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Abstract
Opioid agonists produce analgesia in humans and other mammals by binding to three distinct
types of G protein-coupled receptors; mu (MOR), delta (DOR), and kappa (KOR) opioid
receptors. A fourth member of the opioid receptor family is the nociceptin or orphanin FQ receptor
(ORL), however the role of the ORL receptor in analgesia is less clear. In the Northern grass frog,
Rana pipiens, systemic and central administration of morphine and selective MOR, DOR, and
KOR agonists produced dose-dependent antinociceptive effects blocked by the general opioid
antagonist, naltrexone. The present study reports on the sequence, expression, and bioinformatics
of four opioid receptor cDNAs cloned from Rana pipiens; rpMOR, rpDOR, rpKOR, and rpORL.
These were the first opioid receptors cloned from a species of Class Amphibia, are selectively
expressed in brain tissue, and show 70–84% identity to their homologous mammalian opioid
receptors. Comparisons within species showed that MOR, DOR, and KOR proteins are
significantly less divergent in earlier-evolved vertebrates compared to humans and other
mammals. Among the four types of opioid receptors, MOR proteins show the least sequence
variation among the six vertebrate species. Additionally, phylogenetic analysis supports the
hypothesis that the family of opioid receptor proteins are coded by four genes that arose from two
gene duplications of a single ancestral opioid receptor gene.
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In humans and other mammals, it is clear that opioid analgesia begins with the binding of an
opioid agonist to one or more types of opioid receptor proteins. There are four members of
the opioid receptor family; the classic mu, delta, and kappa opioid receptors (MOR, DOR,
KOR) and the opioid receptor-like protein (ORL) that is the target of the neuropeptide,
nociceptin (orphanin FQ). The opioid family assignment is based on sequence and
functional homology, and conservation of exon structure and gene regulation [12]. The four
opioid receptor genes are also mapped to paralogous regions of human chromosomes, i.e.
regions with genes that appear to be duplicated on other chromosomes [7].

Much less is known about the types of opioid receptors mediating antinociceptive effects in
non-mammalian species. The antinociceptive potency of selective MOR, DOR, and KOR
opioid agonists after systemic [25], intraspinal [24], or intracerebroventricular [27]
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administration in amphibians was highly correlated to that observed in mammals and to the
relative potency of opioid analgesics in human clinical studies. However, emerging results
from both behavioral and binding studies in Rana pipiens suggested that the selectivity of
opioid ligands for the different types of opioid receptors was different in mammalian and
non-mammalian species. The MOR, DOR, and KOR type-selective opioid antagonists, β-
FNA [28], naltrindole [21], and nor-BNI [31] did not show type-selectivity in blocking the
antinociceptive effects of selective opioid agonists in amphibians [26]. In radioligand
binding studies, β-FNA, naltrindole, and nor-BNI competed with [3H]-naloxone binding
from brain homogenates with equal affinity [19]. Still lacking is the ultimate identification
of the types of opioid receptor proteins expressed in Rana pipiens from molecular cloning
studies. Thus, the present studies were undertaken to determine what types of opioid
receptors might be mediating the opioid antinociception observed in the amphibian, Rana
pipiens.

The use of vertebrate animals was approved by the OSU-COM Animal Use Committee
(IACUC) in accordance with the Guide from National Institutes of Health. Northern grass
frogs, Rana pipiens were obtained (Sullivans, Nashville, TN, USA) and brain tissue, heart,
stomach (GI), liver, and muscle tissue (gastrocnemius) removed, flash-frozen in liquid
nitrogen and stored at −80 °C until used.

Total RNA was isolated using Trizol and manufacturer’s instructions and purified with Fast
Track 2.0 mRNA Isolation Kit (Invitrogen, Carlsbad, CA). cDNA was obtained using
SMART RACE cDNA Kit (Clontech, Palo Alto, CA, USA). PCR reactions were done using
opioid receptor degenerate oligonucleotides [13] which gave partial sequences elongated by
3′ and 5′ RACE reactions. For each receptor type, at least eight independent PCRs were
performed with High-Fidelity 2 Polymerase (Clontech, Palo Alto, CA). TOP10 chemically-
competent E. coli (Invitrogen, Carlsbad, CA) were transformed, plated on LB/Amp (100 μg/
ml) and incubated (37 °C overnight). Plasmid DNA was purified with QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA) and clones sequenced at the OSU Molecular Biology
CORE facility. Sequences were identified by comparing to existing vertebrate opioid
receptors using BLAST [1].

Tissue expression of opioid receptor mRNA in heart, GI, liver, muscle, and brain was
assayed in PCR reactions using oligonucleotide primers specific for each type of amphibian
opioid receptor. The PCR products were examined by 1.5% agarose gel electrophoresis and
ethidium bromide staining for the rpMOR-specific amplicon (580 bp), rpDOR-specific
amplicon (501 bp), rpKOR-specific amplicon (439 bp) and the rpORL-specific amplicon
(443 bp). As a measure of control for the quality of cDNA used, PCR of a frog β-actin-
specific amplicon (900 bp) was also performed.

Bioinformatics focused on comparing protein sequences (percent identity and similarity) by
species (MOR vs. DOR vs. KOR in a single species) and across opioid receptor types
(MORs vs. DORs vs. KORs). Analyses were done using the predicted amino acid sequence
for each frog opioid receptor compared pair-wise against other opioid receptor sequences
from species that have all four opioid receptors sequences deposited in Gen-Bank. The
software program BLAST-P for two sequences [29] was used to generate comparative data.
Differences between species means were assessed by a one-way ANOVA and the post-hoc
Newman–Kuels test. Differences between non-mammalian and mammalian mean values
were assessed by Student’s t-test. Significant differences were considered at p < 0.05.

Phylogenetic analysis of vertebrate opioid receptor sequences was made by inputting the
predicted amino acid sequences of the cloned R. pipiens opioid receptors and opioid receptor
sequences from the other vertebrate species (see legend Fig. 2). The software program
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MEGA [11] was used to generate neighbor-joining (NJ) dendrograms (trees) of the
vertebrate opioid receptor sequence data shown in Fig. 2. The NJ method has a high degree
of accuracy [33] and was used previously in studies examining receptor phylogeny [8,9,14].
A set of rhodopsin protein sequences (RHO) were used to provide an outgroup sequences or
‘root’ the tree [6].

Four full-length cDNAs homologous to each of the four types of opioid receptors were
cloned and sequenced from Rana pipiens brain tissue. Based on the BLAST results (data not
shown), the Rana pipiens (rp) cDNA sequences were named rpMOR, rpDOR, rpKOR, and
rpORL. The predicted protein length of the frog opioid receptors was 388, 370, 391, and 361
amino acids, respectively. The nucleotide sequences of rpMOR, rpDOR, rpKOR, and
rpORL were submitted to GenBank and assigned the access codes AF530571, AF530572,
AF530573, and AY434690, respectively.

The tissue expression of amphibian opioid receptors was assayed by PCR reactions using
gene-specific primers and tissue cDNA preparations as the template. As shown, the β-actin
amplicon (900 bp) was expressed in all tissues assayed (Fig. 1). Each of the four opioid
receptor cDNAs were amplified by PCR from frog brain tissue cDNA, but not from heart,
GI, liver, or muscle tissue cDNA templates. Each PCR product was consistent with the
length of the predicted amplicon (number of bp labeled on the left).

MOR, DOR, and KOR proteins shared more common amino acids in non-mammalian
species than in humans and other mammalian species (Table 1). The mean percent similarity
of MOR, DOR, and KOR was significantly more in each of the non-mammalian species
compared to a greater divergence in mammals (p < 0.05, one-way ANOVA plus post-hoc
Newman–Keuls test). The mean values for both identity and similarity of MOR, DOR, and
KOR cloned from non-mammalian species were significantly greater than corresponding
means in sequences from mammalian species (p < 0.01, Student’s t-test).

A phylogenetic dendrogram (‘tree’) of all available sets of opioid receptor amino acid
sequences from vertebrate species is shown in Fig. 2. There was distinct clustering of each
opioid receptor type, confirming the designation of Rana pipiens opioid receptor cDNA to
the appropriate opioid receptor protein. The branching pattern of opioid receptor sequences
mirrored the accepted evolutionary relationship of the vertebrate species. The sequences of
the four groups of opioid receptors were best resolved into a dyad (bifurcation at arrow),
with a common node for MOR and DOR and for KOR and ORL. Additionally, ORL
sequences were rooted to the RHO outgroup (Fig. 2). A similar phylogenetic tree was
produced when the nucleotide sequences were analyzed (data not shown).

The mean sequence identity (%ID) among all vertebrate MOR sequences was 82.9% (shown
in dashed boxes in Fig. 2), 77.7% for DOR sequences, 75.4% for KOR sequences, and
73.2% for all vertebrate ORL receptors. When the sequence identity of the combined MOR
+ DOR group was compared to the combined group of KOR + ORL, the MOR + DOR
group had 80.3% mean identity which was significantly greater than that of the KOR + ORL
sequences (74.3%). Percent similarity values showed an identical pattern (data not shown).

The cloning and sequencing of rpMOR, rpDOR, and rpKOR cDNA from brain tissue
identifies the receptor proteins mediating opioid antinociception following the
administration of mu, delta, and kappa opioid agonists in an adjunct pain model using the
amphibian, Rana pipiens. Additional behavioral studies are needed to determine the role of
each type of opioid receptor in the observed antinociception following administration of
selective opioids. With regard to the function of rpORL in amphibians, spinal administration
of nociceptin in frogs produced a dose-dependent antinociceptive effect that was blocked by

Stevens et al. Page 3

Neurosci Lett. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an ORL receptor antagonist but not by the non-selective opioid antagonist, naltrexone
(unpublished data).

The basic bioinformatics tool, BLAST, was used to identify cDNA sequences obtained from
Rana pipiens. Four frog opioid receptor sequences were identified as homologous to their
respective opioid receptor type; as members of the Type A rhodopsin-like superfamily of
GPCR, also known as the Rγ-type in the GRAFS classification system [7].

Tissue expression of rpMOR, rpDOR, rpKOR, and rpORL mRNA in the amphibian brain,
heart, stomach (GI), liver and muscle showed that the four opioid receptor cDNAs were
present in brain, but not in the peripheral tissues. Tissue expression of amphibian opioid
receptors in brain is consistent with opioid binding studies in Rana pipiens brain
homogenates [18]. Each of the PCR reactions used gene-specific primers and amplified a
single, major product from brain tissue cDNA, suggesting that alternative transcripts were
not present, or if present, did not contain the sequence targeted by the primers. The selective
expression of opioid receptor message in frog brain tissue, with no detectable expression in
peripheral tissues, parallels the results found in other non-mammalian species [2,30].

Results from previous behavioral studies showed that selective MOR, DOR, and KOR
opioid agonists produced antinociception in Rana pipiens. Whereas the relative
antinociceptive potency of MOR, DOR, and KOR agonists was conserved in amphibians
and mammals, differences were noted in the action of highly-selective opioid antagonists, β-
FNA, NTI and nor-BNI (see above). The hypothesis that opioid receptors from earlier-
evolved vertebrates show less opioid type-selectivity than those found in humans and other
mammals [26] is supported by the sequence analysis shown in Table 1. MOR, DOR, and
KOR proteins expressed in Rana pipiens and other non-mammalian species were more
similar to each other than those found in mammalian species.

The finding that there is less divergence of primary sequence among opioid receptor proteins
in non-mammalian species suggests that opioids may show less type-selectivity at non-
mammalian opioid receptors than at mammalian opioid receptors. This is supported by data
on the first non-mammalian opioid receptor, ccMOR, cloned from the white suckerfish,
Catostomus commersoni [4]. In this study, ccMOR expressed in HEK cells bound the non-
selective opioid antagonist naloxone with high-affinity to HEK cell membranes; however
the mu-selective opioid agonist, DAMGO, competed with naloxone with low affinity.
Additionally, non-selective opioid ligands bound well to zebrafish delta opioid receptors
(ZFOR1, labeled drDOR in Fig. 2) expressed in HEK cells but selective mu, delta, or kappa
opioid ligands bound with low affinity [23]. Studies of opioid receptors in a second
amphibian species, the newt Taricha granulose, led to the conclusion that the type-
selectivity of newt opioid receptors was less stringent than in mammals [3]. In data
presented elsewhere, parallel studies of amphibian (rpMOR) and human (hMOR) opioid
receptors expressed in CHO cells showed significant differences in the affinity of selective
opioid ligands supporting the hypothesis that opioid receptors in earlier-evolved vertebrates
are less type-selective (manuscript in preparation).

The phylogenetic analysis of vertebrate opioid receptors confirms the assignment of frog
cDNA sequences to the correct opioid receptor type (Fig. 2). Each type of opioid receptor
(each set of orthologs) provided a pattern of vertebrate evolution consistent with established
fossil evidence and phenotypic characteristics. 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
[3].
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There was an apparent rank order in the mean identity of each group of opioid receptor type
with MOR proteins more conserved among the six species (see dotted boxes, Fig. 2),
followed by DOR, KOR, and the set of ORL proteins being the most divergent. However,
only when MOR and DOR sets were collapsed did a significant difference appear compared
to KOR + ORL. More sequences from the cloning of additional vertebrate opioid receptors
are needed to confirm these differences in group sequence identity related to opioid receptor
type.

In harmony with the present data, the molecular evolution of vertebrate opioid receptors by
gene duplication is proposed (see boxed inset, Fig. 2). Although not widely known, it is
accepted by most evolutionary biologists that two rounds of genome-wide duplication
(quadrupling the genes) occurred early in vertebrate evolution, called the 2R hypothesis
[20]. The phylogenetic pattern of (AB)(CD), shown in Fig. 2, is expected from the
application of the 2R hypothesis to a single ancestral gene [15].

The evidence for gene duplication is based partly on the location of MOR, DOR, KOR and
ORL genes on paralogous regions of human chromosomes. Human MOR and DOR genes
are mapped to chromosome 6 and 1, respectively, while KOR and ORL genes map to
chromosomes 8 and 20 [7]. The specific pairing of DOR/MOR and ORL/KOR 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 [16]. Thus, the gene loci and whole genome studies support the
assignment of ORL/KOR and DOR/MOR as the ancestor genes.

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 [32], it is
possible that the opioid receptor gene family avoided this fate due to a gene dosage effect
that provided an immediate selective advantage (increased opioid receptor expression and
function), as noted for other gene families [10].

Finally, it is also 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 [10,17,22]. 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
evolution in the Homo sapiens genome compared to primate and rodent genomes [5]. Thus,
MOR is assigned an ‘F’ (fast) and conversely DOR is the ‘S’ (slow) member of the pair (see
inset, Fig. 2). Likewise, because ORL is most closely related to the rhodopsin sequences in
the dendrogram, it is assigned an ‘S’ (slower rate of adaptive evolution) and KOR is the
faster member of the pair. In the first duplication event, the finding that vertebrate ORL
maintained most ancestral characteristics (most closely related to RHO) and the significant
difference between MOR + DOR mean identity versus KOR + ORL identity (see above),
supports the assignment of the ORL/KOR duplicate as the ‘slow’ ancestor gene and MOR/
DOR as the ‘fast’ duplicate.

It is of greater interest to note that the target of most clinically used opioids is the mu opioid
receptor (MOR) and that, in general, the rank order of analgesic potency is MOR > DOR >
KOR (e.g. [24]). It is hypothesized that the rank order of opioid analgesic potency is
correlated to the rank order of the mean protein sequence identity of opioid receptor types
among vertebrates. This suggests that the greatest degree of adaptive evolution occurred
with MOR in the six vertebrates examined. Thus, the molecular evolution of vertebrate
opioid receptors may give a striking example of Darwinian positive selection with an
evolutionary vector of increased classic opioid analgesia function.
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In summary, cloning the four opioid receptors expressed in Rana pipiens brain tissue
identified the opioid receptor proteins most likely mediating antinociception in this
amphibian species. 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 (positive selection) of vertebrate MOR suggests an evolutionary vector of
increased opioid receptor function, at least with regard to analgesia. If confirmed, these
hypotheses provide a unique understanding of the pharmacology of vertebrate opioid
receptors and the many other families of GPCR proteins encoded by putative duplicate
genes.
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Fig. 1.
Tissue expression of rpMOR, rpDOR, rpKOR, and rpORL in amphibian brain, heart, GI,
liver, and muscle tissues (lanes 2–6). Lane 1 is the standardized bp ladder. For control, β-
actin expression was also assayed in each of the tissues. Numbers on the left margin are the
predicted size for each of the receptor amplicons, based on gene-specific primers used in the
PCR reactions.
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Fig. 2.
Phylogenetic analysis of MOR, DOR KOR and ORL sequences in six vertebrates. MEGA
software was used to generate a radial phylogenetic tree using the neighbor-joining method,
rooted with the available matching sequences of rhodopsin (RHO). Protein sequences from
Rana pipiens (rp) were provided by conceptual translation of the cloned cDNA sequences
deposited in GenBank. Abbreviations and access codes for MOR, DOR, KOR, and ORL
sequences from other vertebrates were: dr: Dano rerio (zebrafish; AAK01143, AAP86771,
AAG60607, AAN46747), tg: Taricha granulosa (newt; AAV28689, AAV28690,
AAU15126, AAU26067), m: Mus musculus (mouse; P42866, P32300, P33534, P35377), r:
Rattus norvegicus (rat; P33535, P33533, P34975, P35370), h: Homo sapiens (human;
P35372, P41143, P41145, AAH38433). The arrow shows the bifurcation of MOR + DOR
sequences from KOR + ORL. Values on plot are mean percent identity (%ID). Asterisk (*)
indicates that these two values were significantly different by t-test. Branch length is equal
to the proportional difference among the sequences (scale bar = 0.05 or 5% difference in
amino acid sequence). Inset box: 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.
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