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1. ABSTRACT 
 

The proteins that mediate the analgesic and other 
effects of opioid drugs and endogenous opioid peptides are 
known as opioid receptors. Opioid receptors consist of a 
family of four closely-related proteins belonging to the 
large superfamily of G-protein coupled receptors. The three 
types of opioid receptors shown unequivocally to mediate 
analgesia in animal models are the mu (MOR), delta 
(DOR), and kappa (KOR) opioid receptor proteins. The 
role of the fourth member of the opioid receptor family, the 
nociceptin or orphanin FQ receptor (ORL), is not as clear 
as hyperalgesia, analgesia, and no effect was reported after 
administration of ORL agonists. There are now cDNA 
sequences for all four types of opioid receptors that are 
expressed in the brain of six species from three different 
classes of vertebrates. This review presents a comparative 
analysis of vertebrate opioid receptors using bioinformatics 
and data from recent human genome studies. Results 
indicate that opioid receptors arose by gene duplication, 
that there is a vector of opioid receptor divergence, and that 
MOR shows evidence of rapid evolution.   

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION AND HYPOTHESES 
 

G-protein coupled receptors (GPCR) represent 
the largest group of membrane proteins encoded in the 
human genome. There are at least 2,000 GPCRs within the 
rhodopsin-like superfamily recognized in the human 
genome, with more than a third of these receptors classified 
as 'orphan GPCRs' in that the endogenous ligand that binds 
to them is not known (1-3). GPCR genes represent about 
5% of the coding genome, are the target for more than 60% 
of all prescription drugs, and the object of intense scrutiny 
for new drug development in the pharmaceutical industry 
(4). GPCRs are classified by their sequence homology 
which parallels classification based solely on ligand 
binding selectivity (5, 6). This correlation between receptor 
sequence and ligand specificity, while obvious from first 
principles (sequence determines structure determines 
activity), is at the crux of fully understanding receptor 
selectivity and ensuing pharmacological action.  

 
The opioid receptors are membrane proteins of 

the Type A or rhodopsin-like GPCRs that mediate the 
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analgesic effects of opioid agents like morphine. Opioid 
receptors also enable substance-abuse with drugs like 
heroin. The natural ligands for opioid receptors are 
endogenous opioid peptides; most notably beta-endorphin, 
met- and leu-enkephalin and dynorphin. The role of 
endogenous opioid receptors in physiological processes is 
vast; besides an obvious role in decreasing nociceptive 
transmission, nearly any PUBMED search with the Boolean 
parameters of 'any physiological process and opioid' brings 
up pages of references. This is true for terms like 
reproduction, growth, development, respiration, blood 
pressure, renal function, thermoregulation, endocrinology, 
seizures, stress, immunology, pregnancy and aging. It is 
also true when considering behaviors using the terms like 
eating, drinking, sex, learning, memory, locomotion and 
driving  (I challenge the reader to enter any term plus 
opioid and not get a hit). A compendium of the literature on 
various opioid effects entitled 'Endogenous opiates (sic) 
and behavior' is published each year in the journal Peptides 
(and has been for the last 30 years) largely due to the 
efforts of Kastin and Bodnar (7). While there appears to be 
no limit to the effects of opioids, both endogenous and 
exogenous, on any system in the brain and body, 
underlying all opioid effects is the fundamental event of an 
opioid agonist binding and activating an opioid receptor.   

 
Given the utmost importance of the opioid 

receptor system for producing analgesia and the myriad of 
effects on other regulated processes mentioned above, it 
comes as no surprise that opioid receptors are found in the 
nervous tissue of all vertebrate species examined. However, 
there are few papers analyzing the different types of 
vertebrate opioid receptors as a group or providing an 
explanation of how they may have arisen. This review 
posits the hypothesis that the family of four opioid receptor 
genes in extant vertebrates arose by gene duplication events 
from a single, ancestral opioid unireceptor gene. 
Furthermore, that the opioid receptor proteins encoded by 
these genes show an evolutionary vector of increased 
pharmacological type-selectivity. Finally, that one gene 
product of this family of duplicate genes, the mu opioid 
receptor (MOR) protein, is unique among opioid receptor 
types in showing evidence of rapid protein evolution and 
underlying adaptive evolution.  
 
3. A SHORT HISTORY OF OPIOID RECEPTORS 
 

There was a time when receptors were solely 
defined by the structure-activity relationships of various 
ligands that acted upon them. In this way, early studies by 
W. R. Martin initially proposed multiple opioid receptors 
based on the differential action of morphine and 
ketocyclazocine in a spinal dog model (8). Thus, Martin 
proposed the initial idea of mu (Greek 'm' for morphine; 
MOR) and kappa (for ketocyclazocine; KOR) opioid 
receptors.  Later, Hans Kosterlitz and colleagues, working 
with the newly discovered enkephalin peptides in the 
mouse vas deferens preparation, proposed a delta (for 
deferens; DOR) opioid receptor type (9). Much work 
towards the end of the last century solidified the structure-
activity relationship of these primary opioid receptor 
proteins, aided in large part by the development of highly-

selective (type-specific) opioid agonists and antagonists. 
The development of highly-selective opioid antagonists by 
Takemori and Portoghese ushered in a new era of opioid 
pharmacology (10-12). These selective opioid antagonists 
show 100- to 1000-fold or greater selectivity for their 
respective type of opioid receptor. Common highly-
selective opioid antagonists used are beta-funaltrexamine 
(beta-FNA, for MOR) (10), naltrindole (NTI, for DOR) 
(11), and nor-binaltorphimine (nor-BNI, for KOR) (12). 
Pharmacological evidence of three separate opioid 
receptors mediating analgesia in mammalian models was 
confirmed using these antagonists.  

 
Although the existence of opiate receptors was 

postulated as early as the mid-1950s (13), definitive 
evidence of stereospecific opioid binding sites from 
radioligand binding studies using rodent brain homogenates 
did not emerge until 1973 from the labs of Snyder, Simon, 
and Terenius (14-16). Ongoing refinements of such 'grind 
and bind' studies clearly established three main opioid 
receptor binding profiles (17, 18) and a number of 
pharmacological subtypes for each of the main receptors 
(19, 20). The ultimate discovery and isolation of the cDNA 
for the mouse delta opioid receptor (mDOR1) from the labs 
of Evans on this continent and Kieffer abroad in 1992 (21, 
22) for the first time linked an opioid receptor sequence to 
a pharmacological type of opioid receptor. Both groups 
screened a cDNA library derived from NG108-15, a 
species-hybrid cell line derived from mouse neuroblastoma 
x rat glioma cells using radiolabeled delta opioid peptides 
to identify positive clones. Individual cDNA clones were 
re-transfected into heterologous cells and characterized 
using selective opioid ligands, revealing the presence of a 
delta opioid receptor. It is interesting that both groups 
identified the mouse DOR from NG108-15 cells as these 
hybridomas contain a varying polyploidy of both mouse 
and rat chromosomes, although mouse chromosomes 
maintain predominance over rat chromosomes in stable 
NG108-15 clones (23).    

 
Once the mDOR cDNA sequence was known, 

homology cloning led to the identification of receptor 
sequences for numerous rodent and monkey species and the 
human opioid receptors, hMOR (24), hDOR (25, 26), and 
hKOR (27-29). About this time, cloning studies revealed 
another 'opioid receptor-like' (ORL) sequence from 
numerous labs that was similar to the known MOR, DOR, 
and KOR sequences but differed in its ligand binding 
characteristics (30-36). This opioid receptor-like protein 
remained an 'orphan' receptor until the endogenous ligand 
for ORL was simultaneously identified as the neuropeptide 
named nociceptin by the lab of Meunier (37) or named 
orphanin FQ from the team assembled by Civelli (38). Thus 
the nociceptin (or orphanin FQ) receptor (ORL) is the 
fourth member of the opioid receptor family expressed in 
the nervous system of mammals (5, 39). However, the 
results of nociceptin or orphanin FQ binding to the ORL 
protein is not clear as behavioral studies show hyperalgesia 
(the origin of the name nociceptin) and analgesia or 
sometimes no effect (40). Additionally, the vast majority of 
opioids do not bind at all to ORL receptors, nor do the 
opioid antagonists, naloxone or naltrexone. For this reason, 
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MOR, DOR, and KOR are considered the classical opioid 
receptor types of the family and ORL a distant cousin. In 
vivo studies using antisense oligodeoxynucleotides 
designed from MOR, DOR, and KOR cDNA sequences 
confirm that each one of the three opioid receptor proteins 
can independently produce analgesia in mammalian models 
(41-43). 

 
It would be an error not to redress the confusing 

terminology in the literature describing the members of the 
opioid receptor family as types or subtypes. As suggested 
by Avram Goldstein2, an early leader in the opioid research 
field and discover of the endogenous opioid peptide 
dynorphin, the different receptor proteins coded by 
individual genes should be called ‘types’ of opioid 
receptors. ‘Types’ of receptors as each opioid receptor 
protein arises from its own gene (see below) and belongs to 
the family of opioid receptors, so it is a type of opioid 
receptor. The term ‘subtype’ should be reserved for 
pharmacologically defined differences in receptor binding 
as shown by structure-activity relationships. Each classical 
opioid receptor type mediates analgesia in mammals as 
shown by basic and clinical studies using type-selective 
opioid agonists and antagonists. However this use of type 
and subtype is not universal. In the adrenergic field, so-
called ‘subtypes’ of receptors (e.g. alpha1 or alpha2 
receptors) are actually different gene products. Likewise in 
the muscarinic receptor field. The logical convention used 
here for opioid receptors is calling the four receptor 
proteins from different genes as 'types' and variations in 
binding defined by pharmacological studies as 'subtypes'. 

 
There is also much evidence of opioid receptor 

isoforms in mammalian species resulting from alternative 
splicing of receptor mRNA (44-46). Interestingly, it 
appears that many more splice variants are noted for MOR 
than for the other types of vertebrate opioid receptors. 
Driven by the prodigious efforts of Pan and Pasternak, 
there are now at least 20 alternative splice variants of 
mMOR (47) and at least 6 variants of hMOR (48). Many of 
these splice variants show different ligand binding or 
signaling pathways (49). In contrast, only a few alternative 
splice variants are reported for KOR (50, 51), and even less 
for DOR (50) and ORL (52). This finding may reflect 
sampling bias as MOR transcripts have been examined to a 
greater degree, but more likely supports the notion that 
MOR is very different than the other types of vertebrate 
opioid receptors, a theme developed further throughout this 
review.   

 
4. OPIOID RECEPTORS IN NON-MAMMALIAN 
VERTEBRATES 
 

Early studies employing a hot plate test and 
electrified floor grid in amphibians did not detect an 
antinociceptive effect of morphine (53, 54). It is likely that 
this was due to inappropriate experimental design, as 
previously noted (55). A behavioral assay using acetic acid 
as the noxious stimulus and the wiping response as the 
nocifensive behavior was developed using the Northern 
grass frog, Rana pipiens, and is discussed in greater detail 
in the next section, along with a handful of studies in other 

non-mammalian species. Although not reviewed here, 
Dores and colleagues have gathered an impressive body of 
work describing endogenous opioid peptides in non-
mammalian species (56-64). 
 
4.1. Analgesic effects of opioids in non-mammalian 
models 

Initial studies of the analgesic or antinociceptive 
effects of opioids in amphibians (Rana pipiens) were 
conducted using non-selective opioid agonists, endogenous 
opioid peptides, and antagonists (65-68). The assay used in 
the amphibian model is called the acetic acid test (55). The 
acetic acid test activates nociceptors and nociceptive 
primary afferent fibers exclusively (69-71). Tolerance to 
the analgesic effects of daily morphine administration was 
documented (72) and stress-induced release of endogenous 
opioids produced analgesia which was potentiated by 
enkephalinase inhibitors and blocked by naltrexone (73, 
74). These studies showed that both exogenous opioid 
agonists and endogenous opioid peptides could raise the 
nociceptive threshold in amphibians by an action at opioid 
receptors. Other behavioral studies in amphibians include 
an investigation of the effects of opioids on noxious and 
non-noxious sensory modalities (69, 75), an examination of 
agents acting on alpha2 adrenergic receptors after systemic 
and spinal administration (76, 77), and recent reports of 
analgesia produced by remifentanil (78) and xendorphin 
(79).  

 
Results of systematic studies examining the 

antinociception of selective mu, delta, or kappa opioid 
agonists administered by different routes in amphibians 
yielded an important finding: The relative antinociceptive 
potency of mu, delta, or kappa opioid agonists after 
systemic, intraspinal, or intracerebroventricular 
administration in amphibians was highly correlated to that 
observed in typical mammalian models and to the relative 
analgesic potency of opioid analgesics in human clinical 
studies (80-82). These data established the amphibian 
model as a robust and predictive adjunct model for the 
testing of opioid analgesics (83-86). Other studies in 
amphibians used the acetic acid test to demonstrate that 
regional hypothermia produces antinociceptive effects that 
is mediated in part by endogenous opioid peptides (87). A 
tail-flick test was also used to assess the antinociceptive 
effects of opioids in the Japanese firebelly newt, Cynops 
pyrrhogaster. (88). In this study, intraperitoneal injection of 
met-enkephalin and the putative opioid peptide, RFamide, 
produced a mild antinociceptive effect that was blocked by 
the concurrent administration of the opioid antagonist, 
naloxone. In the one study examining the behavioral effects 
of nociceptin in a non-mammalian model, nociceptin and 
other ORL agonists produced antinociceptive effects 
following spinal administration in Rana pipiens which was 
blocked by ORL but not opioid antagonists (Stevens et al., 
submitted).  

 
Studies of the antinociceptive effects of opioids 

in species from the class of Pisces are not easily 
accomplished for obvious reasons. A study aimed primarily 
at the metabolism of morphine in goldfish (Carasius 
auratus) also described a behavioral assay using an electric 
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prod applied caudal to the dorsal fin as the noxious 
stimulus (89). The nocifensive behavior observed was 
called the agitated swim response. The voltage threshold 
for eliciting the swim response was consistent for each 
animal and with repeated testing. Morphine sulfate added 
to the tank water produced a dose-dependent increase in the 
electrical voltage need to elicit the agitated swim response. 
These authors also showed that goldfish became tolerant to 
the antinociceptive effects of morphine with repeated 
administration (89). There was no attempt to attain a 
measure of morphine’s potency (i.e. no ED50 value of 
morphine was reported) nor was opioid receptor 
involvement verified by pretreatment with an opioid 
antagonist such as naloxone. Further studies using the same 
model in goldfish showed that morphine administered via 
the intracranial route (into a space above the optic tectum) 
produced a dose-dependent increase in the voltage needed 
to elicit the swim response (90). In this study, opioid 
receptor involvement was shown by naloxone antagonism 
of morphine’s effect. The antinociceptive effects of 
dermorphin, a potent and selective MOR opioid peptide 
originally isolated from the skin of Phyllomedusa frogs 
(91), was tested using electrodes implanted in the caudal 
region of Derjugin codfish, Gadus morhuamarisalbi, as the 
noxious stimulus (92). The nocifensive response was 
similar to the agitated swim response mentioned above but 
the fish was held in a flow-through chamber and the swim 
response was quantified by a force transducer. Dermorphin 
was administered into the intranasal passages (olfactory 
sacs) of the codfish and produced a dose-dependent 
antinociceptive effect. Further studies using rainbow trout, 
Oncorhynchus mykiss, with the same sophisticated 
behavioral apparatus, mapped the most sensitive areas of 
noxious stimulation on the trout and confirmed the 
antinociceptive effect of intranasal dermorphin in this 
species (93).  In codfish, intraperitoneal and intramuscular 
administration of the MOR selective opioid peptide, beta-
casomorphin, produced antinociceptive effects (94). The 
opioid analgesic, tramadol, a combined MOR agonist and 
norepinephrine/serotonin re-uptake inhibitor, produced 
dose-dependent antinociception in the carp, Cyprinus 
carpio (95). In this last study, pretreatment with the opioid 
antagonist naloxone blocked the antinociception produced 
by tramadol. A chronic pain model was developed in fish 
by injecting acetic acid or bee venom into the lip region of 
trout (96, 97). These animals develop pain-related 
behaviors that can be quantified and antinociception 
determined by the reduction in pain-related behaviors. 
Morphine had inhibiting effects on nociceptive behaviors 
per se and in the presence of novel objects (98, 99). 

 
To test the antinociceptive effects of opioids in 

reptiles, a tail-flick apparatus was used in the green anole 
lizard, Anolis carolinensis (100). Intraperitoneal injection 
of morphine (5 mg/kg) produced a weak, but significant 
increase in the latency of the lizard to remove its tail from a 
noxious heat stimulus. A number of nociceptive assays 
were characterized in the Nile crocodile, Crocodylus 
niloticus (101). Crocodiles placed on a hot plate attempt to 
guard their foot pads by lifting them alternately as well as 
attempting to escape the heated surface. A dilute capsaicin 
solution instilled in the eye of the crocodile produces 

behavioral responses including blinking, rubbing and head 
shaking.  Injection of formalin in the crocodile forepaw 
results in the development of paw guarding behaviors. 
Morphine or meperidine (pethidine) produced 
antinociception as measured by the increased latency for 
crocodiles to lift their leg or escape on the hot plate test, 
which was the most suitable of three assays (102). 
However, these studies did not include dose-response 
analysis, nor assess the opioid nature of the antinociceptive 
effect by pretreatment with an opioid antagonist, such as 
naloxone or naltrexone. As mentioned in a clinical review 
of analgesia for exotic species (103), there is preliminary 
data that the partial opioid agonist, butorphanol, produced 
antinociception in the green iguana lizard, Iguana iguana, 
using a thermal tail-flick test.  

 
An early attempt to measure the antinociceptive 

effect of opioids in chicks (Gallus gallus) using toe-pinch 
as the noxious stimulus and limb withdrawal as the 
nocifensive behavior did not find any antinociceptive effect 
of morphine up to a dose of 200 mg/kg (104). Using an 
electroshock to the underside of the wing as the noxious 
stimulus and an elicited flight response as the nocifensive 
behavior in chickens, morphine at a single dose of 30 
mg/kg produced measurable antinociception in this model 
(105). Using a heated floor grid, other studies found that 
morphine produced a decrease in the latency for chickens 
to jump (106). This hyperalgesic effect was dependent on 
the age of the chicken; morphine administered to young 
cockerels less than 14 days old did not produce 
hyperalgesia (107). The hyperalgesic effect of morphine 
was dose-dependent and exhibited a U-shaped time course 
curve (108). Using selective opioid antagonists, the 
hyperalgesic effect of morphine in chickens was shown to 
be predominantly mediated by mu opioid receptors (109). 
Codeine produced both hypoalgesia (antinociception) and 
hyperalgesia in this model (110). A formalin algesiometric 
assay was developed in chickens, quantified by the pain-
related behaviors observed after injection of formalin in to 
the foot (111). There was a strain difference in the 
hyperalgesic effect of morphine, perhaps due to differences 
in descending monoamine pathways (112). Carageenan, a 
chemical irritant like formalin, provided the noxious 
stimulus in a chronic inflammatory model using the 
Hargreaves method (113). In this assay, chickens are 
measured for the latency to withdrawal an inflamed foot 
from a lamp placed under the floor grid. Morphine 
produced a dose-dependent antinociception but had no 
effect on the edema produced by carageenan. A chronic 
arthritis model was developed in chickens using using 
intra-articular injection of urate crystals, which models 
gouty arthritis (114, 115). However, intra-articular injection 
of morphine, fentanyl, or buprenorphine did not have any 
effect in reducing pain-related behaviors due to the 
experimentally-induced arthritis (116). 

 
In all the above behavioral studies using non-

mammalian models, it can be summarized that opioids have 
similar antinociceptive effects as observed in mammals. 
However, the types of opioid receptor mediating these 
effects in non-mammalian vertebrates are not as clear as in 
mammals. There has been only one study in amphibians 
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examining opioid agonist effects with co-administration of 
highly-selective MOR, DOR, and KOR antagonists. The 
most common highly-selective opioid antagonists used in 
mammalian studies are beta-funaltrexamine (beta-FNA, for 
MOR) (10), naltrindole (NTI, for DOR) (11), and nor-
binaltorphimine (nor-BNI, for KOR) (12). Beta-FNA, NTI, 
and nor-BNI were tested against the spinal antinociceptive 
effects of mu, delta, and kappa opioid agonists in the 
amphibian model (117). Each of the highly-selective opioid 
antagonists blocked the antinociceptive effects produced by 
all three types of selective opioid agonists in amphibians. 
For example, beta-FNA, a highly-selective MOR 
antagonist in mammalian models, blocked the effects of 
selective MOR, DOR, and KOR agonists. Similar results 
were noted for NTI and nor-BNI. The most parsimonious 
interpretation, following Occam’s razor3, was that there 
was one type of receptor mediating opioid analgesia in 
amphibians; the short-lived but beautiful opioid unireceptor 
hypothesis (117, 118).   

 
4.2. Radioligand binding studies using non-mammalian 
vertebrates 

There were a number of radioligand binding 
studies in brain homogenates from non-mammalian species 
including fish (119-122), reptiles (123-125) and birds (126-
129).  However, the largest effort came from the study of 
opioid binding sites in amphibian brain membranes. The 
first studies of opioid receptor purification used amphibian 
brain tissue, as it was recognized to be a rich source of 
opioid receptors (130). Biochemical and receptor isolation 
studies using amphibian brain tissues demonstrated a high 
proportion of opioid receptors compared to mammals (131-
134). These reports and many others examining opioid 
binding sites using the European water frog, Rana 
esculenta, were produced from the Hungarian research 
group headed by Wolleman, Simon, Borsodi, and Benyhe 
(135-142). One of the salient findings from this body of 
work is that amphibian brain expresses kappa-like opioid 
binding sites, as its competitive binding profile was most 
correlated to the selectivity profile of the mammalian kappa 
opioid receptor. The main difference observed was a 
greater affinity of mu and delta selective opioids for the 
amphibian kappa-like site, and a lesser affinity for kappa-
selective opioids, compared to mammalian kappa opioid 
receptors (143, 132). These results provided the first hint 
from radioligand studies that opioid receptors in non-
mammalian species may be less selective than their 
mammalian counterparts.  

 
The non-selective opioid ligand, diprenorphine, 

bound to Rana pipiens brain tissue homogenates with high 
affinity (144). Using the non-selective opioid antagonist, 
naloxone, binding studies using brain and spinal cord 
membranes from Rana pipiens showed a single high-
affinity site which was displaced by mu, delta, and kappa 
selective opioid agonists with apparent affinities ranging 
from 1.8.6 nM to 31 µM. Surprisingly, the highly-selective 
opioid antagonists (beta-FNA, NTI and nor-BNI) displaced 
(3H)-naloxone binding with equal affinity to opioid 
receptors in brain and spinal cord tissue, each with an 
apparent affinity of about 3.0. nM (145, 146). This finding 
was consistent with behavioral studies showing non-

selectivity of these selective antagonists and also supports 
the hypothesis that opioid receptors from earlier-evolved 
vertebrates are less selective than mammalian receptors 
(see below). However, using the selective opioid agonist 
radioligands, (3H)-DAMGO (MOR), (3H)-DPDPE (DOR), 
and  (3H)-U65953 (KOR), three distinct opioid binding 
sites were identified based on different binding densities 
and selective competitive displacement of agonist 
radioligand by mu, delta, and kappa opioid ligands (147). 
With agonist radioligand binding, selectivity was observed 
such that cognate ligands were potent displacers of the 
selective agonist radioligand and the rank order of mu, 
delta, and kappa selectivity was similar to that observed in 
mammals. As opposed to their equipotent displacement of 
(3H)-naloxone binding, the highly-selective opioid 
antagonists (beta-FNA, nor-BNI, and NTI) were highly-
selective in displacing the binding of their respective mu, 
delta, and kappa opioid agonist radioligands (147).  

 
The summary of the above studies is that brain 

tissue of non-mammalian vertebrates contains the three 
types of classical opioid binding sites, similar to those 
characterized in mammalian tissues, but with significant 
differences in the binding of selective opioid ligands. There 
is one study characterizing ORL sites by the Hungarian 
group using Rana esculenta showing high-affinity, 
saturable binding of labeled nociceptin to brain 
homogenates (135). They went on to show that nociceptin 
initiated signal transduction through an ORL receptor by 
observing an increase in GTP binding to G-proteins that 
was blocked by ORL antagonists but not opioid 
antagonists. 

 
4.3. Cloned opioid receptors in non-mammalian 
vertebrates 

Prior to the identification of any non-mammalian, 
full-length opioid receptor sequences, a study utilizing a 
PCR strategy and degenerate primers was able to isolate 
opioid receptor-like fragments from genomic DNA 
obtained from each of the major vertebrate classes except 
Reptilia (148, 149). Two different sets of oligonucleotides 
(one having greater degeneracy than the other) were used to 
amplify 162 bp fragments spanning a region highly 
conserved in opioid receptors; the first intracellular loop to 
the third transmembrane domain. With this approach, 
partial opioid receptor sequences were identified in human 
(Homo sapiens), rat (Rattus norvegicus), mouse (Mus 
musculus), cow (Bos taurus), chicken (Gallus domesticus), 
bullfrog (Rana castesbeiana), shark (Alopias vulpinus), 
striped bass (Morone saxatilis), and hagfish (Eptatretus 
stoutii), but not in any of the invertebrates tested. 

 
The first full-length clone sequenced from a non-
mammalian species was MOR from the brain of the white 
suckerfish, Catostomus commersoni (150). Other non-
mammalian species with full-length opioid receptors cloned 
are from the zebrafish, Danio rerio, by Rodriguez and 
colleagues (151-154) and from the rough-skinned newt, 
Taricha granulosa, in the laboratory of Moore (at the other 
OSU out west) (155-157). Using the same sets of primers 
that Evans group used in the first phylogenetic study of 
opioid receptors (148), the author’s research group was
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Table 1. Existing vertebrate species with cloned cDNA sequences for MOR, DOR, KOR, and ORL receptors. Access numbers are 
given for the NCBI protein database 

Vertebrate Class Common  
name 

Genus  
species 

Access #s 
MOR 

 
DOR 

 
KOR 

 
ORL 

Pisces zebrafish Danio rerio AAK01143 CAA04862 AAG60607 AAN46747 
Amphibia leopard frog Rana pipiens AAQ09991 AAQ09992 ABY82593 AAR08905 
Amphibia newt Taricha granulosa AAV28689 AAV28690 AAU15126 AAU26067 
Mammalia rat Rattus norvigecus AAA41630 AAA19939 AAA18261 AAA50827 
Mammalia mouse Mus muscularis AAA86878 AAA37522 AAA39363 CAA62922 
Mammalia human Homo sapiens AAA20580 AAA83426 AAC50158 AAA84913 

 
able to clone all four opioid receptor types expressed in 
Rana pipiens brain tissue; rpMOR, rpDOR, rpKOR, and 
rpORL (158). These were the first opioid receptors cloned 
from the class of Amphibia, and, on an amino acid level, 
showed 70 – 84% identity with their orthologous 
mammalian counterparts.  

 
As noted above, the concept of an opioid 

unireceptor arose as the most parsimonious interpretation 
of the unusual pharmacology of highly-selective, type-
specific opioid antagonists following spinal administration 
in amphibians (117, 118). Not yet having information on 
the types of opioid receptor proteins expressed in 
amphibians, it was posited that a single type of receptor 
mediates opioid action. The slaying of this beautiful 
hypothesis by the ugly fact4 of four types of opioid 
receptors cloned and expressed in amphibian brain and 
spinal cord (158) led quickly to a rebirth of the opioid 
unireceptor in a much earlier context, as resurrected in the 
last section of this review. As shown in Table 1, at present 
there is a dataset of six vertebrates from three different 
classes that have all four opioid receptor sequences from 
brain tissue cDNA deposited in GENBANK.  

 
5. THE VERTEBRATE OPIOID RECEPTOR 
FAMILY 

 
The vertebrate dataset of opioid receptor cDNA 

sequences yields 24 nucleotide and 24 protein sequences 
for phylogenetic analysis. As the focus of this review is the 
relationship between amino acid sequence and 
pharmacological action, the analyses were done using the 
protein data.     

 
5.1. Alignment of protein sequences 

As shown below (Figure 1), a CLUSTALW 
alignment of the present dataset of vertebrate opioid 
receptors shows a high degree of sequence similarity both 
within types of opioid receptors and among all 24 
sequences. Key residues thought to be important for the 
function of GPCRs are present, such as the DRY motif at 
alignment positions 189-191 (159, 160) and the conserved 
CYS-CYS bridge between EL1 and EL2 provided by 
residues at 165 and 245 (161, 162). Na+ is known to 
regulate the agonist binding of GPCRs and is dependent on 
an allosteric binding site at the conserved ASP (134) in the 
TM2 domain (163, 164). There is high overall homology 
among existing vertebrate MOR, DOR, KOR, and ORL 
proteins, with nearly identical sequences among the seven 
transmembrane helical regions. Intracellular loop domains 
were also highly conserved and the N-TERMINUS regions 
were most divergent, followed by the C-TERMINUS and 
extracellular loop domains. 

 
There are also obvious differences between 

mammalian and non-mammalian sequences. For example, 
mammalian DOR contains an extended C-terminus sequence 
compared to the non-mammalian species.  More striking is the 
eleven amino acid C-terminus extension of mammalian MOR 
(C-terminus, alignment positions 419-429) compared to the 
shorter sequence in earlier-evolved vertebrates. 
Phosphorylation sites along this extended sequence include 
Thr (position 425) which is critical for internalization and 
desensitization of rat mu opioid receptors (165). Interestingly, 
this 'add-on' piece of protein represents translation of exon 4, 
which is lacking in some hMOR and mMOR splice variants 
(47, 48). The differences observed in amphibians with regard 
to selective opioid ligands in behavioral and radioligand 
binding studies may result from the other substitutions in the 
primary sequence. The mu opioid antagonist, beta-FNA, is 
dependent on Lys (233) in EL2 for covalent attachment and 
selective mu opioid blockade in rMOR (166). The amphibian 
sequences show conservation of this residue in all three types 
of classical opioid receptors. The action of the kappa-selective 
opioid antagonist, nor-BNI, is dependent on the kappa-specific 
Glu (335) in EL3 (167) and the amphibian sequence contains a 
Val in this position.  

 
5.2. Phylogenetic analysis of vertebrate opioid receptors 

The analyses below are based on the sequence of 
the canonical MOR, DOR, KOR, and ORL proteins for 
each species listed in Table 1. Each type of opioid receptor 
(each set of orthologs) provided a pattern of vertebrate 
evolution consistent with established fossil evidence and 
phenotypic characteristics (see Figure 2). The radial tree was 
rooted with the sequences of rhodopsin (RHO, lower left) from 
each species with sequence available in Genbank. The ‘tree’ 
was rooted with an outlier group of sequences, those of the 
rhodopsin (RHO) protein for each species where available, a 
base model protein for Type A GPCRs. Overall, the four 
groups of opioid receptor sequences formed a dyad, with MOR 
and DOR sequences sharing a common ancestor (node) and 
KOR and ORL sharing a different common node. A similar, 
but unrooted tree was generated after all four types of opioid 
receptors were cloned and sequenced in the newt (155).   

 
The graphical view of MOR and DOR sharing 

one fork of the tree and KOR and ORL sharing the other is 
supported by an early study comparing a mixture of mouse 
and rat opioid receptor protein sequences by Chaturvedi 
and colleagues (168). They noted that the pairings of MOR 
and DOR, and KOR and ORL, were the most closely 
related among the rodent sequences. (168). Using the 
present vertebrate dataset and simple bioinformatics, these 
findings were confirmed, with MOR most identical to DOR 
(and vice versa) and KOR most identical to ORL (169). 
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Figure 1. Alignment of protein sequences of available sets of four opioid receptor types in six vertebrates. Protein alignment was 
done using CLUSTALW with default values (MEGA v. 4.0. at http://www.megasoftware.net). Identical sites are indicated by white 
text on black background, conservative substitutions noted by gray background (using BOXSHADE at http://mobyle.pasteur.fr/cgi-
bin/MobylePortal/portal.py?form=boxshade). Boxed-in domains indicate the seven transmembrane regions of the receptor 
proteins and numbers below the sequences are the alignment positions. Key: humans, Homo sapiens (h); mouse, Mus musculus 
(m); rat, Rattus norvegicus (r); leopard frog, Rana pipiens (rp); rough-skinned newt, Taricha granulosa (tg); and the zebrafish, 
Danio rerio (dr). 
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Table 2.  Comparison of vertebrate MOR, DOR, and KOR protein sequences within vertebrate species and by group using 
BLAST1 

Group /Species MOR vs. DOR MOR vs. KOR DOR vs. KOR Species mean (sem) Group mean (sem) 
Percent amino acid identity 
Non-mammals      
Danio rerio 70 62 65 65.7. (2.3)  
Rana pipiens 73 65 63 67.0. (3.1)  
Taricha granulosa 70 66 68 68.0. (1.2) 66.9. (1.2)3 
Mammals      
Rattus norvegicus 66 61 61 62.7. (1.7)  
Mus musculus 61 60 61 60.7. (0.3)  
Homo sapiens 62 60 59 60.3. (0.9) 61.2. (0.7) 
Percent amino acid similarity 
Non-mammals      
Danio rerio 82 79 79 80.0. (1.0)2  
Rana pipiens 85 81 77 81.0. (2.3)2  
Taricha granulosa 82 80 82 81.3. (0.7)2 80.8. (0.7)3 
Mammals      
Rattus norvegicus 77 75 75 75.6. (0.7)  
Mus musculus 72 75 74 73.6. (0.9)  
Homo sapiens 73 74 72 73.0. (0.6) 74.1. (0.5) 

1ver. BLASTP 2.2.1.4., settings: matrix = Blossum62, gap open = 11, gap extension = 1, x-drop-off = 50, expect = 10.0.0, 
wordsize = 3, and filter off, 2denotes significantly different % similarity than rat, mouse, and human mean values (p < 0.0.5, one-
way ANOVA followed by post-hoc Newman-Kuels test). 3denotes group means (N=9) different for identity and similarity at p < 
0.0.1, Student’s t-test. 
 
5.3. Divergence and convergence of opioid receptor 
types 

As pharmacological selectivity is correlated to 
similarity of amino acid sequences at the GPCR family 
level (e.g. opioid receptors vs. muscarinic receptors) type-
selectivity within family members (e.g. MOR, DOR, or 
KOR) is also correlated with percent identity or similarity. 
The results of pair-wise BLAST analysis (170) for the three 
classical types of opioid receptor sequences within each 
species yielded a rank order of divergence such that in 
earlier-evolved vertebrates, MOR, DOR, and KOR proteins 
were more closely related to each other than in humans and 
other mammals (see Table 2). For the percent similarity 
comparison, these values reached statistical difference such 
that the mean values of similarity of MOR, DOR, and KOR 
proteins in non-mammals were greater than the similarity 
of MOR, DOR, and KOR proteins in mammals. Insofar as 
divergence of molecular sequence is related to the greater 
type selectivity of opioid receptors, this finding gave rise to 
the hypothesis that opioid receptors are more type-selective 
in mammals than in non-mammalian species.  

 
The evolution of opioid receptors has a vector of 

increased type-selectivity as reflected in the greatest 
divergence of MOR, DOR, and KOR proteins in 
mammalian species. In other words, opioid receptors in 
earlier-evolved vertebrates are less type-selective. Given 
the balancing constraints of maintaining the common 
sequence for type membership and that of adaptive 
evolution for greater type-selectivity, it is likely that even 
minor differences in MOR, DOR, and KOR sequences 
between vertebrate species could be detected in the binding 
and efficacy of selective opioid ligands. This is supported 
by data from studies of the first non-mammalian opioid 
receptor, ccMOR, cloned from the white suckerfish, 
Catostomus commersoni  (150). In this study, ccMOR 
expressed in HEK cells bound the non-selective opioid 
antagonist naloxone with high-affinity; however the mu-

selective opioid agonist, DAMGO, displaced naloxone with 
surprisingly low affinity.  Additionally, non-selective 
opioid ligands bound well to zebrafish, Danio rerio delta 
opioid receptor (ZFOR1, labeled drDOR in Figure 2) 
expressed in HEK cells but low affinity was observed for 
selective mu, delta, or kappa opioid ligands (171). Studies 
of opioid receptors cloned from a second amphibian 
species, the rough-skinned newt Taricha granulosa, led to 
the conclusion that the opioid type-selectivity of newt 
opioid receptors was less stringent than that in mammals 
(155). In data presented elsewhere, parallel studies of 
amphibian (rpMOR) and human (hMOR) opioid receptors 
expressed in CHO cells showed significant differences in 
the affinity and efficacy of selective opioid ligands (Brasel 
et al., submitted). 

 
Besides comparing the MOR, DOR, KOR 

sequences to each other within species, which led to the 
discovery that the opioid receptors are less like each other 
in mammals than non-mammals (divergence), analysis of 
receptor types as a group shows that vertebrate MOR 
proteins are more similar to each other than ORL proteins 
are similar to each other (convergence). Similarly, the KOR 
proteins are also more similar to each other than are the 
ORL proteins. As shown in Figure 2 (boxed values), the 
mean distance of the MOR group is 13.5.% (which means 
that after aligning all six MOR primary sequences, 13.5.% 
of the sites were not identical), 18.9.% for the KOR group, 
22.0.% for the DOR group, and for the group of vertebrate 
ORL sequences, 28.8.% of sites were not identical. Figure 
3 graphs the values for each receptor type, showing that 
both MOR and KOR are significantly less divergent, thus 
more convergent, than the group of ORL proteins. 

 
 The conclusion at this point from simple 

bioinformatic analyses is that vertebrate opioid receptors 
are less divergent in earlier-evolved vertebrates; however 
the groups of MOR and KOR proteins show signs of
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Figure 2. Phylogenetic analysis of MOR, DOR KOR and 
ORL sequences in six vertebrates. Bioinformatics software 
(MEGA v. 4.0.) was used to generate a radial phylogenetic 
tree using the neighbor-joining method, rooted with the 
available matching sequences of rhodopsin (RHO). Protein 
sequences were from species listed in Table 1, where 
access numbers may also be found. Key: humans, Homo 
sapiens (h); mouse, Mus musculus (m); rat, Rattus 
norvegicus (r); leopard frog, Rana pipiens (rp); rough-
skinned newt, Taricha granulosa (tg); and the zebrafish, 
Danio rerio (dr). The arrow shows the bifurcation of MOR 
and DOR sequences from KOR and ORL. Values in boxes 
by each opioid receptor type are the mean ± SEM of the 
pairwise distance (% divergence) among members of each 
type. Branch length is equal to the proportional difference 
among the sequences (scale bar = 0.0.5 or 5% difference in 
amino acid sequence).  

 
convergence throughout the vertebrate spectrum. MOR 
proteins are more similar to DOR proteins, with KOR more 
similar to ORL. Vertebrate ORL is most similar to 
rhodopsin. Next, data from the human genome and other 
results from the world of evolutionary biology are applied 
to the story of vertebrate opioid receptors.  

 
6. THE HUMAN GENOME AND VERTEBRATE 
GENE DUPLICATION 
 

This section reviews the recent data available 
since the completion of the human genome project, 
including opioid receptor gene location, the results on 
studies of receptor variation at single nucleotide positions 
(SNPs) and background information on the identification 
and characteristics of duplicate genes.   

 
6.1. Opioid receptor genes in the human genome  

The three classical opioid receptor genes and the 
fourth member of the opioid receptor gene family, the ORL 

or nociceptin receptor gene, are mapped to four different 
chromosomes in the human genome (5), as shown in Fig 4. 
The classical opioid and ORL receptor gene loci are part of 
a broader set of paralogs, or common suites of genes across 
chromosomes that may indicate gene duplication.  

 
The comparative or phylogenetic approach taken 

above uses sequence data from six key vertebrate species 
from three different classes of vertebrates. Simple 
bioinformatic analysis of this comparative dataset 
supported a vector of evolution such that the types of 
opioid receptors expressed in earlier-evolved vertebrates 
are more similar to each other than those found in 
mammals and humans. This suggests that one feature of 
vertebrate opioid receptor evolution is increased type-
selectivity (divergence) which finds experimental support 
from behavioral and binding studies. Additionally, 
comparing the receptor sequences by type of opioid 
receptor among all vertebrates finds that MOR proteins are 
more similar to each other, followed by KOR proteins, then 
DOR, with ORL proteins the least similar among the 
different vertebrate species. Thus, these interspecific data 
suggest differential rates of adaptive evolution (natural or 
Darwinian selection) for each type of vertebrate opioid 
receptor.  

 
6.2. Variation in human opioid receptor genes 

The vast information available from human 
genomic data is beginning to allow studies of intraspecific 
variation due to differences in the nucleotide code from one 
human to the next. Generically called polymorphisms, 
variation data is obtaining by sampling the genome of 
numerous individuals from different population groups and 
cataloging sites where single nucleotide bases differ; i.e. 
single nucleotide polymorphisms or SNPs. Analysis of 
SNPs, or sets of associated SNPs called haplotypes, 
provides an insight into the evolution of particular genes 
and is especially useful in determining genetic defects 
leading to disease states or medical conditions (172-174). 
Although the majority of SNPs are found among intronic, 
repeatable sequences, or other lengths of non-coding DNA, 
SNPs found in coding or exonic DNA will either be 
classified as synonymous (mutating the nucleotide base 
does not change the amino acid, due to degeneracy in the 
codon table) or non-synonymous (changing the amino acid 
at that place on the protein).  

 
Studies of polymorphism in human opioid 

receptor genes have focused on the association of particular 
SNPs with opioid-dependent and alcohol-dependent 
populations (175-178). Most studies have focused on the 
A118G allele of hMOR which changes the amino acid ASN 
to ASP (N40D) in the N-TERMINUS of the hMOR protein. In 
general, and not without confounding data, these studies 
conclude that the population in question is likely to be 
associated with the A118G allele; the non-synSNP bringing 
about a 'gain of function' mutation. Along with some of the 
above studies, functional research from the Kreek 
laboratory team (most notably, the late Dr. LaForge) 
demonstrated that A118G-encoded hMOR binds beta-
endorphin with a three-fold higher affinity than the 
canonical hMOR protein when tested in cell lines (177).
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Table 3.  Number and types of single-nucleotide polymorphisms (SNPs) found in human opioid receptor genes 
Gene Total SNPs Intron SNPs Exon SNPs Nonsyn SNPs Syn SNPs nonsynSNP/ 

synSNP 
% nonsynSNP 

hMOR 356 335 21 15 6 2.5.0 71.4.3 
hDOR 351 248 4 2 2 0.5.0 50.0.0 
hKOR 81 74 7 2 4 0.5.0 28.5.7 
hORL 13 9 4 1 3 0.3.3 25.0.0 

 
Later studies with the A118G-hMOR showed little 
difference in beta-endorphin, but MOR-selective agonists 
showed reduced affinity and efficacy in stable cell lines 
(179). An earlier loss-of-function SNP in hMOR was 
described by Kieffer's group (180). This SNP produced a 
SER to PRO (S268P) switch in IL3 of hMOR. Due to the 
mutation in the region of the IL3 which is critical to G-
protein interaction, they found that the S268P-hMOR lost 
signaling ability, with reduced potency and efficacy to all 
MOR-selective agonists tested. The location of numerous 
hMOR SNPs to the 5' untranslated region (5'UTR) and 
upstream promoter regions as well as 3' UTR regions of 
hMOR do not affect the receptor structure but do alter the 
expression of hMOR and may explain individual 
differences in pain sensitivity, drug-dependency, and the 
clinical efficacy of morphine (181-184). Altering the 
expression of genes, by adaptive evolution in non-coding 
DNA, is a viable outlet for Darwinian selection (185, 186). 
There are fewer studies of the hKOR polymorphism (187-
188), hDOR (189) and only one on a single SNP in the 
promoter region of hORL (190). The above studies were 
done with small population samples (relative to the 
growing dbSNP at HapMap) but show that single amino 
acid differences in opioid receptor proteins have 
measurable effects on the structure-activity of the receptor 
and may be correlated to substance-abuse disorders.  

 
As shown in Table 3, hMOR has the greatest 

number of SNPs (Total SNPs column) found along its gene 
seuence, with 356 SNPs in the SNP reference database 
accessible from the HAPMAP project.  This contrasts with 
the lowest number of SNPs observed along the hORL gene, 
with only 13 total SNPs. This table was constructed from 
data available from the HAPMAP website, using Release 
#21a, from January 2007 (NCBI build 35) and includes at 
least 3.8. million genotyped SNPs. While the population-
based approach taken by the contributors to HAPMAP does 
not allow for complete genome sequencing of all 
individuals, there does not appear to be a sampling or 
ascertainment bias that could account for the results shown 
in Table 3 to explain the fact that hMOR has more 
identified SNPs (191). The rank order of total SNPs in the 
opioid receptor genes is hMOR >hDOR >>hKOR>hORL. 
Of particular interest for the molecular evolution of opioid 
receptors with regard to primary structure are SNPs found 
within exonic regions of the receptor genes. There were 21 
exonic SNPs for hMOR, three times higher than any other 
type of opioid receptor gene. Of these SNPs in exonic 
regions (coding SNP), 15 were found to be non-
synonymous (non-synSNP) and six synonymous (synSNP). 
These values yielded a very high ratio of non-
synSNP/synSNP for hMOR of 2.5.; i.e. 71 % of exonic 
SNPs in hMOR result in an amino acid substitution. The 
ratio of non-synSNP/synSNP for the other three opioid 
receptor genes ranged from 0.3.3 to 0.5.0.  Figure 6 shows 

 
the total number of non-synononymous SNPs per human 
opioid receptor gene type. 

 
The high degree of polymorphism in the hMOR 

gene resulting in amino acid changes compared to the other 
types of opioid receptor genes suggest that hMOR is under 
greater selection pressure and undergoing adaptive 
evolution. Under the nearly-neutral theory of evolution, all 
four opioid receptor genes should show rates of non-
synonymous mutations much less than synonymous 
substitution yielding a non-synSNP/synSNP ration of << 
1.0. (192-195). Relatively speaking, the alleles in hMOR 
have not been fixed by purifying selection to the same 
degree as they are in hDOR, hKOR, and hORL. Comparing 
the interspecific differences (divergence) in vertebrate 
MOR, DOR, KOR, and ORL with the intraspecific 
variation (polymorphism) of Homo sapiens hMOR, hDOR, 
hKOR, and hORL is hampered by the lack of 
comprehensive SNP data from the five other vertebrate 
species. It is interesting however, that the most studied non-
synonymous SNP in hMOR (A118G) is also found in the 
same alignment position as a non-synonymous SNP in the 
MOR gene of the rhesus monkey (196). This suggests that 
SNP data from the population studies of non-human 
genomes will be a fruitful approach for comparative 
analysis. It can be stated that in the most recently evolved 
species examined (humans), hMOR is the most 
polymorphic opioid receptor gene, followed by the group 
of hDOR, hKOR, and hORL. This finding suggests greater 
forces of adaptive evolution operating on MOR genes since 
the time of its birth by duplication, as outlined in the next 
section.  

 
6.3. Duplication of vertebrate genes 

Although not widely known among other 
scientists, it is accepted by most evolutionary biologists 
that two rounds of genome-wide duplication 
(paleoploidization) occurred early in vertebrate evolution, 
originally stated by Ohno and called the 2R hypothesis 
(197-199). Besides the initial explosion of quadrupled 
genes at the heart of vertebrate evolution, it is thought that 
duplicate genes (paralogs) have a gene-birth rate of 1 new 
pair of duplicates every million years (200). The 
duplication of whole genomes, parts or whole 
choromosomes, or individual genes are hypothesized to 
provide a rich source of genetic material for the evolution 
of new gene functions and diverse expression patterns.   

 
The human genome contains at least 35% of its 

protein genes as paralogs (duplicated genes), and 
paralogous regions on chromosomes contain a string of 
similar genes correlating to one or more strings of similar 
genes on another chormosome (201, 202). Most paralogs 
do not survive, becoming pseudogenes or otherwise non-
functional DNA sequence (203, 204). The fate of the



Evolution of opioid receptors 

1257 

 
 

Figure 3.  The mean sequence divergence of vertebrate 
opioid receptor types. Pairwise distance was calculated for 
each group of six amino acid sequences following 
alignment by CLUSTALW (Poisson correction, uniform rate, 
gaps deleted; MEGA v. 4.0.). Mean plus SEM are plotted 
for each group. Asterisks indicate that the MOR and the 
KOR group significantly less divergent than the ORL group 
(one-way ANOVA followed by a post-hoc Newman-Keuls 
test, p=0.0.04; SIGMASTAT v. 3.1.)  

 
duplicate genes that do survive is characterized by 
asymmetrical divergence such that one member of the pair 
continues as before and the other undergoes adaptive 
evolution as shown by a faster rate of molecular changes 
(205-208). 

 
The phylogenetic pattern of (AB) (CD) in the 

'tree' of vertebrate opioid receptor proteins (shown in 
Figure 2) is expected from the application of the 2R 
hypothesis to a single ancestral gene (209). Applied to the 
family of opioid receptor genes, the 2R hypothesis supports 
the idea that the genes encoding MOR, DOR, KOR, and 
ORL within a species are paralogs, i.e., genes related by 
duplication. The evidence for gene duplication for opioid 
receptors is also supported by the location of MOR, DOR, 
KOR and ORL genes on paralogous regions of human 
chromosomes (5). Human MOR and DOR genes are 
mapped to chromosome 6 and 1, respectively, while KOR 
and ORL genes map to chromosomes 8 and 20, as shown in 
Figure 4. The specific pairing of MOR with DOR, and 
KOR with ORL on separate branches of the sequence tree 
is supported by a genomic study whereby the greatest 
number of gene duplicates were found between paralogous 
regions on chromosomes 1 and 6, and between paralogous 
regions on chromosomes 8 and 20 (201).  

 
Interestingly, there is evidence for another round 

of genome-wide duplication (3R) in the class of Pisces that 
led to the lineage of Teleost (bony fish) (210-213). In this 
case, it is hypothesized that there would be other types of 
opioid receptors (up to a total of 8) in bony fish species. In 
the first study cloning a full-length opioid receptor from a 
non-mammalian species, the white suckerfish, Catostomus 
commersoni, there is evidence of additional opioid receptor 
types in the suckerfish paper, although not discussed by the 
authors (150). Additional opioid receptor sequences are 

also predicted in the zebrafish, also a member of the class 
of Pisces, subclass Teleostei. Indeed, a recent paper from 
Rodriguez's group in Spain reports on a second DOR-like 
protein cloned in the zebrafish (214).  

 
7. THE EVOLUTION OF VERTEBRATE OPIOID 
RECEPTORS    

 
A synthesis of the results from the above analysis 

comparing the sequences of vertebrate opioid receptors, by 
species and by type of opioid receptor, along with 
behavioral and binding data of opioids in non-mammalian 
species and recent data gleaned from human genome 
studies, suggests the following scenario for the evolution of 
vertebrate opioid receptors (Figure 9). Early in animal 
evolution, there existed a single opioid unireceptor gene5. 
The first round of genome duplication early in chordate 
evolution produced the ancestral DOR/MOR and ORL/KOR 
genes. A second round of genome duplication, led to the 
four opioid receptors present in all extant vertebrates today.  

 
That the initial duplication led to an ancestral 

DOR/MOR gene is supported by the finding that the 
sequences of MOR and DOR are most identical to each 
other, as shown by above by pairwise comparison and 
graphically by the bifurcating pattern of the phylogenetic 
analysis shown in Figure   2. Likewise, the idea that KOR 
and ORL shared a common ancestral gene (KOR/ORL in 
the Figure) is supported by the above analysis as well as 
other data from ligand binding that suggest KOR and ORL 
maintain close ties. As mentioned above, it is known that 
duplicate genes undergo asymmetrical divergence such that 
one gene is under relaxed constraint, showing an increased 
rate of adaptive evolution (positive selection), while the 
other gene maintains ancestral structure and function (204-
205). This asymmetry for the opioid receptor gene 
duplicates is noted by an ‘F’ for fast rate of adaptive 
evolution inside the chromosome, and conversely by an ‘S’ 
for the gene duplicate with a slower rate of evolution.  

 
The gene encoding hMOR, and not any of the 

other opioid receptor types, was one of only nine genes 
controlling brain size or behavior that showed a 
significantly increased rate of protein evolution in the 
Homo sapiens genome compared to primate and rodent 
genomes (216). Thus, MOR is assigned an ‘F’ and 
conversely DOR is the ‘S’ member of the pair (see Figure 
9). Likewise, because ORL protein is most closely related 
to the rhodopsin (RHO) sequences in the dendrogram, it is 
assigned an ‘S’ (maintaining more ancestral characteristics) 
and KOR is the faster evolving member of the pair. This is 
also supported by the finding that the vertebrate MOR, as a 
group, are more closely related to each other than 
vertebrate ORL (boxed values in Figure 2). Likewise, 
vertebrate KOR proteins share more common sequence as a 
group than do the vertebrate ORL proteins. Stated another 
way, the least divergence among all vertebrates is seen in 
the MOR proteins, followed by the KOR group, suggesting 
that adaptive evolution is greatest in the MOR genes 
(confirmed with the human genome studies above), less so 
for the KOR gene, and the least for DOR and ORL.  Going 
back to the first duplication event, the finding that 
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Figure 4. Chromosomal mapping of human opioid receptor genes. Image adapted from screen captures of the ENSEMBL HUMAN 
MAPVIEW (http://www.ensembl.org/Homo_sapiens/index.html). Note that hMOR, hDOR, hKOR, and hORL map to 
chromosomes 6, 1, 8, and 20, respectively. Also shown in vertical columns are the density of known genes, the % GC content, 
and SNPs cataloged along the chromosomes. The genes are precisely located as follows: hMOR-Chr6. 
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Figure 5. Chart of single-nucleotide polymorphisms for each human opioid receptor gene. Adapted from screen captures from 
the over 3 million database of SNPs (dbSNP) available at the HAPMAP website (http://www.hapmap.org ). Each triangular 
symbol represents a single SNP; the opioid receptor genes are noted by their database acronyms (OPRM1, OPRD1, OPRK1, and 
OPRL1 for hMOR, hDOR, hKOR, and hORL, respectively). Exons are designated by boxed regions along the line representing 
the genes; grayed boxes represent untranslated regions of the gene (5’ to the left, 3’ on the right) found on exon regions.  
 
vertebrate ORL maintained most ancestral characteristics 
(most closely related to RHO) supports the assignment of 
the ORL/KOR duplicate gene as the ‘slow’ ancestor gene 
and DOR/MOR as the ‘fast’ duplicate.   

 
Although many GPCR and other gene families in 

the human genome appear deficient in an even number of 
duplicate genes due to gene deletion or mutation into 
pseudogenes (217), it is possible that the opioid receptor 
gene family avoided this fate due to a gene dosage effect 
(increased signaling by doubling opioid receptor 
expression) that provided a selective advantage, as noted 
for other gene families (205). It is of greater interest to note 
that the target of most clinically used opioids is the mu 
opioid receptor (MOR) and selective mu opioid agonists 
are the most efficacious type of opioid analgesics in the 
clinic and in animal models. The rank order of opioid 
receptor efficacy in a number of (MOR >> KOR > DOR > 

> ORL) approximates the rank order of the protein 
sequence identity of opioid receptor types among 
vertebrates, suggesting adaptive evolution of MOR (and to 
a lesser extent, KOR) in the six vertebrates examined. Thus, 
the molecular evolution of vertebrate opioid receptors may 
provide a striking example of Darwinian positive selection 
at the receptor level with convergent evolution in all 
vertebrate species leading to the most efficacious opioid 
receptor in the shape of the MOR protein.   

 
8. SUMMARY AND PERSPECTIVE 
 

The results presented here are a first 
approximation as the opioid receptor sequence dataset is 
limited. Complete cDNA sequences and the conceptual 
translation of the protein amino acids for MOR, DOR, 
KOR, and ORL are only available from six species 
representing three vertebrate classes. Specifically, opioid
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Figure 6. Plot of total non-synonymous single nucleotide 
polymorphisms (non-synSNPs) by type of human opioid 
receptor gene. See Table 3 for additional SNP data for 
human opioid receptor genes. There are a total of 15 non-
syn SNPs in the exonic regions of hMOR, with 1 or 2 for 
the other types of opioid receptor genes.  
 

 
 

Figure 7. The molecular evolution of vertebrate opioid 
receptors. For simplicity, the genes are referred to by the 
same acronym as the opioid receptor proteins they encode. 
‘S’ denotes slow and ‘F’ fast rate of adaptive evolution. See 
text for further details.  

 
receptor sequences cloned from brain tissue cDNA of key 
species representing the classes of Reptilia or Aves are not 
available, not to mention the class of Agnatha (hagfish and 
lamprey). While new animal genomes are appearing online 
with increasing rapidity, these results are not of high-
fidelity nor confirmed by expression in brain tissue of that 
species.  
 

Understanding the evolution of vertebrate opioid 
receptor proteins contributes to the fundamental model of 
molecular attraction between opioid drugs and their 
receptor proteins. The primary structure of the protein 
sequence must be deterministic6 in each aspect of measured 
opioid function including ligand binding, conformational 
change, and signal transduction. The conceit of this 
evolutionary approach is not only to explain differences 
observed in the present opioid receptor proteins expressed 
in various vertebrate species but to seek the pattern of 
opioid receptor evolution to come. This will allow the 
design of engineered opioid receptors, most likely a variant 
of the MOR protein (super-MOR?) that could be usurped to 
provide unsurpassed analgesia, perhaps solely from 
endogenous opioid activation, once the inevitable arrival of 
gene therapy is secured.  

 

Experiments can be performed to support the 
hypothesis of opioid receptor by gene duplication by using 
ancestral sequence analysis, as was done for steroid 
receptors (218). Using bioinformatics and available 
sequences, the most likely DOR/MOR protein sequence 
can be determined, a synthetic DOR/MOR gene made, 
transfected in CHO cells, and the ancestral receptor protein 
characterized. Predictions would include the binding of 
both MOR and DOR opioid agonists (but not KOR or ORL 
agonists) but perhaps less robust binding to the DOR/MOR 
receptor than to either MOR or DOR protein alone.   

 
Many questions and analyses remain. Is there a 

relationship between number of splice variants and SNPs? 
The MOR protein has more of both compared to the other 
types. What specific amino acids determine the divergence 
in type-selectivity? However, it is still not known how mu, 
kappa, and delta opioid selectivity correlates to the primary 
amino acid structure of individual opioid receptor proteins. 
Specifically, it is not known what exact residues or domains 
of the primary amino acid sequence differ in each of the three 
proteins (MOR, DOR, and KOR) to produce mu, delta, or 
kappa opioid agonist type-selectivity. Continued analysis of 
the vertebrate dataset coupled with experimental data should 
provide some answers soon. What type of adaptive evolution is 
occurring? Certainly not purifying selection, but does the 
presence of a large number of SNPs in MOR signal positive or 
Darwinian selection, and if so, by balancing selection or 
diversifying selection? What are the selection pressures driving 
the convergent evolution of opioid receptors in different 
species, especially MOR and to a lesser extent KOR, and how 
are they balanced against the evolutionary vector of divergence 
of opioid receptor types? These and other questions must wait 
for now.    

 
In summary, the degree of opioid receptor 

sequence divergence within species was correlated with 
vertebrate evolution. As primary amino acid sequence 
(structure) is a determinant of the selective binding 
(function) of opioid receptors, the correlation of sequence 
divergence with vertebrate evolution shows that opioid 
receptor proteins exhibit an evolutionary vector of 
increased type-selectivity. Additionally, the rapid rate of 
adaptive evolution of vertebrate MOR suggests an 
evolutionary vector of increased opioid receptor function. 
The selective pressure underlying the rapid adaptation of 
MOR is similar in all vertebrate species, an example of 
convergent evolution. It is of greater interest to note that 
the target of most clinically used opioids is the mu opioid 
receptor and selective mu opioids are the most potent type 
of opioid drug in the clinic and in animal models. This 
provides a striking example of Darwinian fitness at the 
molecular level should the selection pressure turn out to be 
a better opioid receptor. If confirmed, these findings 
provide a unique understanding of the pharmacology of 
vertebrate opioid receptors and the many other families of 
GPCR proteins encoded by duplicate genes.  
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Footnotes: 1 The convention for naming opioid receptor 
proteins here follows a hybrid system. For example, the mu 
opioid receptor in humans, mice and rats is hMOR, 
mMOR, and rMOR, but for all other species a 
representation of the Linnaean binomial taxonomy is used 
such that in the zebrafish, Danio rerio, the receptor is 
drMOR, in the leopard frog, Rana pipiens, rpMOR, and in 
the rough-skinned newt, Taricha granulosa, tgMOR. 
Likewise for the DOR, KOR, and ORL proteins. For 
simplification, the genes for these proteins are referred to 
using italicized acronyms; i.e. the gene that codes for 
hMOR is hMOR. 2 Dr. Goldstein was a founding member 
and Executive Secretary of the International Narcotics 
Research Conference (INRC) from 1972 to 1976. More 
about this scientific society for the study of opioids is 
available at www.inrcworld.org. 3 Ockham's razor (also 
‘Ockham’s law’) is a principle attributed to the 14th-
century English intellectual and Franciscan monk,  William 
of Ockham. The principle states that the explanation of a 
phenomenon should make as few assumptions as possible, 
disregarding any that do not change the observable 
predictions of the explanatory hypothesis. 4 The complete 
quote is: “The great tragedy of Science - the slaying of a 
beautiful hypothesis by an ugly fact.” --Thomas H. Huxley 
(1825-1895), English biologist and ardent supporter of 
Charles Darwin. 5 The unireceptor is likely a duplicate of a 
proto-unireceptor gene, perhaps from the time of the 
arthropod and chordate split, long before the posited 2R 
whole genome duplication at the root of the vertebrate 
evolution.  There is even evidence that a 7 transmembrane 
(TM) proto-GPCR was formed by duplication of proto-
gene encoding a helical-loop protein corresponding to TM 
regions 1-3, as there is surprising similarity in amino acids 
when this region is aligned with TM 5-7 regions (215). 6 
There are, of course, other factors such as the surrounding 
milieu of the receptor protein in the membrane; lipid 
membrane constituents, levels of signal molecules, etc., 
that also modulate the function of the receptor. However, 
considerations limited to the differences in the primary 
amino acid sequences of vertebrate opioid receptors are a 
good place to start.  
 
Abbreviations: MOR: mu opioid receptor; DOR: delta 
opioid receptor; KOR: kappa opioid receptor; ORL: 
nociceptin receptor; GPCR: G-protein coupled receptors, 
beta-FNA: beta-funaltrexamine, NTI: naltrindole, nor-BNI: 
nor-binaltorphimine, UTR: untranslated region, SNP: 
single nucleotide positions. 
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