means"S.E.M. The morphine ED in was 4.3 mgrkg 1.9, 10.3 in50
Ž .control rats and 5.1 mgrkg 1.7, 16.2 in 3-O-methylnaltrexone-treated

Ž .rats. The heroin ED was 0.32 mgrkg 0.10, 0.53 in control rats and50
Ž .0.9 mgrkg 0.61, 1.4 in 3-O-methylnaltrexone-treated rats.

Ž .morphine Fig. 2 . At equianalgesic agonist doses, 3-O-
methylnaltrexone lowered the analgesic response to 6-
acetylmorphine almost 10-fold more effectively than mor-

Ž .phine Fig. 2a . Including a fixed dose of 3-O-methyl-
Ž .naltrexone 0.25 mgrkg, s.c. significantly shifted the

6-acetylmorphine dose–response curve four-fold without
Ž .affecting that of morphine Fig. 2b .

In the self-administration studies, s.c. 3-O-methyl-
naltrexone dose-dependently increased heroin self-adminis-

Ž .tration during the first hour F s10.3, P-0.001 .Ž3,18.
The lowest 3-O-methylnaltrexone dose showed a small

increase in the number of infusions, although it did not
reach statistical significance. However, the responses seen

Žwith the other two doses were significantly greater P-
. Ž .0.01, t-test Fig. 3a . Morphine self-administration was

also dose-dependently increased by 3-O-methylnaltrexone
Ž .during the first hour F s12.1, P-0.01 with signifi-Ž3,9.

Ž .cant increases with higher two doses P-0.01, t-test .
The effects of 3-O-methylnaltrexone on morphine were

Ž . Žlimited to the first of the sessions P-0.05, t-test Fig.
.3b . The numbers of infusions in the second and third hour

were similar to those seen in the saline group and were not

Ž .Fig. 2. Effect of 3-O-methylnaltrexone in Sprague–Dawley rats. a
Ž .Groups of Sprague–Dawley rats ns5 were administered either mor-

Ž . Ž .phine 7.5 mgrkg, s.c. or 6-acetylmorphine 0.5 mgrkg, s.c. and the
indicated dose of 3-O-methylnaltrexone. Results are presented as the
means"S.E.M. The ID for 3-O-methylnaltrexone was 0.48 mgrkg50
Ž . Ž .0.3, 0.7 against morphine and 0.05 mgrkg 0.02, 0.1 against heroin.
Ž . Ž .b Groups of Sprague–Dawley rats ns5 were given the indicated

Ž .doses of morphine or 6-acetylmorphine 0.5 mgrkg, s.c. alone or in
Žcombination with a fixed dose of 3-O-methylnaltrexone 0.25 mgrkg,

.s.c. . Results are presented as the means"S.E.M. The morphine ED in50
Ž . Ž .was 2.9 mgrkg 0.9, 9.1 in control rats and 2.5 mgrkg 0.3, 9.7 in

3-O-methylnaltrexone-treated rats. The 6-acetylmorphine ED in was50
Ž . Ž .0.26 mgrkg 0.06, 0.85 in control rats and 1.1 mgrkg 1.0, 1.3 in

3-O-methylnaltrexone-treated rats.
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Ž .Fig. 3. Effect of 3-O-methylnaltrexone on heroin self-administration. a
ŽS.c. administration of 3-O-methylnaltrexone saline vehicle, 0.125, 0.25,

.or 0.5 mgrkg in a Latin Square design immediately before 3-h heroin
Ž . Ž .10 mgrinfusion or morphine 300 mgrinfusion sessions dose-depen-
dently increased the number of heroin and morphine infusions self-admin-

U Ž .istered during the first hour, P -0.01 by post hoc Student’s t-test. b
Ž .S.c. administration of 3-O-methylnaltrexone 0.25 mgrkg, s.c. immedi-

ately before a session increased the number of morphine self-infusions
only during the first hour of a three self-administration session. The
number of self-infusions during the first hour, the second hour, and the
third hour were compared between saline vehicle and 3-O-methylnaltre-

Ž . Uxone-treated 0.25 mgrkg rats, P -0.05 by post hoc Student’s t-test.

influenced by 3-O-methylnaltrexone. Similar results were
seen with heroin self-administration. This may reflect a
short duration of action of 3-O-methylnaltrexone.

4. Discussion

3-O-Methylnaltrexone is an unusual opioid antagonist.
Unlike traditional antagonists, 3-O-methylnaltrexone is
moderately selective for morphine-6b-glucuronide, heroin
and 6-acetylmorphine analgesia. The original analgesic
studies performed in mice have now been replicated in

both Sprague–Dawley and Wistar rats. In both strains,
3-O-methylnaltrexone blocked the actions of heroin and
6-acetylmorphine far more effectively than morphine. Thus,
3-O-methylnaltrexone may provide a helpful tool in ex-
ploring the receptor mechanisms of opioid agonist action.

3-O-Methylnaltrexone also altered morphine and heroin
self-administration, as seen by the increased heroin self-ad-
ministration rate. At a dose which was ineffective against

Ž .morphine analgesia 0.25 mgrkg , 3-O-methylnaltrexone
significantly elevated the infusion rates. The activity of
low 3-O-methylnaltrexone doses in the self-administration
paradigm implied that the receptors involved were differ-
ent from those involved with morphine analgesia and
might correspond to those implicated in heroin and mor-
phine-6b-glucuronide analgesia. More surprisingly, mor-
phine reinforcement was as sensitive as heroin to the
antagonist, implying that the morphine-6b-glucuronide
sites were important for morphine reinforcement as well.
Since mice and rats do not appreciably metabolize single

Ždoses of morphine into morphine-6-glucuronide Inturrisi
.et al., 1996 , morphine was probably interacting directly

with the morphine-6b-glucuronide site in the current stud-
ies. However, the reinforcing properties of morphine clini-
cally may involve both morphine and morphine-6b-
glucuronide, which is a major morphine metabolite in

Ž .humans Sawe et al., 1985 . This is particularly intriguing
in view of the higher potency of morphine-6b-glucuronide
in conditioned place preference, a measure of reinforcing

Ž .properties Abbott and Franklin, 1991 .
The suggestion that the reinforcing actions of heroin

and morphine are mediated through a receptor distinct
from that responsible for morphine analgesia has major
implications in our approach towards the development of
novel analgesics and the treatments for drug abuse. 3-O-
Methylnaltrexone is moderately selective for the mor-
phine-6b-glucuronide site and can block reinforcement at
doses which do not interfere with morphine analgesia. This
raises the question of whether 3-O-methylnaltrexone or
related agents might be able to block the reinforcing
activity of the clinically used opioids. Furthermore, it
suggests that it may be possible to design analgesics with
far less reinforcing properties.
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