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Abstract

The present study examined the development of analgesic tolerance to endomorphin-1 (EM1), endomorphin-2 (EM2), and morphine, and
cross-tolerance among these drugs. Male Swiss Webster mice were injected i.c.v. with EM1, EM2, morphine, or vehicle once daily for 5 days,
and tested for analgesia in the tail flick test. To determine the extent of cross-tolerance, on the sixth day mice from each of the above groups
received i.c.v. injections of EM1, EM2, morphine, or vehicle before analgesic testing. The development of tolerance to EM1 and EM2 closely
resembled that of morphine. Complete, symmetrical cross-tolerance was observed between all drugs in the study. These results demonstrate
a time-course and extent of tolerance similar to morphine, and support a common mechanism of action through the mu-opioid receptor.
© 2004 Published by Elsevier Ireland Ltd.
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Zadina et al.[25] recently isolated from neural tissue two
heretofore unknown endogenous opioid peptides, which
they named endomorphin-1 (Tyr-Pro-Trp-Phe-NH2) and
endomorphin-2 (Tyr-Pro-Phe-Phe-NH2). These two pep-
tides display high affinity and selectivity for the mu-opioid
receptor and are known to produce many of the same effects
as the prototypic mu-opioid receptor agonist, morphine,
including analgesia[25].

Differences between these peptides and morphine have
been described. Endomorphin-1 (EM1)- and endomorphin-2
(EM2)-induced antinociception appears more rapidly and is
of a shorter duration than morphine-induced antinociception
[5,21]. Of particular clinical interest are the findings that
EM1 shows less potential for cardiorespiriatory side effects
than morphine[2] and in contrast to morphine, the analgesic
effects of EM1 can be separated from its rewarding effects
[23].

An additional, important question about the clinical po-
tential of these two peptides involves tolerance. Tolerance
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can be defined as the need for escalating doses of the drug to
maintain a stable effect[1]. It has been shown that tolerance
develops to the antinociceptive effects of EM1 and EM2 in
both acute models with a single pretreatment[6,20,24]and
chronic administration models[8,15].

The development of cross-tolerance among EM1, EM2,
and morphine is less clear. It has been shown that although
pre-treatment with EM2 markedly reduces the analgesic
potency of test doses of EM1, pretreatment with EM1 can
have only a minimal effect on EM2-induced antinocicep-
tion [6,24]. Others have found significant EM1-[13] or
EM2-induced analgesia[8] in rats made tolerant to mor-
phine. The research reported here was designed to further
elucidate the time course of tolerance development to
chronic doses EM1 and EM2 relative to morphine and the
degree of cross-tolerance among these drugs.

Male Swiss Webster mice were maintained on a 12 h/12 h
light/dark cycle (onset at 06:00 h) and given free access to
food and water. All procedures were in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals[13].

The mice were anesthetized with i.p. ketamine (200 mg/kg)
and xylazine (10 mg/kg) and implanted unilaterally with
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a 23-gauge outer cannula aimed at the lateral ventricle
(anterior/posterior: 0.2 mm, medial/lateral: 0.10 mm, dor-
sal/ventral: 0.25 mm). Each cannula was anchored in place
with dental cement poured around the outer cannula and
the heads of three jeweler’s screws placed in the skull. A
stainless steel stylet (size 00) extending just beyond the tip
of the cannula was inserted during surgery and left in place
until time of testing. The animals were allowed to recover
for 7–10 days before analgesic testing.

Morphine sulfate (National Institute of Drug Abuse),
EM1, and EM2 (custom synthesized (JEZ) by American
Peptide Company, Sunnyvale, CA, USA) were dissolved
in a 0.001 M acetic acid solution. Drugs were administered
i.c.v. in a volume of 1�l through a 30 gauge inner cannula
that extended 0.25 mm beyond the tip of the outer cannula.
The injection cannula was left in place for 60 s to allow for
diffusion of the drugs into the ventricles. Equipotent doses
approximating four times the ED50 determined in earlier
studies[25] were used as follows: 10�g (30 nmol) mor-
phine, 18�g (30 nmol) EM1 or 30�g (60 nmol) EM2 dis-
solved in 1�l of injection vehicle. Control groups received
1�l injections of the vehicle.

Pain sensitivity was tested in the tail flick assay (Tail Flick
Analgesia Meter, Columbus Instruments, Columbus, OH,
USA) in which a beam of light was focused on the ventral
surface of the animal’s tail 2.5 cm (±2 cm) from the tip. A
cutoff latency of 10 s was imposed to prevent tissue damage.

After the surgical recovery period, animals were randomly
assigned to one of four groups. Each day that the tail flick
test was performed, animals were exposed to the test room
for a 15-min habituation period. On the day prior to the first
drug administration, baseline tail flick was recorded. For
the next 5 days, 10 min after i.c.v. injection of EM1, EM2,
morphine, or vehicle animals were tested in the tail flick
test. To determine whether analgesic cross-tolerance devel-
ops between the drugs used in this experiment, one day fol-
lowing the completion of tolerance testing (day 6) animals
from each of the drug groups (morphine, EM1, EM2, and
vehicle) were randomly assigned to four subgroups. These
four subgroups were then tested for analgesia 10 min after
receiving i.c.v. injections of morphine, EM1, EM2, or vehi-
cle in the tail flick procedure as described above.

After completion of each experiment, animals were over-
dosed with sodium pentobarbital and injected i.c.v. with 5�l
of methylene blue dye. Ten minutes later, brains were re-
moved and frozen. Frozen brains were dissected and only
data from those animals with dye throughout the lateral ven-
tricle ipsilateral to the cannula were included in statistical
analysis.

All analyses were conducted using SPSS for Windows
(Version 6.0) with the probability of a Type I error set at
0.05. The data were examined for outliers and none were
found. Tolerance data were analyzed using a Drug× (Day
× Subjects) mixed factorial ANOVA. Cross-tolerance data
were examined using a two-way (Pretreatment Drug×
Cross-tolerance Drug) between-groups factorial ANOVA.

Fig. 1. Development of tolerance. Mean (±S.E.M.) tail flick latencies
following i.c.v. injections of morphine, EM1, EM2, or vehicle (n = 26–31)
over the 5 days of tolerance induction. Asterisk (∗) denotes significant
difference between all drug groups and vehicle group as determined by
Tukey’s HSD test.

Subsequent analyses of simple effects were made using
Tukey’s HSD test to control for increases in the family-wise
error rate.

As indicated inFig. 1, the i.c.v. administration of EM1
and EM2 resulted in marked antinociception that was simi-
lar to morphine on days 1 and 2 (Omnibus two-way inter-
action:F(11, 377)= 4.25,P < 0.01, power= 0.99, partial
η2 = 0.11; day 1:F(3, 107)= 14.27,P < 0.01, power >
0.99, partialη2 = 0.29; day 2:F(3, 107)= 7.36,P < 0.01,
power= 0.98, partialη2 = 0.17). Tolerance to the antinoci-
ceptive effects of EM1, EM2 and morphine was evident
by day 3, when scores for all three agonist groups were
not significantly different from controls. Cross-tolerance
data are summarized inFig. 2. In the present study, sym-
metrical cross-tolerance developed between all drugs used.
Test doses of EM2 and morphine produced significant

Fig. 2. Cross-tolerance. Mean (±S.E.M.) tail flick latencies following
i.c.v. morphine, EM1, EM2, or vehicle injections (n = 6–8) after 5 days
pretreatment with morphine, EM1, EM2, or vehicle. Asterisk (∗) denotes
significant difference from vehicle injection as determined by Tukey’s
HSD test.
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analgesia in the vehicle pretreated group (F(3, 23)= 6.94,
P < 0.01, power > 0.96, partialη2 = 0.45); EM1 did not
significantly alter tail flick latencies in vehicle-pretreated
animals. No other significant results were obtained.

The data presented here replicate previous findings
that EM1 and EM2 are potent antinociceptive agents. In
opioid-naive animals (day 1 of the study), i.c.v. injections
of these peptides produced potent analgesia similar to the
prototypic mu-opioid receptor agonist, morphine. In the
present study equimolar doses of EM1 and morphine were
found to produce equipotent analgesia; however, approxi-
mately twice as much EM2 is required to produce the same
analgesic effect. This is consistent with dose–response rela-
tionships described earlier[6,15,24,25]. As in other studies,
analgesic tolerance developed to daily i.c.v. injections of
EM and morphine by day 3[7–9]. Other studies have shown
more rapid development of tolerance for the endomorphins
than for morphine after chronic intrathecal (i.t.) adminis-
tration to rats[8]. Several experimental variables (route of
administration, injection dose and timing, species used, etc.)
are likely to contribute to these differences, and indicate that
the time course of tolerance is dependent on these factors.

We report here that symmetrical analgesic cross-tolerance
is present among morphine, EM1, and EM2. This finding
supports the hypothesis that the antinociceptive effects of
the endomorphins and morphine are mediated by a common
mechanism, agonist activity at the mu-opioid receptor. Our
results are consistent with evidence that EM1 and EM2 are
known to activate mu-opioid receptor, but not delta-opioid
receptor mediated second messenger cascades in vitro and
that signaling[12] and antinociception[10,11]are absent in
mu-opioid receptor knockout mice.

However, these are in contrast to reported asymmet-
ric tolerance observed in other paradigms[6,8,24]. It has
been postulated that different effects of the mu agonist
could be mediated by either different subtypes, splice
variants, or physical states of the mu receptor, or dif-
ferent post-(mu)-receptor effects. For example, Sakurada
et al. [16,18] demonstrated that although both EM1- and
EM2-induced analgesia is completely reversed by the
mu-opioid receptor specific antagonist�-funaltrexamine,
EM2- but not EM1-induced antinociception is sensitive to
antagonism by the mu1-opioid receptor specific antago-
nist naloxonazine and to a novel morphine-6�-glucuronide
receptor antagonist, 3-methoxynaltrexone. Furthermore, al-
though both EM1- and EM2-induced antinociception are
reversed by�-funaltrexamine, EM2-induced antinocicep-
tion can be attenuated by the kappa-opioid receptor specific
antagonist, nor-binaltorphimine, and by antiserum against
dynorphin A(1–17), suggesting the downstream involve-
ment of kappa-opioid receptors in EM2’s effects[14,17,22].
It is possible, therefore, that EM2 is active at a discrete pop-
ulation of mu-opioid receptors, which subsequently engage
dynorphin-mediated systems[14,22].

The above findings of differences between the mediators
of EM1 and EM2 action could account for observations that

tolerance to the antinociceptive effects of EM1[6,24], and in
some cases morphine[8], does not attenuate the expression
of EM2-induced analgesia. Reasons for the discrepancy be-
tween reports of asymmetrical cross-tolerance and our find-
ings are not clear. It is possible that the difference in the
paradigms used between these studies[6,8,20,24], including
the type of tolerance induced (acute versus chronic), species
used (rats versus mice), and route of administration (i.t. ver-
sus i.c.v.) may account for some of the discrepancies, and
make direct comparisons difficult. It should also be noted
that, although not statistically significant, the pretreatment
group that appeared to provide the greatest responsiveness
to subsequent opioid challenge was the EM1 pretreatment
group (seeFig. 2), which is consistent with earlier findings
[6,24]. The cause of this difference between EM1 and the
other drugs is unclear. However, the trend for EM1 to pro-
duce reduced analgesia regardless of the pretreatment drug
suggests that this drug is the most sensitive to prior opiate
administration.

The fact that the EM1-induced increase in latency failed
to reach significance after vehicle pretreatment is intrigu-
ing. The cause of this difference between EM1 and the other
drugs is unclear. However, the trend for EM1 to produce
reduced analgesia regardless of the pretreatment drug (see
Fig. 2) suggests that the cause may lie in an interaction be-
tween EM1 and repeated handling or testing of the animals.
Handling [19], restraint[3], and repeated testing[4] have
been shown to activate the endogenous opioid systems and
to speed the development of tolerance to opioid analgesia.
We have observed that EM1, but not EM2, is cross-tolerant
with stress-induced analgesia (unpublished findings). Per-
haps the failure of EM1 to produce statistically significant
analgesia on day 6 of the study is indicative of its greater
sensitivity to cross-tolerance with stress-induced analgesia.

The endomorphins are endogenous peptides that possess
high affinity and selectivity for the mu-opioid receptor. The
present study shows that repeated i.c.v. injections of EM1
and EM2 result in potent analgesia in the tail flick test and in
a tolerance profile similar to that of morphine. The demon-
stration of symmetrical cross-tolerance among morphine and
the peptides is consistent with the concept that tolerance to
the three agonists in this paradigm is mediated by a common
physical state of the mu-opioid receptor.
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