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Opioids and Their Complicated
Receptor Complexes
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No field more eagerly awaits a molecular clarification for 
G-protein coupled receptor (GPCR) dimerization than the 
opioid receptor field. Extensive evidence of pharmacological 
and functional interactions between opioid receptor types has 
primed this field for such a resolution. In retrospect, much of 
the data collected on synergy between different opioid receptor 
types may represent the functional correlate for the newly 
found opioid receptor dimerization. While previous reports of 
functional synergy have been, for the most part, consistent in 
demonstrating cross-regulation between two receptor types, 
the lack of highly receptor-selective ligands allowed skeptics to 
remain doubtful over the interpretations of these results. 
Today, two important developments in the opioid receptor 
field help reinvigorate the hypothesis of functional, cross-
modulating opioid receptor complexes: (1) The existence of 
highly selective ligands which eliminate any possibility of 
cross-reactivity between receptor types, and (2) the discovery 

that opioid receptors and a number of other GPCRs exist as 
dimers in biochemical, functional and pharmacological assays. 
It is with these new tools that we seek to understand the 
mechanisms and implications of dimerization. Initial results 
of these studies have demonstrated that the dimerization of 
opioid receptors may help consolidate several pharmacological 
findings that have remained unanswered. In this review we 
present biochemical, pharmacological and functional evidence 
for opioid receptor complexes and add evidence from our 
recent studies on opioid receptor dimerization. We believe a 
thorough understanding of receptor dimerization is crucial in 
clarifying the mechanism of action of opioids and other drugs 
and may serve a more practical purpose in aiding the 
development of novel therapeutic drugs.  
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Ancient civilizations used opium for its medicinal use.
Current research has shown that the administration of
opioids results in a variety of biological effects. These
include analgesia, miosis, bradycardia, general seda-
tion, hypothermia, insensitivity and depression of
flexor reflexes. However, the best studied effect is in

that of pain control, where opioids are known to inhibit
neurotransmitter release from dorsal root ganglion pro-
jections in the dorsal horn of the spinal cord (Mac-
Donald and Nelson 1978; Mudge et al. 1979; Yaksh
1993). Opioids can modulate endocrine processes
(Genazzani and Petraglia 1989; Maggi et al. 1995; Scha-
fer and Martin 1994) and can also affect the immune re-
sponse (Brown et al. 1974; Roy and Loh 1996). All these
effects are mediated by the interactions of opioids with
members of the opioid receptor family.

Opioid binding sites were first discovered in mam-
malian brain (Pert and Snyder 1973; Simon et al. 1973;
Terenius 1973). Subsequent pharmacological studies
using different ligands uncovered three opioid receptor
types, kappa, delta and mu (Chang and Cuatrecasas
1979; Lord et al. 1977) (reviewed in Paterson et al. 1983)
which differed in their distribution, ligand binding and
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function. The endogenous ligands were found in the
mid-1970s and were shown to be peptides (Bradbury et
al. 1976; Cox et al. 1976; Goldstein et al. 1981; Hughes et
al. 1975; Pasternak et al. 1976). These include enkepha-
lins, dynorphins and endorphins which are derived
from three larger precursors: proenkephalin A (Noda et
al. 1982), prodynorphin (Kakidani et al. 1982) and pro-
opioimelanocortin, respectively (Nakanishi et al. 1979).
Recently two new mu receptor selective peptides
named endomorphin-1 and endomorphin-2 have been
reported although the presence of a precursor for these
has not yet been determined (Zadina et al. 1997).

The search for novel opioids resulted in the identifi-
cation of a large number of opioid ligands which ex-
hibit a variety of efficacies, potencies, affinities and se-
lectivities for the opioid receptor types. The use of these
led to the identification of similar yet distinct receptor
subtypes. The pharmacological differences observed
led to the proposal of receptor subtypes (kappa1,
kappa2, kappa3; delta1, delta2; mu1, mu2, mu3) (for re-
view see Traynor 1989; Traynor and Elliot 1993). How-
ever to date, despite large-scale efforts to clone the opi-
oid receptor subtypes, no cDNA corresponding to a
receptor subtype has been found.

The cloning of the opioid receptors (Evans et al. 1992;
Kieffer et al. 1992; Yasuda et al. 1993; Chen et al. 1993)
revealed that they are members of the GPCR superfam-
ily. The amino acid sequence revealed no more than a
30% homology to other GPCRs whereas a comparison
between kappa, delta and mu receptors revealed a 65–
70% homology between the three with highest homol-
ogy among the transmembrane domains, intracellular
loops and a small portion of the C-terminal tail near the
7th transmembrane region (TM7). The most divergent
areas are the second and third extracellular loops as
well as the N- and C-terminal tail which are extracellu-
lar and intracellular, respectively.

 

OPIOID RECEPTOR COMPLEXES

 

One of the principal goals in opioid receptor research is
to dissociate the analgesic potential of opioid ligands
from their liability to be abused. While an understand-
ing of the molecular nature of receptor regulation is
crucial for this undertaking, the discovery of ligands
with a decreased addicitive component has remained
the simplest approach. In spite of an enormous effort,
such a compound has yet to be found. However, this
search has resulted in a large library of compounds that
exhibit varying degrees of efficacy, affinities, potencies
and selectivities for the three opioid receptor types.
Standard ligand binding assays using these compounds
were crucial in the classification of opioid binding sites.
The stereospecific binding of the universal opioid ago-
nist, etorphine, to rat brain membranes identified the

first opioid binding sites (Pert and Snyder 1973; Simon
et al. 1973; Terenius 1973). Other agonists, ketocyclazo-
cine, morphine and DADLE, were subsequently shown
to compete against three different fractions of total opi-
oid receptor binding (see Table 1 for ligands and selec-
tivities). This resulted in the classification of opioid re-
ceptors into three types: kappa (for ketocyclazocine),
mu (for morphine) and delta (for DADLE) (Chang and
Cuatrecasas 1979; Lord et al. 1977). As the number of
opioid specific ligands grew, so did the list of apparent
opioid receptor subtypes found in pharmacological as-
says. For example, the new delta receptor selective
compounds deltorphin II, DALCE, BNTX and naltrin-
dole isothiocyanante (NTII) could differentially com-
pete with selective binding to delta receptors in spinal
cord and brain, suggesting the presence of subpopula-
tions within the delta receptor type. There are now sev-
eral opioid receptor subtypes and the list may grow as
novel compounds are identified. However, a central
concern pertaining to this subject remains the lack of
cDNAs corresponding to these subtypes. The cloning of
the opioid receptors revealed only three cDNAs corre-
sponding to the original mu, delta and kappa receptor
types. A mu receptor isoform named MOR1b has also
been cloned and differs in the c-terminal tail (Zimprich
et al. 1995). However, the pharmacological profile of
this isoform appears to be identical to that of the previ-
ously cloned mu receptor. Therefore the pharmacologi-
cal entities may not have a genetic correlate and thus
warrant other explanations. Along with the question of
receptor subtypes and prior to the postulation of opioid
receptor subtypes, another pharmacological phenome-
non had many researchers perplexed. The apparent in-
teraction of receptor type selective compounds in both
pharmacological and functional assays led to one of the
first discussions of receptor “complexing,” or more re-
cently known as receptor “dimerization.” From phar-
macological assays, functional complexes of mu and
delta receptors were proposed to exist. Interestingly,
characterization of these “receptor complexes” yielded
information linking them to certain opioid receptor
subtypes and led some to propose that a mu-delta com-
plex may in fact represent one of the delta receptor sub-
types. Our work with kappa/delta receptor het-
erodimers suggests that these may represent a kappa
receptor subtype (Jordan and Devi 1999). The following
is the evidence collected from several labs to support
the premise of opioid receptor dimerization.

 

FUNCTION

 

The administration of morphine results in a powerful
analgesic response that is mediated primarily by mu
opioid receptors. Although morphine exhibits high af-
finity for both delta and mu receptors, a recent study has
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shown that mu receptor knockout mice no longer exhibit
morphine-induced analgesia (Matthes et al. 1996). The
first evidence for interactions between opioid receptor
types were observations that delta receptor selective ag-
onists could modulate morphine-induced analgesia.
Vaught and Takemori (Vaught and Takemori 1979) no-
ticed that the administration of leucine-enkephalin, a
peptide agonist moderately selective for delta receptors
could potentiate morphine-induced analgesia. A dose of
leucine enkephalin that was unable to elicit transient
analgesia could cause a leftward shift in the morphine
dose-response curve, resulting in nearly half the ED50 as
compared to control animals. These results were con-
firmed by other groups (Barrett and Vaught 1982; Lee et
al. 1980). More selective ligands for delta as well as mu
receptors were subsequently tested. In agreement with the
previous findings, administration of delta receptor selec-
tive ligands, in doses that were unable to elicit any tran-
sient analgesia, were found to potentiate morphine-
induced analgesia while mu receptor selective compounds
were unable to do so (Barrett and Vaught 1982). Func-
tional interaction between these two receptor types was
also observed in other assays such as in opioid-induced
reversal of endotoxic shock (D’Amato and Holaday 1984;

Dixon et al. 1985). Both mu and kappa receptor selective
ligands could inhibit delta receptor mediated reversal of
endotoxioc shock. Functional synergy between receptor
types was also observed in opioid-induced gut propul-
sion. The highly selective delta receptor agonist, DP-
DPE, was found to potentiate morphine-induced bladder
motility effects (Sheldon et al. 1989). Mu receptor selec-
tive agonists were unable to do so and the kappa receptor
selective ligand, dynorphin, could actually inhibit these
effects (Sheldon et al. 1989). Synergy has also been re-
ported in the antitussive effects of the mu receptor se-
lective agonist, DAMGO, by the delta receptor selective
ligand, deltorphin II (Kamei et al. 1991).

Gathering evidence of cooperativity between opioid
receptor types and a growing list of selective ligands led
to further characterization of this phenomenon. A sur-
prising result from one such study revealed that while
delta receptor selective ligands could potentiate mor-
phine-induced analgesia, they were unable to potentiate
analgesia elicited by other mu receptor selective com-
pounds such as, DAMGO or Sulfentanil (Heyman et al.
1989). Most of these studies on synergy had measured the
effects of ligands on the potency (i.e., effective dose for
50% effect (ED50) of morphine analgesia). The maximal

 

Table 1.

 

Ligands and Selectivities

 

Ligand Selectivity Notes Reference

 

Etorphine
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d
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k

 

Universal agonist (Blane et al. 1967)
Bremazocine

 

m

 

, 

 

d

 

, 

 

k

 

Agonist/antagonist (Romer et al. 1980)
Diprenorphine

 

m

 

, 

 

d

 

, 

 

k

 

Antagonist (Biscoe et al. 1972)
EKC

 

m

 

, 

 

d

 

, 

 

k

 

Agonist (Martin et al. 1976)
Leucine-Enkephalin

 

d

 

, 

 

m

 

Endogenous (Hughes et al. 1975)
Methionine-Enkephalin

 

d
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m

 

Endogenous (Hughes et al. 1975)
Dynorphin A

 

k

 

 

 

.
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Endogenous (Goldstein et al. 1981)
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-endorphin
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d

 

 

 

.

 

 

 

k

 

Endogenous (Bradbury et al. 1976;
Cox et al. 1976)

Morphine

 

m

 

 

 

.

 

 

 

d

 

 

 

.
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Opiate Sertüner 1805
Naloxone
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d
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k

 

Universal antagonist —
DPDPE
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d

 

cx
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d

 

ncx

 

Selective agonist (Mosberg et al. 1983)
DADLE
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d
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d

 

cx

 

 

 

.

 

 

 

d

 

ncx

 

Agonist (Kosterlitz et al. 1980)
DSLET

 

d

 

2

 

, 

 

d

 

cx

 

Agonist (Gacel et al. 1980)
CP-OH

 

d

 

cx

 

Agonist (Shimohigashi et al. 1988)
Deltorphin I

 

d

 

1

 

Agonist (Erspamer et al. 1989)
Deltorphin II

 

d

 

2

 

, 

 

d

 

cx

 

Agonist (Erspamer et al. 1989)
Naltrindole

 

d

 

 

 

.

 

 

 

k

 

 

 

.

 

 

 

m

 

Antagonist (Portoghese et al. 1988)
Naltrindole 5’-

isothiocyanate

 

d

 

2

 

, 

 

d

 

cx

 

Antagonist (Portoghese et al. 1992b)

Naltriben

 

d

 

2

 

Antagonist (Sofuoglu et al. 1991)
BNTX

 

d

 

1

 

Antagonist (Portoghese et al. 1992a)
ICI 174,864

 

d

 

, 

 

d

 

ncx

 

Antagonist (Cotton et al. 1984)
DALCE

 

d

 

1

 

, 

 

d

 

ncx

 

Irreversible antagonist (Jiang et al. 1990a)
DIPP-NH2

 

c d

 

, 

 

m

 

 (

 

d

 

cx

 

 ?) Mixed mu agonist/
Delta antagonist

(Schiller et al. 1999)

FIT

 

d

 

Irreversible antagonist (Rice et al. 1983)
BIT

 

m

 

Irreversible antagonist (Rice et al. 1983)
Oxymorphone

 

m

 

 

 

.

 

 

 

d
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d

 

cx

 

Agonist —
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-funaltrexamine

 

m

 

 

 

.

 

 

 

d
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m

 

1

 

? Irreversible antagonist (Portoghese et al. 1980)
DAMGO

 

m

 

Agonist (Handa et al. 1981)
U-69593

 

k

 

1

 

Agonist (Lahti et al. 1985)
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nociceptive effects (i.e., the efficacy) of morphine was also
found to increase in the presence of delta receptor
ligands. Importantly, it was shown that this increase in ef-
ficacy could also be observed in morphine-tolerant mice
(Jiang et al. 1990b, 1990c). An interesting observation was
that no synergy was detected when the delta receptor se-
lective antagonist, ICI 174,864, was coadministered with
morphine, suggesting that functional synergy may re-
quire the activation of delta receptors (Heyman et al.
1989). The irreversible delta receptor selective antagonist,
DALCE, could block delta receptor mediated antinoci-
ception but could not block the potentiation of delta re-
ceptor selective ligands on morphine analgesia (Jiang et
al. 1990a; Porreca et al. 1992). These observations led to a
proposal that a distinction be made between delta recep-
tors involved in modulation of morphine analgesia and
those that are not. This was an important proposal for the
development of delta receptor subtypes.

The importance of this functional synergy cannot be
overstated. Potentiation of the potency and efficacy of
morphine-induced analgesia literally translates to a de-
creased morphine dosage in the presence of sub-analge-
sic doses of delta receptor selective ligands. Of great
importance are the effects of lower doses on the devel-
opment of tolerance and analgesia to morphine. Several
groups have initiated studies to answer these questions
with surprising results. The compound DIPP-NH2

 

c

 

, a
mixed delta receptor antagonist/mu receptor agonist, is
a novel compound designed to test such a question
(Schiller et al. 1999). The synergy by a delta antagonist
on a mu agonist demonstrated that delta receptors do
not have to be activated in order to potentiate mu re-
ceptor induced analgesia (Schiller et al. 1999). Another
interesting study has shown that the body may use the
co-release of endogenous peptides to promote strong
analgesia and decrease the likelihood of tolerance and
dependence (Dawson-Basoa and Gintzler 1998). The
pain threshold is increased during pregnancy. This is
mediated by spinal kappa and delta receptors but not
by mu receptors since the analgesia during gestation
can be blocked by high doses of either kappa or delta
receptor selective antagonists. However, the applica-
tion of suboptimal doses of kappa and delta receptor
selective compounds results in total inhibition of anal-
gesia indicating that both kappa and delta receptors are
activated and function synergistically. This pathway
may be important in minimizing tolerance and depen-
dence during the relatively long period of gestation and
result in a powerful analgesic response (Dawson-Basoa
and Gintzler 1998). The presence of both kappa and
delta selective agonists were also shown to produce
powerful non-additive analgesia in the rat (Miaskowski
et al. 1990). While both compounds individually could
induce analgesia, the presence of both compounds re-
sulted in a substantial leftward shift in the potency of
the agonist (Miaskowski et al. 1990).

 

BINDING PHARMACOLOGY

 

While there is a large amount of evidence for synergy be-
tween delta/mu, delta/kappa, and mu/kappa pathways,
the mechanism of this phenomenon is still poorly under-
stood. Interactions at a ligand binding level had been pro-
posed and were strengthened by mounting pharmacolog-
ical evidence. Binding assays were critical in assessing the
hypothesis that opioid receptors could exist in complexes
given that functional interactions could arise from a vari-
ety of factors. Synergy between pathways does not require
receptor interactions. In fact, functional synergy could
arise from cooperativity among any number of down-
stream signaling factors. Furthermore, synergy could arise
from the interaction of neuronal pathways as is clearly
seen by coadministration of the same compound into dif-
ferent areas of the brain or spinal cord. Thus pharmaco-
logical evidence was crucial to differentiate synergy due
to interacting opioid receptor types from synergy arising
from any number of other causes.

Some of the first pharmacological evidence support-
ing an association between mu and delta receptors came
soon after the discovery of functional synergy between
the two. Rothman and Westfall (Rothman and Westfall
1981, 1982) demonstrated that the moderately selective
delta receptor agonist leucine enkephalin (Leu-Enk) was
a noncompetitive inhibitor of the slightly mu receptor
selective opioid antagonist naloxone. In saturation as-
says of radiolabeled naloxone, Leu-Enk was able to de-
crease maximum binding with no significant difference
in the apparent affinity of the compounds. They pro-
posed that Leu-Enk could bind to a population of delta
receptors allosterically coupled to mu receptors, which
could cause the complexed mu receptor to become in-
sensitive to naloxone. It is interesting that these results
were opposite to those expected from the synergy ob-
served in functional assays. One would expect to ob-
serve an increase in binding in the presence of both mu
and delta receptor selective ligands. Furthermore this al-
losteric coupling was seemingly influenced by the pres-
ence of monovalent and divalent ions. Variations in the
binding of certain compounds such as DADLE, a com-
pound proposed to bind both delta and mu receptors
with high and low affinity, respectively, varied greatly
according to assay conditions (Bowen et al. 1981; Demo-
liou-Mason and Barnard 1986a, 1986b; Rothman et al.
1984). One group demonstrated that mu receptors and
delta receptors detected by binding with 

 

3

 

H-morphine
and 

 

3

 

H-DADLE respectively, could be intereconverted
(Bowen et al. 1981; Quirion et al. 1982). In the presence
of divalent and monovalent ions and GTP there was a
sharp decrease in 

 

3

 

H-morphine binding (presumably to
mu receptors) with a concomitant increase in 

 

3

 

H-DA-
DLE binding (presumably to delta receptors). This vari-
ability caused some researchers to propose the unirecep-
tor hypothesis stating that the kappa, delta or mu
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receptors were but a single receptor under different con-
ditions (Bowen et al. 1981; Quirion et al. 1982). These re-
sults would later form a strong argument for the influ-
ence of assay conditions on receptor complexing.

Many ligand binding assays demonstrated interactions
that were heterogeneous in nature and that could not be
described by simple competition using a two-site model.
However the interpretation of these results was compli-
cated due to the lack of highly selective compounds used
in the assays. Despite research to prove the selectivity of
the compounds used, a critical assumption for the inter-
pretation of their results, the cloning and pharmacological
characterization of the opioid receptors revealed that most
compounds were notoriously promiscuous (Herz 1993).
The observed noncompetitive interactions could be the re-
sult of two very different mechanisms. An allosteric
model suggests that the binding of a ligand to a popula-
tion of delta receptors results in a modification of a popu-
lation of mu receptors, those that are allosterically coupled
(in the complex); naloxone would not be able to recognize
such allosterically modified mu receptors. This could ex-
plain how in the presence of Leu-Enk, naloxone detects a
reduced number of receptors. However a two-site model
is equally able to explain these results. In this model, delta
and mu receptors are two independent binding sites, both
detectable by naloxone. The addition of Leu-Enk would
selectively block one site which would result in an appar-
ent loss of Bmax seen in standard saturation curves. This
complexity forced researchers to address this issue by
plotting computer- generated curves expected from a two-
site model and the allosteric model and comparing them
to the observed data.

Opioid receptor pharmacology became “compli-
cated” because two-site models could rarely describe the
observed data. DADLE, the compound initially thought
to label delta and mu receptors with high and low affini-
ties, respectively, was instead suggested to bind with
high affinity to delta receptors renamed type 2 or ncx
(not in complex) and also to delta-mu complex receptors
renamed type 1 or cx (complexed receptor) (Rothman et
al. 1984). These results were interesting in that they could
consolidate some of the evidence from proponents of the
unireceptor hypothesis. The loss of mu receptors and ap-
parent inter-conversion to delta receptors measured by
DADLE binding in their assays could be explained in the
following manner: under certain conditions mu recep-
tors became complexed with delta receptors and lost af-
finity for morphine that could not bind delta/mu recep-
tor complexes. The binding of DADLE, which was
proposed to bind to delta/mu complexes, would now in
turn be increased. Specifically, in the presence of Na1

and Mn11, DADLE binding could be up-regulated (thus
under these conditions, mu receptors could be driven to
interact with delta receptors) (Bowen et al. 1981; Roth-
man et al. 1984). DADLE binding became the preferred
method for observing delta/mu complexed receptors.

Interactions between kappa/delta and kappa/mu were
also reported and were shown to vary significantly in the
presence of monovalent and divalent ions (Demoliou-
Mason and Barnard 1986a, 1986b; Garzon et al. 1982;
Miaskowski et al. 1990, 1993; Sheldon et al. 1989).

SUBTYPES OR COMPLEXES?

Along with pharmacological assays in vitro, there was
growing evidence from functional studies of differences
within the opioid receptor types. The above functional
and pharmacological evidence demonstrated the exist-
ence of different or complexed delta receptors. The abil-
ity of certain delta receptor specific ligands such as
DALCE to block delta receptor mediated analgesia but
not delta receptor stimulation of morphine-induced anal-
gesia was complemented by compounds such as CP-OH
which could block delta receptor stimulation of mu re-
ceptor mediated analgesia but not delta receptor medi-
ated analgesia (Jiang et al. 1990a; Shimohigashi et al.
1988). This evidence suggested that there were two dif-
ferent delta receptor subtypes. The development of novel
delta receptor selective compounds such as deltorphin II,
naltriben, BNTX and naltrindole further supported the
existence of multiple delta receptor sites (Jiang et al.
1991; Mattia et al. 1991). Binding studies with several
compounds has resulted in the classification of the delta
receptor into two subtypes, delta1 and delta2. Several
groups have nominated delta1 receptors as those acti-
vated by DPDPE and blocked by BNTX or DALCE and
delta2 sites as those activated by deltorphin II or DSLET
and blocked by naltriben or a naltrindole derivative nal-
trindole 59-isothiocyanate (Jiang et al. 1991; Mattia et al.
1991). While there has been some work to try to consoli-
date the similarities and differences between delta ncx/
delta cx and delta1/delta2 the relationship between the
two groups remains unclear. One group has shown that
the delta receptors involved in modulation of mu recep-
tors may be delta2 receptors thus suggesting that these
may be delta cx (delta/mu complexes) (Porreca et al.
1992). A different group, based on binding and pharma-
cological evidence has proposed that in fact delta ncx
and delta cx are synonymous with the delta1 and delta2
receptor subtypes, respectively (Xu et al. 1993).

Other pharmacological evidence for receptor com-
plexes, and specifically for receptor dimers, came from
the observation that dimeric analogs of opioids had
greatly increased affinities for the opioid receptors.
Dimeric analogs of morphine and enkephalin exhibit
higher affinities for delta and mu receptors in membranes
(Hazum et al. 1982) These compounds also have greatly
increased potencies in mouse vas deference and guinea-
pig illeum assays (Hazum et al. 1982). The dimeric nature
of these compounds and their increased potencies sug-
gests that the receptors may exist as dimeric complexes.
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BIOCHEMISTRY

Perhaps the largest gap in the further development of
the opioid receptor oligomerization hypothesis lay in
the lack of biochemical evidence of their physical asso-
ciation. While there is a large amount of evidence for
the dimerization of other GPCRs (for review see Devi et
al.) few studies have shown the existence of opioid re-
ceptor oligomers. The first evidence of potential opioid
receptor oligomerization were demonstrated in a series
of elegant studies with delta receptors expressed in
neuroblastoma cells (Hazum et al. 1979). Rhodamine
conjugated enkephalin analogs were used to label delta
receptors and it was observed that these receptors
appeared as clusters on the cell surface (Hazum et al.
1979). The importance of disulfide groups in these asso-
ciations was demonstrated by the ability of low concen-
trations of the reducing agent DTT to convert the
patchy distribution of delta receptors to a uniformly
diffuse phenotype (Hazum et al. 1979). Both agonists
and antagonists could rapidly induce the formation of
these clusters but only agonist mediated clustering
could be reversed by DTT. Interestingly, the peptide
agonists had to be removed prior to DTT treatment in
order to reverse clustering, suggesting that the ligand
may have a protective effect on the disulfide bond. An-
other interesting study involved the crosslinking of
[125I]beta-endorphin to membranes from rat striatal
patches (Schoffelmeer et al. 1990). Binding of beta-en-
dorphin to the ~80-kDa band could be inhibited by ei-
ther the mu receptor selective compound DAMGO or
the delta receptor selective compound DSTBULET. This
led the authors to conclude that beta-endorphin was
cross-linked to a delta/mu receptor complex. However
it is unclear as to whether the 80-kDa band does indeed
represent a mu/delta receptor complex bound by beta-
endorphin or if it represents beta-endorphin bound to
either mu or delta receptors. Perhaps the first direct evi-
dence of dimerization of opioid receptors came follow-
ing the cloning of opioid receptor cDNAs which al-
lowed the heterologous expression of these receptors in
a variety of cell lines and detailed analysis (the details
of which are described below). Antisera directed
against the endogenous mu receptor detects high mo-
lecular forms of the mu receptor in bovine brain; this
has been suggested to represent mu receptor dimers
(Garzon et al. 1995).

RECENT ADVANCES

Using crosslinking agents, we showed that the delta opi-
oid receptor exists as dimers when expressed in heterolo-
gous cells (Cvejic and Devi 1997). On polyacrylamide
gels, a band of approximately twice the molecular weight
size expected for the delta receptor was observed. This

band was confirmed to be the dimeric species of the re-
ceptor when a flag-epitope tagged delta receptor could be
co-immunoprecipitated by immunoprecipitating a myc-
epitope tagged delta receptor. We have also demon-
strated that kappa receptors exist as dimers (Jordan and
Devi 1999). A significant difference between the two
dimers was observed in their stability to SDS. While delta
receptor dimers were unstable in SDS and required a
crosslinking agent, kappa receptor dimers were SDS sta-
ble (Figure 1). A monomerization of delta receptor dimers
was observed in the presence of delta receptor selective
agonists (Cvejic and Devi 1997). Interestingly, this mono-
merization preceded rapid agonist mediated sequestra-
tion of receptors providing a possible functional correlate
between dimers and monomers and receptor sequestra-
tion. While monomerization might lead to internaliza-
tion, it did not require internalization as either a treat-
ment with sucrose or potassium depleted medium (that
block clathrin coated pit formation) could not prevent re-
ceptor monomerization (Figure 2). On the other hand, in
the case of kappa receptors, selective ligands were unable
to modulate the levels of receptor dimers. Kappa recep-
tors were shown to be stable in up to 10% SDS (Figure
3A) and the level of dimers was not dependent on the
level of receptor expression since it is observed in cells ex-
pressing low (,1 3 105), medium (~5 3 105) or high (.
106) number of receptors per cell (Figure 3B). The SDS sta-
bility of kappa receptor dimers suggested that covalent
bonds may mediate this interaction. We found that these
dimers are sensitive to reducing agents suggesting that
disulfide bonds mediate these interactions (Figure 4).

Figure 1. Characteristics of the kappa and delta homo-
dimers. CHO cells expressing flag-tagged mouse delta or rat
kappa receptors were treated with or without 2.5 mM DSP
(crosslinking agent) and analyzed by SDS-PAGE followed
by Western blotting as described previously (Jordan and
Devi 1999). Delta receptors require crosslinking to enable
visualization of the dimeric (~120 kDa) form (lanes 1 and 2).
In contrast crosslinking is not required to observe the kappa
receptor dimers (~130 kDa) (lanes 3 and 4).
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Several studies discussed above had suggested func-
tional and pharmacological interactions between delta
and mu receptor types and also for kappa/delta and
kappa/mu interactions (Dawson-Basoa and Gintzler
1998; Demoliou-Mason and Barnard 1986a, 1986b; Gar-
zon et al. 1982; Miaskowski et al. 1990, 1993; Sheldon et
al. 1989). Our work had identified that either kappa or

delta receptors could form homodimers. We thus exam-
ined if kappa receptors could heterodimerize with ei-
ther delta or mu receptors using differential epitope
tagging followed by immunoprecipiation and Western
blotting. We find that kappa receptors could het-
erodimerize with delta, but not with mu receptors (Jor-
dan and Devi 1999). The biochemical nature of this in-
teraction was examined and found to be similar to that
of kappa receptor homodimers (i.e., kappa/delta het-
erodimers were SDS stable and sensitive to reducing
agents, Jordan and Devi 1999). Heterodimers were also
stable in a variety of detergents and were shown not to
be artifacts of solubilization or extraction conditions. In-
terestingly, ligand binding in membranes from cells co-
expressing kappa and delta receptors revealed opioid
receptors sites that were distinct from either kappa or
delta receptors (Figure 5A) (Jordan and Devi 1999).
These sites could be labelled using lower concentra-
tions of the radiolabeled nonselective opioid antagonist
diprenorphine (Figure 5A). Interestingly, these sites
were insensitive to kappa or delta receptor selective ag-
onists and sensitive to the nonselective ligands such as
bremazocine, ethylketocyclazocine or dynorphin A
(Figure 5B). Remarkably a sensitivity to the selective
ligands was restored only when both ligands (the
kappa selective ligand and the delta selective ligand)
were present in the binding assay, suggesting cooperat-
ivity in binding (Figure 6). Our results may explain the

Figure 3. Characteristics of kappa homodimers in CHO
cells expressing flag-tagged kappa receptors. (A) Lanes 1–4:
the ~130-kD molecular weight band demonstrates stability in
up to 10% SDS. A lower ~65-kD band is also observed. (B)
Lanes 5–7: the ~130-kD band is present in cells exhibiting dif-
ferent levels of expression (low 5 2 3 105, medium 5 5 3 105

and high 5 .1 3 106 receptors per cell). The higher the levels
of expression, the more of the ~65-kD band was observed.

Figure 2. Inhibition of clathrin mediated endocytosis does
not affect the agonist induced decrease in receptor dimeriza-
tion. CHO cells expressing delta receptors were incubated in
fresh media (control), 0.45 M sucrose (sucrose) or potas-
sium-depleted medium (K1 depletion) prior to agonist treat-
ment. Cells were then treated for 30 min in the absense (2)
or presence (1) of 100 nM DADLE. Each treatment (except
lanes 1 and 2) is presented in duplicates. Following the treat-
ment with ligand, cells were chilled, treated with 5 mM DSP
and lysed. The lysates were subjected to SDS-PAGE under
non-reducing conditions and to Western blotting.

Figure 4. Kappa dimers are sensitive to DTT when solubi-
lized in different detergents. (A) Cells expressing flag-tagged
kappa receptors were plated in 6-well plates, treated with DTT
(1 mM, 30 min, 378C) followed by IAM (5 mM, 30 min, 378C)
and subsequently lysed in the buffers shown above: (SDS, 2%
SDS in 50 mM Tris pH 6.8; CHAPS, 0.5% CHAPS in 50 mM
Sodium Phosphate; RIPA, 1% NP-40, 0.5% SDS, 0.5% DOC, 100
mM NaCl in pH 8.0 Tris buffer; Tx/G- 1% Triton X-100, 10%
Glycerol, 1 mM MgCl2, 1 mM CaCl2 100 mM NaCl). 10 ug of
total protein were then subjected to SDS-electrophoresis. Under
all conditions, KOR is a dimer and exhibits DTT sensitivity.



S12 B.A. Jordan et al. NEUROPSYCHOPHARMACOLOGY 2000–VOL. 23, NO. S4

functional synergy observed in vivo between ligands se-
lective for different opioid receptor types.

A functional correlate for our biochemical and phar-
macological evidence was observed in the trafficking of
these receptors and in their signaling properties (Jordan
and Devi 1999). Delta receptors but not kappa receptors
are known to rapidly internalize in response to universal
opioid agonists such as, etorphine (Chu et al. 1997; Jordan
et al. 2000; Li et al. 1999). Delta receptors in cells expressing
kappa/delta heterodimers were unable to internalize in
response to etorphine suggesting that heterodimerization
affects the trafficking of these receptors (Jordan and Devi
1999). We also observed that in cells co-expressing kappa
and delta receptors, stimulation of cells with selective
agonists for both kappa and delta receptors resulted in a
significant leftward shift in a dose-dependent inhibition
of adenylyl cyclase when compared to either ligand
alone (Jordan and Devi 1999). A similar potentiation of
function was observed when the ability of a single ago-
nist or a combination of agonists to affect the extent of
mitogen activated protein kinase phosphorylation was
examined (Figure 7). Therefore a cooperative and syn-
ergistic effect was observed in pharmacological and
functional assays via receptor heterodimerization which
may explain the observations in vivo.

ANATOMICAL DISTRIBUTION

The functional synergy and pharmacological evidence to
suggest that a population of delta receptors interacts with
a population of mu receptors has mostly been performed
in vivo or in membranes prepared from tissues. It is there-
fore perhaps the best evidence that receptor interactions
do occur within the organism. A demonstration of colo-
calization of two different receptor types within the same
cell, and perhaps at an ultrastructural level would also be
important to support this hypothesis. There are several
lines of evidence to suggest that mu receptors and delta
receptors exists within the same cell. Both by binding
studies on dorsal root ganglia and measurement of the
frequency of action potential firing in single neurons it
has been shown that both receptors co-localize in a cell
(Egan and North 1981; Fields et al. 1980; Zieglgansberger
et al. 1982). There are also several different neuroblasto-
mas which co-express delta and mu receptors (Kazmi
and Mishra 1987; Palazzi et al. 1996; Polastron et al. 1994;
Yu et al. 1986; Agarwal and Glasel 1993) or express all
three opioid receptors (Baumhaker et al. 1993). The evi-
dence at an ultrastructural level has been scarce. One
group has shown that delta receptor immunoreactivity is
observed in the plasmallema alongside mu receptor im-
munoreactivity (Cheng et al. 1997). However there are re-
gions where distinct cellular localization was apparent.
Only delta receptors were shown to be localized in large
dense core vescicles (Cheng et al. 1997). From this evi-

Figure 5. Displacement of [3H] diprenorphine from mem-
branes expressing kappa-delta heterodimers (KOR-DOR).
(A) Membranes from cells expressing kappa-delta het-
erodimers (10–15 ug of total protein) were labeled with
either 5 nM or 0.5 nM [3H] diprenorphine and displaced by
cold ligands as indicated. Note that 0.5 nM [3H] diprenor-
phine selectively labels a population of receptors that is
insensitive to either DPDPE or U-69593; ~35% of total sites
are not sensitive to either DPDPE or U-69593. Background
values (approximately 450 fmols/mg protein when 5 nM
diprenorphine is used and 50 fmols/mg protein when 0.5
nM diprenorphine is used) have been subtracted. This data
represents the average 6 S.E.M. from three independent
experiments. (B) Displacement of [3H] diprenorphine bind-
ing by bremazocine, dynorphin, ethyketocyclazocine (EKC),
DPDPE and U-69593 in cells expressing kappa-delta recep-
tors. Membranes from cells expressing kappa-delta het-
erodimers were incubated with 0.5 nM [3H] diprenorphine.
All three partially selective compounds (bremazocine,
dynorphin and EKC) were able to displace diprenorphine
binding in its entirety and with high affinities Ki 2 6 .34 nM
for bremazocine, 11 6 1 nM for dynorphin and 5 6 1 nM for
EKC. In contrast, neither DPDPE nor U-69593 are able to dis-
place bound diprenorphine, even at a 1 uM concentration.
This data represents the average 6 S.E.M. from three inde-
pendent experiments.
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dence it is apparent that there is a possibility for receptor
oligomerization based on location.

PUTTING IT ALL TOGETHER

Delta receptor subtypes were not the only subtypes
found. Subclassifications of kappa receptors and mu re-
ceptors have also been proposed (Audiger et al. 1982;
Gintzler and Pasternak 1983; Nock et al. 1988; Zukin et al.
1988). Our observation that kappa receptors can het-
erodimerize with delta receptors prompted us to compare
these novel binding sites with previously described
kappa or delta receptor subtypes. Kappa/delta receptor
complexes were seen to bind benzomorphans such as
bremazocine and EKC with high affinity, but were unable
to bind the highly selective kappa receptor agonist
U69,593 (Figure 5). Not surprisingly, these characteristics
make them pharmacologically identical to previously de-
scribed kappa2 receptor subtypes described in guinea pig
brain (Audiger et al. 1982; Nock et al. 1988; Zukin et al.
1988). Together with the evidence that delta/mu receptor
complexes are in fact the delta2 subtypes described via
functional and pharmacological studies, we believe that
receptor subtypes may in fact be different opioid receptor
complexes. It would clarify not only the lack of cDNAs for

opioid receptor subtypes but also, for example, why delta
receptor knockout mice have lost both delta1 and delta2
receptor binding (Zhu et al. 1999). Therefore receptor oli-
gomerization, of which dimers are suggested to play a
prominent role, may represent the “complex” pharmaco-
logical nature of opioid receptor binding observed by
many in brain membranes. Receptor subtypes have also
been observed by selectively reducing the expression and
function of opioid receptors using antisense oligonucle-
otides injected in vivo. Surprisingly, an injection of such
molecules directed against the delta receptor results in a
loss of deltorphin II mediated effect, but a retention of DP-
DPE induced effects (Sanchez-Blazquez et al. 1997). These
results were also observed in mice in which exon-2 of
mouse DOR was deleted (Zhu et al. 1999).

Functional synergy has also been observed in cells
co-expressing opioid receptors which suggests again
that this phenomenon might be attributed to receptor
dimerization. We have been able to reproduce synergis-
tic interactions in heterologous cells that do not endoge-
nously express any opioid receptors. Ligand binding
assays demonstrate a whole “new” population of opi-
oid receptors in cells co-expressing kappa and delta re-
ceptors which can be activated in the presence of both
ligands. Thus the functional synergy observed here
might represent that observed in vivo. In preliminary

Figure 6. Characterization of kappa-delta receptor pharmacology. Displacement of [3H] diprenorphine binding by various
selective agonists. Membranes from cells expressing kappa-delta receptors (KOR-DOR, top panel), a mixture of cells
expressing kappa receptors (KORs) alone and delta receptors (DORs) alone (middle panel) or from cells expressing kappa-
mu receptors (KOR-MOR, bottom panel) were labeled with 0.5 nM [3H] diprenorphine in the absence or the presence of the
indicated ligands. Notice that the addition of 1uM U-69593 potentiates DPDPE binding and vice-a-versa only in cells
expressing kappa-delta receptors. In contrast, in the mixture of membranes from cells expressing kappa receptor alone and
delta receptors alone, there is no potentiation of this effect. Also, in cells expressing kappa-mu receptors there is no potenti-
ation of binding between U-69593 and DAMGO.
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studies we find that delta and mu receptors are also
able to form heterodimers and that they exhibit phar-
macological and functional interactions; this could sup-
port previous work in this area.

Heyman and colleagues (Heyman et al. 1989) has sug-
gested that receptor complexing may explain the puzzling
lack of correlation between receptor affinity and potency
for some compounds. Compounds such as DADLE,
which have been shown to have similar affinities for the
mu receptor as some mu receptor selective compounds,
have a several-fold higher potency than others. The con-
cept of “self-modulation” was used to describe com-
pounds that could bind to “both” components of the
delta/mu receptor complex and thus, by itself, create the
allosteric interactions resulting in functional synergy
(Heyman et al. 1989). Thus, a “self modulating” com-
pound would perform a similar function as a mu receptor

selective compound, that is unable to bind the complex
unless in the presence of a delta receptor selective com-
pound. The novel compound DIPPc would certainly fall
under the description of a “self modulating” compound
given its mixed mu agonist/delta antagonist properties
(Schiller et al. 1999). It is therefore evident that only certain
compounds are able to create synergistic effects; only
some delta selective ligands are able to synergize with
morphine but not DAMGO or sufentanyl (Heyman et al.
1989). It is therefore likely that receptors in a complex have
altered pharmacological properties stemming from
changes in their tertiary structure due to the complexing.

The significance of dimerization of G-protein cou-
pled receptors has been gaining strength and while
much work remains to be done, it is clear that under-
standing it will have an enormous impact on a wide va-
riety of fields. New methodologies are being developed
such as Fluorescent Resonant Energy Transfer, which
have already demonstrated the existence of G-protein
coupled receptor dimers in vivo and somatostatin recep-
tor dimers and heterodimers in heterologous cells and
brain tissue (Rocheville et al. 2000). While heterodimers
illustrate a mechanism for the activation of receptors
upon the co-release of selective endogenous peptides,
as suggested by our work, they may also represent
bona-fide receptors with a unique pharmacological pro-
file for the endogenous opioid peptide family. The en-
dogenous opioid ligands are far more numerous and
notably redundant for the existing cloned opioid recep-
tors. Thus, the existence of a large number of opioid-
related receptors via heterodimerization with other
GPCRs may explain both the large number of opioid re-
ceptor subtypes and the endogenous opioid ligands.
There is long standing evidence of opioid receptor in-
teractions with adenosine and perhaps adrenergic re-
ceptors (Aley and Levine 1997). It is possible that these
may be mediated by a novel cross-family receptor het-
erodimerization. The heterodimerization of G-protein
coupled receptors has enormous ramifications since it
represents another mechanism that could modulate re-
ceptor function and points to additional targets for the
development of drug therapies.
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