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ABSTRACT—It is well documented that the x-opioid receptor (MOP-R) is expressed by neurons in several
central nervous system regions. Its occupancy with agonist drugs modulate a variety of physiological pro-
cesses including pain, reward, stress, immune responses, neuroendocrine functions, and cardiovascular con-
trol. Based on the receptor binding assay, endomorphin-1 and endomorphin-2 have the highest specificity
and affinity for the MOP-R of any endogenous substance so far described in the mammalian nervous system.
In contrast, S-endorphin exhibits the strongest actions among endogenous opioid peptides mainly through
the MOP-R; however, it also shows the distinct pharmacological actions. Recent cloning and expression
studies have indicated that MOP-Rs are seven-transmembrane domain receptors whose actions are mediated
through activation of heterotrimeric guanine nucleotide binding proteins (G-proteins). The activation of G-
proteins by MOP-Rs can be measured by assessing agonist-induced stimulation of membrane binding of
guanosine-5'-0-(3-[**S]thio)triphosphate ([**S]JGTP#S). The subject of the present review is to focus on
the differential mechanism underlying G-protein activation induced by these p-opioid peptides using the

[**S]GTPyS binding assay.
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Introduction

Among the opoid receptors, the p-opioid receptor
(MOP-R) makes a major contribution to opioids-induced
antinociception. Since the initial demonstration of MOP-Rs
over 25 years ago, investigators have searched for their
endogenous ligands. The search led to the discovery of
enkephalins (1), endorphins (2) and dynorphins (3) in the
1970’s, but they have either low selectivity or efficacy at
the MOP-Rs (4). The enkephalins ([Met’]enkephalin and
[Leu’]enkephalin) are the endogenous ligands for 5-opioid
receptors and dynorphin A(1—-17) is the endogenous
ligand for x-opioid receptors. S-Endorphin had been
proposed to be an endogenous ligand for the MOP-Rs (5),
since S-endorphin has a moderate affinity for MOP-Rs (4).
However, at the present, the pharmacological effects of
p-endorphin have been recognized to be mediated by
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MOP-R and putative g-opioid receptor (6, 7). Recently,
two new endogenous opioid peptides, endomorphin-1
(EM-1) and -2 (EM-2), were isolated from mammalian
brain with high selectivity to MOP-Rs (8). Behavioral
studies reveal that EM-1 and EM-2 produce profound,
naloxone-reversible antinociception in mice after either
intracerebroventricular or intrathecal administration (9, 10),
suggesting that EM-1 and EM-2 are endogenous selective
MOP-R.

The MOP-Rs belong to the superfamily of seven-trans-
membrane domain receptors that are coupled to G-proteins
(11). The occupation of MOP-Rs by agonists leads to the
activation of the Gi/Go class of G-proteins, which can be
measured by assessing agonist stimulation of membrane
binding of the non-hydrolyzable analog of guanosine-5'-
triphosphate (GTP), guanosine-5'-o-(3-[**S]thio)triphos-
phate ([**S]GTP#8S) (12). [**S]GTPyS binding enhanced by
the synthetic MOP-R agonist [D-Ala?, NHPhe*,Gly-ol’Jen-
kephalin (DAMGO) has been reported in membranes from
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human neuroblastoma SH-SYS5Y cells (12), SK-N-SH cells
(13), C6 glioma cells (14), CHO cells (15), NG108-15 cells
(13), rat thalamus (15), rat striatum (16), rat locus coeruleus
(17), mouse spinal cord (18) and mouse pons/medulla (19).
Such MOP-R agonist-stimulated [*S]GTPyS binding in
membrane preparations has provided dynamic measure-
ments of agonist occupation of MOP-Rs and its efficacy
for activation of G-proteins.

G-Protein activation by endogenous u-opioid peptides
The G-protein activation induced by EM-1 and EM-2
has been reported in the membrane preparation obtained
from the mouse spinal cord (18), mouse pons/medulla (20),
and mouse periaqueductal gray matter (21). Like a selective
MOP-R full agonist DAMGO, EM-1 and EM-2 produce
concentration-dependent increases of [*>S]GTPyS binding
in these membrane preparations, saturating at 10 uM
(Fig. 1). The increase of [**S]GTPyS induced by EM-1
and EM-2 are completely attenuated by selective MOP-R
antagonist g-funaltrexamine (f-FNA). However, the maxi-
mal stimulation of [**S]GTPS binding induced by EM-1
and EM-2 are approximately 0.6-fold lower than that
induced by DAMGO. We could exclude the possibility
that the comparable lower levels of endomorphins (EMs)-
stimulated [**S]GTP#S binding may result from the quick
degradation of EMs by intrinsic enzymes, because no
differences in the [**S]GTPyS binding stimulated by EMs
were noted in the presence and absence of peptidase/pro-
tease inhibitors (Fig. 2). The evidence clearly suggests that
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Fig. 1. The increase of [**S]GTPyS binding induced by EM-I,
EM-2 and DAMGO in the pons/medulla membrane obtained from
ICR mice. Membranes were incubated with 50 pM [**S]GTPyS and
30 uM GDP in the absence or presence of various concentrations
(1 nM - 10 #M) of opioid peptides for 2 h at 25°C. Non-specific
binding was measured in the presence of 10 #M unlabeled GTPyS.
The data are expressed as the percentage of basal [**S]GTPyS binding
measured in the presence of GDP and absence of agonist and repre-
sent the mean + S.E.M. from at least three independent experiments.

endogenous u-opioid peptides EM-1 and EM-2 may be
the partial agonists for MOP-Rs.
Unlike EM-1 and EM-2, fB-endorphin (1 nM — 10 #M)
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Fig. 2. Effect of the peptidase/protease inhibitors on the increase
of [**S]GTPyS binding induced by EM-1, EM-2 and DAMGO in the
spinal cord membrane obtained from ICR mice. Membranes were
incubated with 50 pM [**S]GTPS and 30 uM GDP in the absence
/presence of opioid peptides and/or peptidase/protease inhibitors
(10 1/ml of a solution containing 0.2 mg/ml each of bestatin,
leupeptin, pepstatin A and aprotinin) for 2 h at 25°C. Non-specific
binding was measured in the presence of 10 #M unlabeled GTPyS.
The data are expressed as the percentage of basal [**S]JGTPyS binding
measured in the presence of GDP and absence of agonist and repre-
sent the mean = S.E.M. from at least three independent experiments.
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Fig.3. The increase of [**S]GTPyS binding induced by S-endor-
phin in the pons/medulla membrane obtained from ICR mice. Mem-
branes were incubated with 50 pM [**S]GTP#S and 30 uM GDP in
the absence/presence of various concentrations (1 nM —10 M) of
S-endorphin for 2 h at 25°C. Non-specific binding was measured in
the presence of 10 #M unlabeled GTPyS. The data are expressed as
the percentage of basal [**S]GTP#S binding measured in the presence
of GDP and absence of agonist and represent the mean+ S.E.M.
from at least three independent experiments. Modified from
Mizoguchi et al. (19).
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produces an unsaturable increase of [**S]GTPyS binding
to mouse pons/medulla membrane, affording more than
twofold higher binding than that induced by DAMGO at
10 uM (Fig. 3). The increase of [**S]GTPyS induced by
p-endorphin is only partially attenuated to 40% of the
original stimulation by S-FNA (19). This phenomenon may
be caused by the agonist property of S-endorphin for a
different type of receptor, the putative g-opioid receptor, in
addition to its agonist property for the MOP-R. In Cg rat
glioma cells expressing a cloned rat MOP-R, S-endorphin
shows the same magnitude of increase of [*S]GTPyS
binding with DAMGO, suggesting that #-endorphin may
have a full agonist property for MOP-Rs (14).

It is somewhat interesting that endogenous -opioid
peptides EM-1 and EM-2 are partial agonists for MOP-Rs,
since most of the endogenous opioid peptides, including
[Met’Jenkephalin, [Leu’]enkephalin, dynorphin A(1—17)
and p-endorphin show the full agonistic properties for
their respective opioid receptors (14, 22). At the present,
it is not clear why both endogenous MOP-R full agonist
(p-endorphin) and endogenous MOP-R partial agonists
(EM-1 and EM-2) exist. Theoretically, a partial agonist,
but not a full agonist, can inhibit the pharmacological effect
of full agonists acting on same receptor, at the concentra-
tion inducing the maximal response. It is of interest to note
that EM-1 and EM-2 partially but significantly attenuate
the increase of [**S]GTPS binding induced by 1 uM S-
endorphin in the mouse spinal cord (Fig. 4). Considering
the endogenous u-opioidergic system, we propose that
EM-1 and EM-2 can negatively modulate the physiological
overshooting of w-opioidergic system induced by S-endor-
phin (23).

G-Protein activation by endogenous u-opioid peptides

in MOP-R knockout mice
Following the initial cloning of MOP1 (24, 25), a num-
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ber of splicing variants of MOP-R differing at the intra-
cellular carboxy terminus have been reported (26, 27). At
the present, based on the splicing of identified at least
10 exons of the MOP-R gene, 7 subtypes of the MOP-R
(MOPI, 1A, 1B, 1C, 1D, 1E and 1F) have been identified.
Since all subtypes of the MOP-R contain the sequences
encoding the same first 3 exons (exon 1 to exon 3), the
presence of these 3 exons seems to be critical for expres-
sion of MOP-Rs.

The knockout approaches for the MOP-R gene is a valu-
able tool in defining the role of the MOP-R in the physio-
logical response induced by g-opioid peptides. The several
laboratories successfully have developed the mice lacking
MOP-R with the exon specific deletion of MOP-R gene
(28 —31). At the present, two types of MOP-R knockout
mice are available; one is a knockout mouse with a disrup-
tion of exon 1 (Fig. SA and references 29 and 31), and an-
other is a knockout mouse with a disruption of exon 2 and
3 (28, 30). In both MOP-R knockout mice, [’HIDAMGO
binding as a ligand for the identification of MOP-R is com-
pletely abolished in the both spinal cord and pons/medulla
(Fig. 5A, manuscript in preparation, references 20 and 32).
We clearly found that the increase of [**S]GTP#S binding
induced by EM-1 and EM-2 are also completely abolished
in the pons/medulla obtained from both knockout mice
(Fig. 5B, manuscript in preparation). In contrast, the in-
crease of [**S]GTP#S binding induced by S-endorphin is
only partially attenuated in the pons/medulla obtained from
both knockout mice with the same magnitude of attenuation
(Fig. 5B, manuscript in preparation, reference 33). These
findings provide further evidence for the distinct mecha-
nism of G-protein activation by EMs and f-endorphin.

As expected, there must be no difference between these
two types of MOP-R knockout mice on the G-protein acti-
vation, since the first 3 exons (exon 1 to exon 3) of MOP-R
gene is critical for expression of MOP-Rs. It, therefore, is

Fig. 4. Effects of EM-1 and EM-2 on the increase
of [**S]JGTPyS binding induced by S-endorphin in
the spinal cord membrane obtained from ICR
mice. Membranes were incubated with 50 pM
[**S]IGTPyS and 30 4M GDP in the absence/pres-
ence of opioid peptides for 2 h at 25°C. Non-spe-
cific binding was measured in the presence of
10 #M unlabeled GTPyS. The data are expressed
as the percentage of basal [**S]GTPyS binding
measured in the presence of GDP and absence of
agonist and represent the mean £ S.E.M. from at
least three independent experiments. *P<0.05 vs
p-endorphin alone. Modified from Mizoguchi
etal. (23).
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Fig.5. u-Opioid receptor (exon 1)-knockout mouse. A: Scatchard plot analysis of [’HIDAMGO binding to membranes from the
pons/medulla of wild-type and knockout (MOP-R-KO) mice. Membranes were incubated with [PTHIDAMGO at 0.2 — 20 nM for
2 h at 25°C. The specific binding was defined as the difference in binding observed in the absence and presence of 10 #M unla-
beled naloxone. A representative experiment that was replicated three times is shown. n.d.: not detected. B: The increase of
[**S]JGTPyS binding induced by EM-1, EM-2 and S-endorphin in the pons/medulla membrane obtained from wild-type mice and
knockout mice. Membranes were incubated with 50 pM [**S]GTPS and 30 uM GDP in the absence/presence of opioid peptides
for 2 h at 25°C. Non-specific binding was measured in the presence of 10 M unlabeled GTPyS. The data are expressed as the
percentage of basal [**S]GTP#S binding measured in the presence of GDP and absence of agonist and represent the mean +
S.E.M. from at least three independent experiments. *P<0.05 vs Wild-type mice.

likely that the development of other MOP-R knockout mice
with a disruption of another exon (exon 4 to exon 10) of
MOP-R gene may provide new insights into the distinct
mechanisms underlying G-protein activation induced by
EMs and S-endorphin.

G-Protein activation by endogenous u-opioid peptides
in the MOP-R subtype knockdown mouse

Upon cloning of the MOP-R and identification of its
splicing variants, the MOP-R had been further classified
into the putative - and u,-opioid receptors (MOP1-R,

MOP2-R) (34, 35). The putative MOP1-R shows a high
affinity for both opioid peptides and opioid alkaloids. In
contrast, the putative MOP2-R has a higher affinity for
opioid alkaloids than for opioid peptides. The CXBK mice,
recombinant inbred mice of the C57BL/6ByJ and BALB
/cByl strains, have been known as putative MOPI1-R
knockdown mice and used as an experimental tool for
identification of putative MOP1-R- or MOP2-R-mediated
physiological responses. In the receptor binding assay,
CXBK mice reveal lower density of putative MOP1-Rs
without showing a concomitant decrease in putative
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MOP2-Rs in several brain regions (36). It is of interest to
note that MOP-R agonists show weaker analgesic effects
and less locomotor stimulation in the CXBK mice as com-
pared to C57BL /6Byl mice (37).

We have demonstrated that the differences between EMs
and S-endorphin on the G-protein activation in the CXBK
mice (38). The increases of [**S]GTPS binding induced by
EM-1 and EM-2 in the pons/medulla membrane obtained
from CXBK mice are approximately 0.6-fold lower than
those in the pons/medulla membrane obtained from
C57BL/6By] mice. The increase of [**S]JGTPyS binding
induced by EMs are completely blocked by A-FNA in
both strains. More interestingly, there is no difference in
the S-endorphin-induced increase of [**S]GTPyS binding
to the pons/medulla membrane between CXBK and C57BL
/6BylJ mice. Taken together with the data that the increase
of [**S]GTPS binding induced by S-endorphin is partially
attenuated in mice lacking MOP-R gene, it is most likely
that G-protein activation by S-endorphin is, at least in part,
mediated by the stimulation of the putative MOP2-R, but
not by the putative MOP1-R.

Since a new classification of MOP-R has been proposed
based on the splicing variance of MOP-R gene (26, 27),
the old classification of MOP-R (putative MOP1-R and
putative MOP2-R) is likely to be getting inefficient and
inaccurate. At the present, it is unclear which new classified
opioid receptor subtypes correlates to the putative MOP1-R
and putative MOP2-R. Further sutudies using the molecular
approach will help to identify the existence of MOP-R
subtypes involved in the differential role of EMs and S-
endorphin.

Conclusion

A growing body of evidence indicates a certain differ-
ence between both endogenous g-opioid peptides EMs
and S-endorphin. Several recent studies have demonstrated
that these differences may result from the MOP-R subtype.
Further studies on the identification of the MOP-R subtypes
for each endogenous x-opioid peptides may provide valu-
able in furthering our understanding of the physiological
function of the endogenous opioidergic system and pave
the way for new therapeutic strategies for the control of
pain.
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