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Summary

We have isolated a rat cDNA clone that displays 75%
amino acid homology with the mouse  and rat x opioid
receptors. The cDNA (designated pRMuR-12) encodes
a protein of 398 amino acids comprising, in part, seven
hydrophobic domains similar to those described for other
G protein-linked receptors. Data from binding assays
conducted with COS-1 cells transiently transfected with
a CMV mammalian expression vector containing the full
coding region of pRMuR-12 demonstrated p receptor
selectivity. In situ hybridization mRNA analysis revealed
an mRNA distribution in rat brain that corresponds well
to the distribution of binding sites labeled with p-selec-
tive ligands. Based upon these observations, we con-
clude that pRMuR-12 encodes a p opioid receptor.

Introduction

The existence of multiple forms or subtypes of opioid
receptors was first suggested by Martin and colleagues
(Gilbertand Martin, 1976; Martin etal., 1976}, using the
chronic spinal dog preparation, and has since been
supported by numerous behavioral, pharmacological,
and receptor binding studies (Gillan and Kosterlitz,
1982; Wood, 1982; Goldstein and James, 1984; Herling
and Woods, 1984; James and Goldstein, 1984). Opioid
receptors have been divided into at least three main
classes: k, 8, and p. These receptors have unique phar-
macological profiles, anatomical distributions, and
functions in several species, including man (Wood,
1982; Simon, 1991; Lutz and Pfister, 1992; Mansour and
Watson, 1993). Several pharmacological agents as well
as various members of the three endogenous opioid
peptide families (prodynorphin, proenkephalin, and
proopiomelanocortin) have been shown to interact
with these receptors in distinctive and well-described
manners. x receptors have been shown to exist in
diverse regions of the CNS; they are particularly en-
riched in the cortex, striatum, and hypothatamus (Man-
sour et al., 1987; Nock et al., 1988; Unterwald et al.,
1991) and are thought to mediate many of the actions
of the dynorphin peptide family in addition to those
of benzomorphans. These actions include the modu-
lation of drinking, water balance, food intake, gut mo-
tility, temperature control, and various endocrine func-
tions (Morley and Levine, 1983; Leander et al., 1985;
lyengar et al., 1986; Manzanares et al., 1990). 3 recep-
tors are also found throughout the CNS, particularly
in forebrain areas such as the striatum and cerebral

cortex, and have been shown to bind enkephalin-like
peptides (Mansour et al., 1988; Wood, 1988). 3 recep-
tors are also thought to modulate several hormonal
systems and to mediate analgesia.

The p receptors represent the third member of the
opioid receptor family. These receptors bind morphine-
like drugs and several endogenous opioid peptides,
including B-endorphin (derived from proopiomelano-
cortin) and several members of both the enkephalin
and the dynorphin opioid peptide families. These re-
ceptors have been localized in many regions of the
CNS, including the striatum (striatal patches), thalamus,
nucleus tractus solitarius, and spinal cord (Mansour
etal., 1987; McLean et al., 1986; Temple and Zukin, 1987;
Wood, 1988; Mansour and Watson, 1993). p receptors
appear to mediate the opiate phenomena classically
associated with morphine and heroin administration,
including analgesia, opiate dependence, cardiovascu-
lar and respiratory depression, and several neuroen-
docrine effects. Pasternak and co-workers (Pasternak
and Snyder, 1975; Wolozin and Pasternak, 1981; Pas-
ternak and Wood, 1986; Pasternak, 1993) and Rothman
and co-workers (Rothman et al., 1987) have suggested
that u receptors can be subdivided into two classes,
uland p2. ulreceptors are thought to have high affin-
ity for both morphine and enkephalins. In contrast,
u2 receptors selectively interact with morphine-like
compounds and DAMGO ([p-Ala2, N-MePhe* Gly-ol5len-
kephalin). These studies further suggest that n1 and
u2 are functionally distinct: p1 receptors, unlike p2
receptors, apparently mediate analgesia but not respi-
ratory depression or physical dependence (Pasternak,
1993).

Owing to the importance of opioid receptors in opi-
oid pharmacology and physiology, many researchers
have attempted to purify these proteins with the aim
of ultimately describing the molecular sequence of
these receptors. In one such attempt, Schofield re-
ported the isolation of a protein (opioid-binding cell
adhesion molecule) apparently involved with an opi-
oid receptor (Schofield et al., 1989). This protein has
been shown to be a member of the immunoglobulin
superfamily of cell adhesion molecules but lacks trans-
membrane domains, a feature assumed necessary for
signal transduction. Using an expression cloning strat-
egy, Xie et al. (1992) detailed the isolation and pharma-
cological identification of a G protein-coupled pro-
tein with opioid receptor binding activity. This protein
demonstrated several key features of opioid recep-
tors: opioid binding and stereospecificity; however,
the affinity (Kp) for pharmacologically relevant agents
was low and not selective. The biochemical purifica-
tion of the p receptor proteins has been reported by
several groups (Simon et al., 1975; Bidlack and Abood,
1980; Ruegg et al., 1980; Simonds et al., 1980; Cho et
al., 1981, 1986; Howells et al., 1982; Chow and Zukin,
1983; Demoliou-Mason and Barnard, 1984; Maneckjee
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et al., 1985; Ueda et al., 1987). Many of these reports
suggest that this protein is approximately 40-60 kd.
Additionally, this receptor can be functionally cou-
pled to G proteins (Koski and Klee, 1981; Barchfeld
and Medzihradsky, 1984; Hsia et al., 1984; Puttfarchen
et al., 1988; Attali et al., 1989). However, the low abun-
dance of the protein and its apparently high hydro-
phobicity have proved to be major stumbling blocks
for the sequencing of sufficiently long peptide frag-
ments necessary for the molecular cloning of this re-
ceptor.

Kieffer et al. (1992) and Evans et al. (1992) reported
the isolation and pharmacological characterization of
the first high affinity opioid receptor, the 8 opioid
receptor, using an expression cloning strategy. This
receptor was shown to contain seven hydrophobic
domains characteristic of membrane receptors known
totransduce extracellular signals (e.g., ligand binding)
via G proteins to the intracellular environment. The
cloned receptors exhibited high affinity and selectiv-
ity for 8 opioid ligands, and Evans et al. (1992) showed
that activation of their receptor with selective 8 ago-
nists could decrease cAMP levels in transfected COS
cells. The mouse & receptors were found to be highly
homologous to several members of the G protein-
coupled receptor family, particularly the somatostatin
receptors. The cloning of the mouse & receptors facili-
tated the cloning of other members of the opioid re-
ceptor family. Recently, Yasuda and co-workers de-
scribed the isolation of a mouse k receptor cDNA
that had been isolated as a member of the related
somatostatin receptor family (Yasuda et al., 1993). In-
dependently, our laboratory, using DNA fragments
homologous to the mouse & opioid receptor and low
stringency cDNA library screening, isolated and phar-
macologically characterized a rat x receptor cDNA
(Meng et al., 1993). The rat and mouse x receptors
contain seven transmembrane domains and are nega-
tively coupled to adenylate cyclase via G proteins. This
report describes the cloning and characterization of
a homologous seven transmembrane domain protein
whose pharmacological profile and mRNA localiza-
tion suggest that it is a rat p receptor.

Results

Isolation and Characterization of Rat p Receptor
cDNA Clones

Using random primed cDNA from rat olfactory bulb
and oligonucleotide primers (based upon transmem-
brane domains 11, V, Vi, and VIl of the mouse 8 opioid
receptor mRNA [Evans et al., 1992; Kieffer et al., 1992]),
amplified fragments were generated by the polymerase
chain reaction (PCR) and subcloned. One clone, p5A-1,
contained a DNA sequence that was 74% homologous
atthe nucleic acid level to the mouse & opioid receptor
mRNA sequence between transmembrane regions !l
and VI. The p5A-1 sequence was also similar (59% ho-
mology at the nucleic acid level) to several species
of somatostatin receptor mRNAs. A rat olfactory bulb

AZAPII cDNA library was plated and screened with the
radiolabeled DNA insert from p5A-1. Twelve positive
clones were obtained. Restriction mapping and South-
ern blot analysis were performed on rescued plasmid
DNA. One clone, designated pRMuR-12, demonstrated
a strong hybridization signal on Southern blots and
contained a cDNA insert of approximately 2.0 kb. Vari-
ous restriction enzyme digestion fragment of pRMuR-
12 were subcloned into Bluescript and completely se-
quenced in both orientations. DNA sequence analysis
revealed that pPRMuUR-12 contained a full open reading
frame with 74% homology with the mouse & and rat
k opioid receptor proteins.

DNA and Protein Structure Analysis

An EcoR[-Hindill fragment isolated form pRMuR-12
was shown to contain the entire protein coding region
of this cDNA and was used for all subsequent experi-
ments. The complete DNA sequence contained an
open reading frame encoding a protein of 398 amino
acids comprising, in part, seven hydrophobic domains.
GenBank data base searches using both the amino
acid and the nucleic acid sequences revealed that the
pRMuR-12 sequence was novel and highly homolo-
gous to the mouse 8 opioid receptor (74% similar and
59.5% identical at the amino acid level) and the so-
matostatin receptors (60.5% similar and 39.5% identi-
cal at the amino acid level). As can be seen in Figure
1, the regions of greatest homology were found in
the hydrophobic domains, particularly domains [, Ii,
l11, VI, and VIl. The regions of greatest divergence
included the amino and carboxyl termini of the pro-
tein, the region surrounding and including hydropho-
bic domain 1V, and the region between hydrophabic
domains V and VI. In addition to the seven hydropho-
bic domains classically associated with G protein-
coupled receptors, the open reading frame contains
several other features of this receptor family, includ-
ing potential N-linked glycosylation sites (five at amino
acids 9, 31, 38, 46, and 53), palmitoylation sites (two at
amino acids 346 and 351), and three phosphorylation
sites (protein kinase C phosphorylation at amino acid
363, calcium/calmodulin-dependent kinase phosphory-
lation atamino acid 261, and cAMP-dependent protein
kinase [protein kinase A] phosphorylation at amino
acid 279).

Transient Transfection of CMV-pRMuR DNA

into COS-1 Cells

Initial binding assays performed on COS-1 cells trans-
fected with the pCMV-neo (a gift from Dr. Michael
Uhler, University of Michigan) expression vector con-
taining the full open reading frame of pRMuR-12 dem-
onstrated the opioid nature of the encoded receptor.
[FHIDAMGO bound with high affinity (Ko = 1.2 nM),
whereas the selective k agonist [*H]U69,593 (p-(5a,
70;8B)-(H)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro-(4,5)
dec-8-yllbenzeneacetamide) and the selective § ago-
nist [*HIDPDPE (cyclic (p-penicillamine?, p-penicilla-
mine®) enkephalin) did not. To characterize this clone
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Mu Rat MDSS..... T GPGNTSDCSD PLAQASCSPA PGSWLNLSHV DGNQSDPCGL 45
K Rat MESPIQIFRG EPGPTCAPSA CLLPNSSS.. ..WFPNWAES DSNGSVGS.. 44
D Mouse ...... MELV PSARAELQSS PLVNLSDAFP SA....FPSA GANASGSPG. 40

Mu Rat NRTGLGGNDS LCPQTCSPSM VTAITIMALY SIVCVVGLFG NFLVMYVIVR $5

K Rat ...... EDQQ LEPAHISPAI ..PVIITAVY SVVFVVGLVG NSLVMFVIIR 87
D Mouse .......... ... ARSASSL ALAIAITALY SAVCAVGLLG NVLVMFGIVR 82
™ 1

Mu Rat YTEMKTATNI YIFNLALADA LATSTLPFQS VNYLMGTWPF GTILCKIVIS 145

K Rat YTKMKTATNI YIFNLALADA LVTTTMPFQS AVYLMNSWPF GDVLCKIVIS 137

D Mouse YTKLKTATNI YIFNLALADA LATSTLPFQS AKYLMETWPF GELLCKAVLS 132
™ 2

*
Mu Rat IDYYNMFTSI FTLCTMSVDR YIAVCHPVKA LDFRTPRNAK IVNVCNWILS 195
K Rat IDYYNMFTSI FTLTMMSVDR YIAVCHPVRKA LDFRTPLKAK IINICIWLLA 187
D Mouse IDYYNMFTSI FTLTMMSVDR YIAVCHPVKA LDFRTPAKAK LINTCIWVLA 182
™ 3

Mu Rat SAIGLPVMFM ATTK..YRQ. .GSIDCTLTF SHPTW.YWEN LLKICVFIFA 240

K Rat SSVGISAIVL GGTK..VRED VDVIECSLQF PDDEYSWWDL FMRICVFVFA 235

D Mouse SGVGVPIMVM AVTNPGMVOW YACSSSPVQL V...... LDT VTRICVFLFA 226
™ 4

¥ o
Mu Rat FIMPILIITV CYGLMILRLK SVRMLSGSKE KDRNLRRITR MVLVVVAVFI 290
K Rat FVIPVLIIIV CYTLMILRLK SVRLLSGSRE KDRNLRRITK LVLVVVAVFI 285
D Mouse FVVPILIITV CYGLMLLRLR SVRLLSGSKE KDRSLRRITR MVLVVVGAFYV 276
™ 5

Mu Rat VCWTPIHIYV IIKALITI.P ETTFQTVSWH FCIALGYTNS CLNPVLYAFL 339

K Rat ICWTPIHIFI LVEALGST.S HSTAVLSSYY FCIALGYTNS SLNPVLYAFL 334

D Mouse VCWAPIHIFV IVWTLVDINR RDPLVVAALH LCIALGYANS SLNPVLYAFL 326
™ 6 ™ 7

Y v *
Mu Rat DENFKRCFRE FCIPTSSTIE QQONSTRVRQON TREHPSTANT VDRTNHQLEN 389
K Rat DENFKRCFRD FCFPIKMRME RQSTNRVR.N TVQDPASMRD VGGMNKPV.. 382
D Mouse DENFKRCFRQ LCRTPCGRQE PGSLRRPRQA TTRERVTACT PSDGPGGGAA 376

Mu Rat LEAETAPLP. ..
K Rat
D Mouse A

Figure 1. Amino Acids Comparison between the Rat u, Rat «,
and Mouse & Opioid Receptor Sequences

The deduced amino acid sequence of the rat u receptor (Mu
Rat) is compared with the rat k (K Rat) and mouse 8 (D Mouse)
receptors. Amino acids conserved in all three receptors are
shown in bold. Putative transmembrane domains are under-
lined. The positions of potential N-linked glycosylation sites are
indicated by closed arrows. Consensus recognition sites for pro-
tein kinase C (asterisks), protein kinase A (open circle), and pal-
mitoylation (open arrowheads) are also shown.

further, PFHIDAMGO (1.6 nM) was used as a labeling
ligand, and various p-, 8-, and x-selective ligands and
nonselective ligands were tested in competition stud-
ies (Table 1). Several classic p-selective ligands had
high affinities for the expressed receptor (morphine,
Ki = 7.14 nM; levorphanol, Ki = 0.78 nM), whereas &
(DSLET [(p-Ser?, Leu®)enkephalin-Thr], Ki = 541.63 nM;
DPDPE, K; = 4,100.00 nM) and « (U50,488 [(trans)-3,4-
dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl] ben-
zene acetamide methanesulfonate], Ki = 1464.00 nM;
U69,593, Ki = 1910.00 nM) ligands did not. DADLE
(p-Ala-p-Leu-enkephalin; Ki = 6.56 nM) and the syn-
thetic dynorphin (1-8) analog E2078 ((N-methyl-Tyr",
N-a-methyl-Arg’,0-Leu®) dynorphin A-(1-8) ethylamide;
Ki = 2.87 nM) were also potent in displacing
[FHIDAMGO.

Several antagonists were also tested. Naloxone (K; =
2.74 nM), naltrexone (Ki; = 0.36 nM), CTAP (p-Pen-Cys-
Tyr-p-Trp-Arg-Thr-Pen-Thr-NHy; Ki = 0.21), and nBNI
(nor-binaltrophine HCI; Ki = 3.90) all displaced
BHIDAMGO binding with high affinity. The expressed
receptor also bound several nonselective opioid li-
gands such as (—)bremazocine (K; = 0.05 nM) and EKC
(ethylketoclazocine; Ki = 1.28 nM) with high affinity.
Furthermore, ligand binding to the transiently ex-
pressed receptor clone was stereospecific. (-)Brema-

Table 1. Pharmacological Profile of the Cloned Rat
1 Receptor

Ki (nM)

u ligands

DAMGO 1.57

Morphine 7.14

Levorphanol 0.78
8 ligands

DADLE 6.56

DPDPE 4100.00

DSLET 541.63
¥ ligands

E2078 2.87

U50,488 1464.00

U69,593 1910.00
Nonselective ligands

EKC 1.28

(—)Bremazocine 0.05
Enantiomers

(+)Bremazocine >5000.0

Dextrorphan >5000.0
Antagonists

CTAP 0.21

Naloxone 2.74

Naltrexone 0.36

nBNI 3.90

Using PHIDAMGO (1.6 nM) as the labeling ligand, competition
studies were performed on membrane preparations from COS-1
cells transiently transfected with pCMV-neo containing the full
open reading frame of pRMuR-12. See text for description of
ligands and abbreviations.

zocine and levorphanol bound with high affinity, but
their enantiomers, (+)bremazocine and dextorphan,
respectively, bound with low affinity.

Northern Blot Analysis of n Receptor mRNA

Figure 2 show results from total RNA and poly(A) RNA
from rat medulla/pons as well as poly(A) RNA from
human SY5Y cells (6 ug for SY5Y and 10 pg for medulla/
pons) electrophoresed on 16% formaldehyde-agar-
ose (1%) gels hybridized with cRNA probes comple-
mentary to p5A-1. Blots were hybridized and washed
at high stringency. Lane 1 represents a short photo-
graphic exposure of the SY5Y mRNA lane (lane 2).
Lanes2and 3 arefroma44 hr autoradiogram detecting
a single mRNA species in the rat medulla/pons mRNA
sample and one prominent mRNA species in the hu-
man SY5Y cellular mRNA sample. Although less clear,
analysis of total RNA from rat medulla/pons tissue
(lane 4) identified a p receptor RNA species that comi-
grated with the band seen in the poly(A) RNA (lane 3).
These mRNAs are approximately 12,000-14,000 and
14,000-16,000 nucleotides in length, respectively.

Genomic Southern Blot Analysis

Figure 3 show results from analysis of rat genomic
DNA (20 ug per restriction enzyme digest) digested
with restriction enzymes, electrophoresed on 0.8%
agarose gels, and hybridized with random hexamer-
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Figure 2. Northern Blot Analysis of Rat u Receptor mRNA in Rat
Medulla/Pons and SY5Y Cells

Poly(A) RNA (6 pg for SY5Y [lane 1 and 2] and 10 pg for medulla/
pons [lane 3)) and total RNA (20 pg for medulla/pons {iane 4))
was electrophoresed on formaldehyde-agarose (1%) gels, trans-
ferred to nylon membrane, and hybridized (overnight) at 60°C
in 50% formamide, 1x HYB buffer. cRNA probes complementary
to p5A-1 (see text) were used at approximately 2 x 10° cpms of
cRNA per ml of hybridization solution. Blots were washed in
progressively decreasing SSC solutions (final concentrations of
0.1x SSC, 0.5% SDS) at 72°C for 2 hr. Lane 1 represents a short
photographic exposure of the SY5Y mRNA in lane 2. Lanes 2 and
3 represent exposures generated using two intensifying screens
at —70°C for 44 hr. Lane 4 represents an exposures using two
intensifying screens at —70°C for 7 days. Molecular weights were
determined using an RNA ladder (BRL).

primed 2.0 kb ¢cDNA from pMuR-12 as a probe under
high stringency conditions. Several DNA bands were
detected. Two bands were detected in the BamH! and
Pstl lanes, consistent with the presence of these re-
striction endonuclease sites within the cDNA sequence.
Multiple hybridization-positive bands were detected
in the HindIl and EcoRI lanes. There were no internal
EcoR! sites and only one Hindlll site found within
the cDNA probe sequence. The presence of introns
separating the 2.0 kb cDNA sequence into multiple
exons would be consistent with the observed hybrid-
ization pattern in these two lanes. The presence of
two hybridization-positive bands in the BamHI and
Pstl lanes suggests that there is one i receptor gene
in the rat genome.

Distribution of the p Receptor mRNA

In the olfactory buib, from which the p receptor cDNA

clone was derived, p receptor mRNA was localized to

the internal granular and glomerular layers.
Neocortical areas such as the parietal and temporal

cortices did not demonstrate the same receptor distri-

bution, as might be expected from receptor binding

Pst |

Hind 1l
EcoR |
BamH |

;- -10
— g - 5
- -
- . -3
é -2
-1

Figure 3. Genomic Southern Biot of Rat p Receptor

Rat genomic DNA (20 ug per restriction enzyme digest) was di-
gested with the indicated enzymes. Random hexamer priming
of the full 2.0 kb ¢DNA from pRMuR-12 was used as a probe.
Blots were washed in decreasing SSC solutions (final concentra-
tions of 0.1x SSC, 0.5% SDS) at 60°C for 30 min. Exposures were
performed using two intensifying screens at —70°C for 48 hr.
Molecular weights were determined using an DNA fadder (BRL).

studies. A thin layer of cells expressing the u receptor
mRNA was observed in the deepest extents of layer
VI, and no cells were detectable in layers | and 1V, as
was demonstrated with receptor binding. Low levels
of p receptor mRNA could be detected in the piriform
and cingulate cortex and the deep layer of the entorhi-
nal cortex. u receptor mRNA was expressed at high lev-
els in the striatal patches and the subcallosal streak ven-
tral to the corpus callosum (Figure 4A). The p striatal
patches were most prominent in the rostral and lateral
extents of the caudate-putamen and extended ventrally
into the nucleus accumbens, where they were the most
dense in the medial and ventral shell. Specific hybrid-
ization was also observed in the striatal matrix; how-
ever, expression levels were comparatively reduced.
More laterally, the cells of the medial septum ex-
pressed high levels of pu receptor mRNA.

Scattered cells expressing high levels of p receptor
mRNA were seen in the bed nucleus stria terminalis
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MU mRNA

Figure 4. Dark-Field Autoradiograms Demonstrating the Distri-
bution of p Receptor mRNA at Three Levels of the Rat Brain

(A), (B), and (C) are sections through three levels of the brain.
u receptor mRNA is expressed in the striatal patches of the cau-
date-putamen (CPU) and nucleus accumbens (ACB), subcallosal
streak, olfactory tubercle, several nuclei of the thalamus, includ-
ing the medial habenula (Hb), the medial dorsal (MD), and the
central (CM) nuclei, hippocampus (HPC), dentate gyrus, basolat-
eral amygdala, medial amygdala (Me), locus ceruleus (LC) and
parabrachial nucleus (PB).

and the medial preoptic area. In the medial preoptic
area, the highest density of cells expressing u receptor
mRNA were observed in the anterior ventral division
in the anterior medial preoptic and more posteriorly
in the medial preoptic nucleus itself.

Scattered cells expressing p receptor mRNA were
also seen in the globus and ventral pallidum, regions

demonstrating a low level of p receptor binding and
enkephalinergic projections.

Of the diencephalic structures expressing the p re-
ceptor mRNA (Figure 4B), highest levels are observed
in several thalamic nuclei, including the medial ha-
benula, dorsomedial, ventrolateral, central, reuniens,
and medial geniculate nuclei of the thalamus. By com-
parison, the vast majority of hypothalamic nuclei, in-
cluding the paraventricular, periventricular, supraop-
tic, suprachiasmatic, ventromedial, and dorsomedial,
did not appear to have cells that expressed p opioid
receptor mRNA. Scattered cells expressing moderate
levels of p receptor mRNA were seen in the lateral
hypothalamus and the mammillary nuclei.

In the hippocampus (Figure 4B), p receptor mRNA
expression was observed in the pyramidal cell layer
of the hippocampal formation and the granular cells
of the dentate gyrus. As can be seen from the high
magnification image of CA2 cells in Figure 5A, u recep-
tor mRNA expression was heterogeneous in the pyra-
midal cell layer; either not all cells expressed this gene
or the cells expressed it at markedly reduced levels.
itis unclear presently what the functional significance
of this heterogeneity may be.

Several amygdaloid nuclei expressed the p receptor
mRNA, including the medial, basolateral, and cortical
nuclei (Figure 4B). Levels were highest in the medial,
posterior medial cortical amygdala, and intercalated
nuclei of the basolateral amygdala.

In the midbrain (data not shown), u receptor mRNA
was observed in the ventral and lateral periaquaductal
gray, a region known to subserve a role in pain and
analgesia. pu receptor mRNA expression did extend
to the pontine central gray. Low levels of p receptor
mRNA were also observed in scattered cells of the
ventral tegmental area and substantia nigra, pars com-
pacta.

Cells expressing p receptor mRNA were also local-
ized in the superior and inferior colliculi. Within the
superior colliculus, p receptor mRNA was primarily
found in the large cells of the intermediate gray layer
and in the inferior colliculus, cells of both the external
cortex and the central nucleus express u receptor
mRNA.

The large cells of the red nucleus and the rostral,
central, and lateral interpeduncular nuclei expressed
u receptor mRNA. As can be seen in Figure 5B, the
highest density of cells expressing u receptor mRNA
were in the rostral division, with scattered cells in the
central division. The levels of p receptor mRNA ex-
pression in the lateral interpeduncular nucleus was
low compared with other subdivisions.

Several brain stem nuclei expressed u receptor
mRNA. Highest levels were observed in the locus cer-
uleus and parabrachial nuclei (Figure 4C; Figure 5C).
This distribution was consistent with the ability of p
opioid drugs to modulate norepinephrine release and
to affect the levels of behavioral arousal. Scattered
u-expressing cells were observed in the sensory and
motor trigeminal, medial cerebellar, vestibular, and
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Figure 5. Dark-Field Photomicrographs of In Situ Hybridization
Showing Cells Expressing p Opioid Receptor mRNA in the CA2
Field of the Hippocampus, Interpeduncular Nucleus, and Locus
Ceruleus

Note The high levels of expression in select cells of CA2 and in
the rostral subdivision of the interpeduncular nucleus (IPR). LC,
locus ceruleus. Bar, 100 pm.

facial nuclei, in the rostral olive, and in widely distrib-
uted cells of the recticular pontine. No p receptor
expression was found in the hypoglossal and cochlear
nuclei.

Scattered cells of the raphe magnus and median
raphe also expressed p receptor mRNA, but the levels

of expression were far higher in the median raphe.
The nucleus of the solitary tract aiso demonstrated
high levels of u receptor mRNA and has been shown
to be associated with cardiovascular, gustatory, and
respiratory functions.

Moderate to high levels of p receptor expression
were also observed in cells of the cuneate, gracilis,
and vagus nuclei (Figure 6). Figure 6A shows a low
magpnification in situ hybridization image of the u re-
ceptor mRNA distribution in the medulla, with the
gracilis, vagus, and cuneate nuclei highlighted in boxes.
As can also be seen from Figure 6A, the large cells of
the medulla reticular nucleus also expressed p recep-
tor mRNA.

Inthe spinal cord, the highest levels of opioid recep-
tor binding were found in layers | and Hl, and only
very low levels of p receptor mRNA could be found
in the spinal cord. However, as can be seen in the
coronal section of spinal cord in which the dorsal root
ganglia were also transected, high levels of |1 receptor
mRNA were found in the ceils of the dorsal root gan-
glia that project to layers | and II of the dorsal horn
(Figure 7).

To control for potential cross-hybridization between
this p receptor cDNA sequence and other closely re-
lated receptors (x and & opioid receptors and somato-
statin receptors), cCRNA probes directed to different
regions of the pRMuR-12 protein (both to transmem-
brane domains 111-VIl and to the 5 untranslated/N-
terminus region) were used. In both cases, CRNA probes
revealed indistinguishable mRNA distributions.

Discussion

The results of the present study demonstrate that we
have cloned a novel member of the G protein-cou-
pled receptor family that can be identified as a rat
p opioid receptor. This conclusion is based on the
following observations: First, the cloned receptor in-
teracts with several classic opioid figands, such as
morphine, naltrexone, naloxone, levorphanol, and
bremazocine, and their relative affinities are consis-
tent with its opioid nature. Second, binding data show
that the protein encoded by pRMuR-12 has a high
affinity for the u agonist DAMGO and the p antagonist
CTAP, whereas it has very low affinity for k-selective
U50,488 and U69,593 and §-selective DPDPE. Third,
the receptor exhibits the predicted sterecspecificity,
recognizing (—)bremazocine and fevorphanol with af-
finities several orders of magnitude higher than the
affinities for their respective enantiomers, (+)brema-
zocine and dextrorphan. Fourth, the rank orders of
agonist and antagonist binding are consistent with
previously described in vivo pharmacology reported
for u receptors. Finally, the anatomical distribution
of the mRNA coding for this receptor is in agreement
with the distribution of u receptor binding as defined
with pharmacological ligands. Taken together, these
results provide compelling evidence that the present
clone encodes a rat p opioid receptor.
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Several reports have suggested the presence of mul-
tiple receptor subtypes referred to as p1 and u2. u1
receptor sites are defined as having high affinity (be-
low 1 nM) for the p and & ligands DAMGO, morphine,
DADLE, and DSLET and may be preferentially im-
portant in mediating analgesia. u2 sites are defined
by the ability of these same compounds to bind with
lower affinity (1-10 nM), with DAMGO having the
highest affinity and morphine and DADLE having
slightly lower affinities. If one accepts this classifica-
tion, our cDNA clone appears to fit best with the u2
subtype of u receptors. Until a second p receptor type
is isolated and cloned, these assignments should re-
main tentative.

It was interesting to note that nBNI, the x-selective
antagonist, has a high affinity for the transiently ex-
pressed rat p receptor. However, this should be viewed
in relation to the affinity of nBNI for the cloned x
receptor. When the rat k receptor is transiently trans-
fected into COS-1 cells, nBNI demonstrates approxi-
mately 11-fold greater affinity for the rat x receptor
(Ki = 0.26 nM for k versus K; = 2.87 nM for u) (Meng
et al,, 1993). These results compare well with nBNI's
relative lack of selectivity in in vitro binding studies
and point to the usefulness of comparing the pharma-
cology of opioid ligands in transiently transfected celt
systems expressing an individual receptor.

Amino acid sequence comparisons of all three opi-
oid receptors indicated that the p receptor has a high
degree of homology with the recently cloned mouse
§ and rat k opioid receptors. The most homologous

Figure 6. Dark-Field Photomicrographs of
n Receptor mRNA Expression Detected in
the Caudal Rat Medulla Using In Situ Hy-
bridization

(A) Low magnification image with regions
of the gracilis (B), vagus (C), and cuneate
(D) nuclei highlighted in boxes. High mag-
nifications of the cells in each nucleus are
provided in the corresponding panels.
Note also u receptor expression in the scat-
tered cells of the medulla reticular forma-
tion, ventral and lateral to the vagus nu-
cleus. Bar, 100 pm.

regions are the transmembrane domains and the in-
tracellular loops. Putative transmembrane domains i,
11, and VII are very similar among the three opioid
receptors, followed by transmembrane domains I, V,
and VI, with transmembrane IV being the least con-
served. The high degree of homology among the intra-

Figure 7. Dark-Field Autoradiogram of p Receptor mRNA Expres-
sion in the Spinal Cord and Dorsal Root Ganglion Detected Us-
ing In Situ Hybridization

Thoracic spinal cord and its attached dorsal root ganglia were
simultaneously dissected, frozen, sectioned, and subjected to
in situ hybridization procedure (see Experimental Procedures).
The spinal cord found between the two dorsal root ganglia in
the figure demonstrates comparatively little p receptor mRNA
and is difficult to see at this film exposure.
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cellular loops of the &, k1, and p receptors suggests
that the receptors may share similar second messen-
ger systems, since the intracellular loops are thought
to be critical for the coupling of this receptor family
to G proteins (Clark et al., 1989). Additionally, many
of the potential posttranslational features thought to
be involved in the regulation of other receptors also
appear to be conserved in opioid receptors. In addi-
tion to the general presence of N-terminal glycosyla-
tion sites, u receptor phosphorylation sites at amino
acid 279 (protein kinase A) and amino acid 363 (protein
kinase C) and a palmitoylation site at amino acid 346
appear to be conserved across opioid receptor pro-
teins. One of these sites, Thr??, in the p receptor
corresponds to a similar phosphorylation site in the
B-adrenergic receptor. In the B-adrenergic receptor,
this phosphorylation site is thought to be critical in
agonist-induced desensitization mediated via G; acti-
vation and elevation of cCAMP levels, whereby this site
is phosphorylated, causing the dissocation of the re-
ceptor from the G protein (Clark et al., 1989). This site is
completely conserved among the three known classes
of opioid receptors despite the fact that opioid recep-
tors inhibit the generation of cCAMP. Further studies
will be needed to investigate the precise role, if any,
of this conserved and putative phosphorylation site
in opioid receptors.

Regions of divergence include the amino and car-
boxyl termini of the protein, as well as extracellular
loops Il and I11. This sequence heterogeneity in these
receptor domains is particularly striking and may be
useful not only for discriminating opioid from non-
opioid receptors (e.g., opioid from somatostatin), but
also for discriminating opioid receptor types (k from
& from ), as several of these regions are thought to
be on the extracellular surface of the protein and may
be involved in ligand selectivity. The notion that such
extracellular domains may play an important role in
determining ligand binding and ligand selectivity for
peptide receptors was elegantly demonstrated in a
series of studies on luteinizing hormone and follicle-
stimulating hormone receptors (Braun et al., 1991;
Roche et al., 1992).

Rat p receptor mRNA detected by Northern blot
analysis is shown in Figure 2. Analysis of total RNA
from many regions of the rat brain generated weak
signals but indicated that the medulla/pons contained
the greatest amount of u receptor mRNA and was cho-
sen for poly(A) mRNA purification. A single large mo-
lecular weight mRNA of approximately 12,000-14,000
nucleotides was detected in this poly(A) RNA from
the medulla/pons. Human SY5Y cellular mRNA was
also analyzed because of the presence of u receptors
in this cell line (as well as 8 receptors). It appears that
a prominent mRNA of approximately 14,000-16,000
nucleotides is detected in this human cell line in addi-
tion to several other smaller mRNA species. It is un-
clear at this time whether these additional mRNAs are
p receptor forms or represent nonspecific hybridiza-
tion, even though these blots were hybridized at high

stringency. We are currently using DNA fragments
from different regions of the rat p receptor cDNA to
determine whether these fragments identify the same
mRNA species in this human cell line. It is interesting
to note that in the 8-expressing cell line NG108 five to
six mRNA species were detected, although it appears
that only two mRNAs are found in brain tissue.

Genomic Southern blot analysis of rat DNA using
the full cDNA isolated from pRMuR-12 (approximately
2.0 kb) indicates several interesting features of the
structure of the rat u receptor gene. First, the hybrid-
ization pattern in the BamHI and Pstl digests is con-
sistant with the hypothesis that a single u receptor
gene exists in the rat genome. Second, there appears
to be several introns separating the 2.0 kb cDNA. This
is deduced from the multiple hybridization-positive
bands in the EcoRt and HindlIIl digest lanes seen in
Figure 3. There are no EcoRl sites and only one Hindl!l
site in the 2.0 kb cDNA fragment used as a hybridiza-
tion probe, although several hybridization-positive
bands are detected. Approximately, three to five bands
are detected in the EcoRl lane, and five bands are
detected in the Hindlll lane, although one cannot rule
out the possibility that some of these bands represent
incomplete enzyme digests. In isolating cDNA clones
encoding the rat u receptor, one unusual cDNA clone
appeared to contain an intron near the transmem-
brane [V location. Whether this cDNA clone contains
an authentic intron or represents a cloning artifact is
currently being evaluated. Interestingly, the mouse &
opioid receptor gene has an intron in a very similar
location (Evans, personal communication). Isolation
and characterization of rat genomic clones will ad-
dress the complete structure of the pu receptor gene.

u receptor mRNA is expressed in many regions and
nuclei throughout the CNS. The high level of pRMuR-
12 mRNA in the olfactory bulb, striatal patches, subcal-
losal streak, thalamus, medial preoptic area, amygdala,
interpeduncular, locus cerulus, parabrachial, cuneate,
gracilis, and vagus nuclei, as well as in the nucleus of
the solitary tract, is consistent with the known p-binding
site distribution (Mansour et al., 1987; Mansour and
Watson, 1993; McLean et al., 1986; Temple and Zukin,
1987) and the behavioral and pharmacological effects
thought to be mediated by these receptors, including
analgesia, respiration, cardiovascular effects, and hor-
monal regulation. The visualization of u opioid recep-
tor mRNA in the locus cerulus, ventral tegmental area,
and substantia nigra, pars compacta is consistent with
the ability of p ligands to modulate presynaptic nor-
epinephrine and dopamine release and may be criti-
cal in behavioral arousal and reward systems.

In situ hybridization results shown in Figure 7 sug-
gest that while opioid receptor binding is localized
predominantly in layers | and If of the spinal cord
(Besse, 1991), u receptor mRNA is found predominantly
in the dorsal root ganglia. This suggests that the vast
majority of u receptors are likely transported from
their site of synthesis in the dorsal root ganglia and
are localized in presynaptic terminals in layers | and 11
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of the spinal cord. This agrees well with lesion results
(Besse et al., 1990), in which dorsal rhizotomy produced
a76% decrease in u receptor binding in the spinal cord.
Low p receptor mRNA expression is also found in the
dorsal horns of the spinal cord itself, consistent with
the presence of postsynaptic receptor sites.

During the preparation of this paper, Chen et al.
(1993) reported the cloning and pharmacological char-
acterization of a p receptor also isolated from rat brain.
The DNA sequence reported in this paper appears
to be almost identical to the our p receptor cDNA
sequence, differing in the translation of only 1 amino
acid residue (valine for isoleucine substitution in trans-
membrane region V). These authors also report ago-
nist and antagonist binding profiles for their p recep-
tor expressed in COS-7 cells. Many similarities are
evident; however, they do not report binding for mor-
phine. Additionally, these authors demonstrate that
their p receptor is functionally coupled to the inhibi-
tion of adenylate cyclase in the transiently transfected
cells.

In summary, we have reported the isolation and
characterization of a rat receptor cDNA whose phar-
macological profile and anatomical distribution are
consistent with the previously characterized p recep-
tor. RNA analysis demonstrated that the rat and possi-
bly the human p receptor mRNAs are large molecular
weight species. Genomic DNA analysis in the rat sug-
gests that the rat p receptor gene is found in a single
copy with several introns. The availability of cloned
opioid receptors will greatly enhance our understand-
ing of the functions of these receptors in vivo, as well
as provide for the systematic development of more
selective agonists and antagonists. Developing ligands
that can discriminate between various members of
the opioid receptor family as well as between sub-
classes within an opioid receptor group could pro-
duce reagents that induce analgesia without many of
the side effects (e.g., tolerance and dependence).

Experimental Procedures

Isolation of Opioid Receptor Fragment

Oligonucleotide primers complementary to regions encoding
transmembrane domains ll, V, VI, and VIl of the mouse & opioid
receptor DNA sequence were designed and used in PCR. Pri-
mer 1 (TM 3), AAGAATTCTCAACATGATGAGCGTGGACCGCTAC;
primer 2 (TM 5), AAGAATTCGGAACGTGGTGCCGATCCTCAT-
CATC; primer 3 (TM 6), AAAAGCTTCCAGACGATGACGAAGAT-
GTGGATGGG; primer 4 (TM 7), AAAAGCTTTTAAGGGGAAGGT-
CGGGTAGGTCAGGCGGCAGCGCCACC. The PCR DNA tem-
plate was first strand cDNA from rat olfactory bulb mRNA gener-
ated with random hexamers using the Promega RiboClone cDNA
Synthesis system. The PCR products were subcloned into a T-tailed
vector system (Novagen) and sequenced using Sequenase (USB).
Upon DNA sequencing, one amplified DNA fragment (432 bp)
was shown to be 74% homologous to the NG108 & opioid recep-
tor mRNA from transmembrane regions 1{{-Vi. The DNA insert
from this clone (designated p5A-1) was used for screening cDNA
libraries and as a template to synthesize cRNA probes used for
in situ hybridization.

Library Screening and Sequencing
A rat olfactory bulb AZAPIl cDNA library was purchased and

plated according to the manufacturer's recommendations (Stra-
tagene). Approximately 3.2 x 10° cDNA clones were plated,
and replicate nitrocellulose membranes were screened with a
32P-radiolabeled random-primed DNA insert from p5A-1 (432 bp).
Prehybridization and hybridization conditions were 50% for-
mamide, 1x hybridization buffer (5x SSC, 50 mM KHPO, [pH
7.0), 1x Denhardt’s solution, 0.1% PPO,, 0.1% SDS, 200 pg/ml
yeast RNA) at 37°C for 16-18 hr. Twelve positive clones were
obtained and plaque the purified. DNA inserts were rescued
into plasmid using the M13 helper phage Exassist (Stratagene).
Restriction mapping and Southern blot analysis were performed
on rescued plasmid DNA. One clone, designated pRMuR-12,
demonstrated a strong hybridization signal on Southern blot
analysis and contained a cDNA insert of approximately 2.0 kb.
Various restriction enzyme digestion fragment of clone pRMuR-
12 were subcloned into Bluescript and completely sequenced
in both orientations. An EcoRI-HindIl! fragment was shown to
contain the entire open reading frame of this cONA. DNA se-
quence data were analyzed by the GCG package (Genetics Com-
puter Group, 1991). The DNA sequence of pRMuR-12 has been
submitted to GenBank under accession number 122455,

Expression of Receptor and Binding Assay

Initial binding assays performed on COS-1 cells transfected with
the pCMV-neo expression vector containing the full open read-
ing frame of pRMuR-12 documented the opioid nature of the
encoded receptor. For binding assays, 25 ug of plasmid DNA
was transfected into each 100 mm dish of COS-1 cells using the
method of Chen and Okayama (1987). Receptor binding of the
membrane preparation of the transfected cells was performed
according to Goldstein and Naidu (1989). [*H]U69,593 (58 Ci/
mmol; NEN), PHIDAMGO (55 Ci/mmol; NEN), and [*H]DPDPE
(34.3 Ci/mmol; NEN) were used in the characterization of the
receptor. Nonspecific binding was defined as the binding of radio-
ligand in the presence of 1 uM levorphanol. PHIDAMGO (1.6 nM)
was used to label the receptor in competition studies. All assays
were conducted in 50 mM Tris buffer (pH 7.4) at room tempera-
ture. Receptor binding results were analyzed with the LIGAND
program (Munson and Rodbard, 1980).

Northern and Southern Blot Analyses

RNA was isolated using standard guanidinium thiocyanate ex-
tractions with subsequent poly(A) RNA chromatography using
Fastrack (Invitrogen) kits. Poly(A) RNA (6 ug for SY5Y and 10 ug
for medulla/pons) was electrophoresed on 16% formaldehyde-
agarose (1%) gels, transferred to nylon membrane (Nytran, Schlei-
cher & Schuell, Inc.), UV cross-linked, prehybridized (2 hr), and
hybridized (overnight) at 60°C in 50% formamide, 1x HYB buffer
(5x SSC, 50 mM NaPO, [pH 7.4], 0.1% NaPPO,, 5x Denhardt’s
solution, 0.5% SDS). cRNA probes complementary to p5A-1 (see
text) were generated using standard transcription methods and
T7 RNA polymerase. Approximately, 2 x 10° cpms of cRNA were
used per mi of hybridization solution. Blots were washed in pro-
gressively decreasing SSC solutions, with final concentrations
of 0.1x SSC, 0.5% SDS, at 72°C for 2 hr. DNA was isolated from
rat liver tissue, crushed on liquid N2, resuspended in proteinase
K buffer (50 mM Tris [pH 7.5, 0.5% SDS, 5 mM EDTA), digested
for 3 hr, and gently extracted several times with phenol prior to
RNAase treatment. These nucleic acid samples were reextracted
with phenol-chloroform and ethanol precipitated. DNA was di-
gested overnight with the indicated enzymes under manufacturer’s
recommended conditions. These digests were electrophoresed
on 1x Tris borate EDTA, 1% agarose gels, acid nicked (30 min,
0.25 M HCI), denatured (2 x 30 min; 0.5 M NaOH, 1.5 M NaCl),
neutralized (2 x 30 min; 0.5 M Tris [pH 7.4], 1.5 M NaCl), and
transferred to nylon membranes (Nytran, Schleicher & Schuell,
Inc.yin 10x SSCovernight. Blots were UV cross-linked and baked
at80°C undervacuum for 1.5 hr, prehybridized (2 hr), and hybrid-
ized at 37°C in 50% formamide, 1x HYB buffer (see above) over-
night. Random hexamer priming of the full 2.0 kb ¢cDNA from
pRMuR-12 was used as a probe at a concentration of 1.0 x 10¢
cpm per mi of hybridization buffer. Blots were washed in de-
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creasing SSC solutions (final concentrations of 0.1x SSC, 0.5%
SDS) at 60°C for 30 min.

In Situ Hybridization

Adult male Sprague-Dawley rats (20-25 g; Charles River) were
sacrificed by decapitation. The brains were then dissected and
frozen in liquid isopentane (—30°C) for 30 s and transferred to
dry ice. Frozen brains were stored at —80°C until sectioning on
a Bright cryostat (15 um). Brain sections were thaw mounted on
precleaned and polylysine-subbed microscope slides and stored
at —-80°C.

Frozen brain sections were directly removed from storage at
~80°C and placed into 4% formaldehyde for 60 min (22°C) prior
to processing for in situ hybridization (Mansour et al., 1990).
Following three 5 min rinses in 2x SSC (300 mM NacCl, 30 mM
sodium citrate [pH 7.2]), sections were treated with proteinase
K (1 ug/m! in 100 mM Tris [pH 8.0], 50 mM EDTA) for 10 min
at 37°C. Slides were then rinsed in water, followed by 0.1 M
triethanolamine (pH 8.0), and treated with a mixture of 0.1 M
triethanolamine (pH 8.0) and acetic anhydride (400:1, v/v) with
stirring for 10 min. The sections were then rinsed in water, dehy-
drated through graded alcohols, and allowed to air dry.

Rat brain sections were hybridized with [*SJUTP- and [*S]CTP-
labeled riboprobes generated to the pRMuR-12 clone. The p re-
ceptor cRNA was generated from a PCR fragment subcloned into
pPGEM4Z (designated p5A-1) and corresponds to transmembrane
regions [l1-VI of the receptor. As p5A-1 was produced using
mouse § opioid receptor mRNA primers, we also used a 759 bp
EcoRI-BamHI cDNA fragment derived from the 5 region of the
PRMuR-12 cDNA clone. These two probes generated indistin-
guishable mRNA distributions. cRNA probe was diluted in hy-
bridization buffer (75% formamide, 10% dextran sulfate, 3x SSC,
50 mM Na,PO, [pH 7.4], 1x Denhardt’s solution, 0.1 ug/ml yeast
tRNA, 10 mM dithiothreitol) to give a final concentration of 1 x
10° to 2 x 10° cpm/30 pl. Diluted probe was applied to coronal
(40 ub) and horizontal (100 pl) sections. Glass coverslips were
placed over brain sections to keep ¢cRNA probes and hybridiza-
tion buffer in contact with tissue.

Slides were then transferred to chambers containing 50% for-
mamide and hybridized at 55°C, overnight. The slides were then
rinsed in 2x SSC (5 min) and treated with RNAase A (200 pg/
ml in 100 mM Tris [pH 8.0], 0.5 M NaCl) for 60 min at 37°C.
Subsequently, the sections were rinsed in 2x SSC for 5 min
(22°C) and 0.1x SSC for 60 min (65°C). Following the low salt
wash, sections were rinsed in water, and dehydrated through
graded alcohols, and air dried. Sections were apposed to Kodak
XAR-5 X-ray film for 1-11 days or dipped in NTB2 film emulsion
and developed 3-14 days later.
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