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Abstract

CATH.a cells are a catecholaminergic cell line of neuronal origin. The opioid receptor complement expressed by CATH.a cells was
Ž .defined pharmacologically and by reverse transcription-polymerase chain reaction RT-PCR . CATH.a cells were found to express mRNA

encoding all three of the major subtypes of opioid receptors. The relative abundance of CATH.a cell opioid receptor transcripts was
d)k)m. Pharmacological and functional data were in agreement with the results of RT-PCR inasmuch as d-opioid receptor was
identified as the most abundant opioid receptor subtype expressed by CATH.a cells. In addition, at least one of the opioid signalling
pathways, inhibition of adenylyl cyclase activity, was found to be operant in this cell line. CATH.a cells should be of general utility for
the study of opioid receptor signalling mechanisms in the context of catecholaminergic neurons. q 1998 Elsevier Science B.V.
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1. Introduction

Opiates exert their cellular effects via interaction with
several receptor subtypes that were initially identified by
pharmacological studies. Molecular cloning has confirmed
the existence of at least three major subtypes of opioid

Žreceptors: the m-, d- and the k-opioid receptors Chen et
al., 1993; Evans et al., 1992; Kieffer et al., 1992; Meng et

.al., 1993; Wang et al., 1993 as well as the opioid recep-
Žtor-related protein ORL1rLC132 Bunzow et al., 1994;

.Mollereau et al., 1994; Wang et al., 1994 for which an
Žendogenous ligand has been identified Butour et al., 1997;

Meunier et al., 1995; Reinscheid et al., 1995; Tian et al.,
.1997 . Although the ligand specificities and signalling

mechanisms of individual opiate receptors can be studied
in isolation through use of non-neuronal cells stably ex-
pressing a particular opioid receptor subtype, characteriza-

) Corresponding author. Tel.: q1-541-737-5809; fax: q1-541-737-
3999; e-mail: leidm@ccmail.orst.edu

1 The first two authors contributed equally to this work.
2 Present address: Department of Physiology and Pharmacology, Col-

lege of Veterinary Medicine, The University of Georgia, Athens, GA
30602, USA.

tion of opiate action at the level of the neuron requires use
of either brain tissue or neuronal cell lines.

The CATH.a cell line was developed from a brainstem
tumor of a transgenic mouse expressing the SV40 T

Žantigen driven by the tyrosine hydroxylase promoter Suri
.et al., 1993 . These immortalized cells are not of glial

origin but rather are catecholaminergic in nature express-
ing dopamine b hydroxylase and tyrosine hydroxylase,

Žand synthesizing dopamine and norepinephrine Suri et al.,
.1993 . The catecholaminergic phenotype of CATH.a cells

suggests that these cells may be derived from either locus
coeruleus or possibly other discrete catecholaminergic nu-

Ž .clei in brain Suri et al., 1993 . CATH.a cells also express
several markers of differentiated neurons including neuro-

Ž .filament proteins Suri et al., 1993 and voltage-sensitive
Ž . q 2q Žpotassium Baraban et al., 1995 , Na and Ca Lazaroff
. Ž .et al., 1996 channels. Bundey et al. 1997 have demon-

strated that CATH.a cells exhibit functional signalling
responses to corticotrophin-releasing factor, vasoactive in-
testinal peptide, bradykinin, and muscarinic acetylcholine
and a -adrenergic receptor agonists. CATH.a cells are2

somewhat heterogeneous in culture and do not display an
Žovert neuronal morphology Baraban et al., 1995; Qi et al.,

.1997; Suri et al., 1993 . However, recent studies have
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demonstrated that serum andror protein starvation of a
particular subclone of CATH.a cells induces differentiation

Ž . Ž .to CATH.a differentiated CAD cells Qi et al., 1997 .
CAD cells exhibit a pronounced neuronal morphology and
express a wider range of neuronal-specific markers than
the parental CATH.a cell line.

Although CATH.a cells have been used widely as a
neuronal cell line, a complete pharmacological characteri-
zation of the opioid receptor complement expressed by this
cell line has not been reported. The present study was

Ž .undertaken to elucidate the subtype s of opioid receptor
expressed by CATH.a cells and to characterize the func-
tional coupling of these receptors to signal transduction
pathways.

2. Materials and methods

2.1. Materials

w3 xH Diprenorphine was purchased from Amersham
Ž . w3 xw 2 5 xArlington Heights, IL and H D-Pen -D-Pen enkephalin
Žw3 x . w3 x w14 xH DPDPE , H adenine and C CAMP were pur-

Ž .chased from DuPont NEN Boston, MA . Bio-Rad AG-
50W-X4 cation exchange resin was purchased from Bio-

Ž .Rad Laboratories Hercules, CA . Neutral alumina,
w 2 4bestatin, captopril, forskolin and D-Ala , N-Me-Phe ,Gly-

5 x Ž .ol -enkephalin DAMGO were purchased from Sigma
Ž .St. Louis, MO , DPDPE was obtained from Bachem
Ž . Ž .Torrance, CA , and trans- " -3,4-dichloro-N-methyl-N-
w Ž .2- 1-pyrrolidinyl -cyclohexyl-benzeneacetamide methane-

Ž .sulfonate U50488 and levorphanol were purchased from
Ž . wŽ .RBI Natick, MA . 4- 3-Butoxy-4-methoxyphenyl
x Ž .methyl -2-imidazolidinone Ro20-1724 was a gift from

Ž .Hoffman-LaRoche Nutley, NJ . All other chemicals were
Ž .purchased from Gibco-BRL Grand Island, NY , Sigma or

Bachem.

2.2. Tissue culture and preparation of membranes

Mouse CATH.a cells were grown and passaged essen-
Ž .tially as described by Suri et al. 1993 on 100 mm plates

except that the RPMI medium was supplemented with
Ž .2.5% fetal bovine serum Hyclone and 7.5% horse serum

Ž .Gibco . Under these cell culture conditions, no evidence
of CATH.a cell differentiation was observed. Membranes
derived from CATH.a cells were prepared as follows: cell
monolayers were rinsed twice with 5 ml of ice-cold, 50

Ž .mM Tris–HCl pH 7.4 Buffer A , detached with a rubber
policeman, homogenized in a Dounce homogenizer and
centrifuged at 37 000=g for 10 min at 48C. The pellets
were washed twice, by resuspension and centrifugation as
above, with 5 ml of Buffer A and then the washed and
pelleted membranes were stored at y808C until used.

Ž .Chinese hamster ovary CHO cells stably expressing re-
Žcombinant m, k , and d-opioid receptors CHOm, CHOk

.and CHOd , respectively were maintained in F12 medium
containing 700 mgrml G418 and supplemented with 10%

Žfetal bovine serum as previously described Bunzow et al.,
.1995 . These cells were harvested and membranes pre-

pared as described for CATH.a cells.

(2.3. ReÕerse transcription-polymerase chain reaction RT-
)PCR

Total RNA was prepared from CATH.a cells using
Ž .Tri-Reagent Molecular Research Center . Poly A q

mRNA was prepared from total RNA by double purifica-
Ž .tion on oligo dT-Sepharose Pharmacia using standard

techniques. First-strand cDNA synthesis was carried out
using 1 mg of CATH.a cell poly AqmRNA, 200 units of

Ž .Moloney Murine Leukemia Virus M-MLV reverse tran-
Ž .scriptase Gibco-BRL , and 100 ng of random hexameric
Ž .primers Promega . Reverse transcription reactions were

performed at 378C for 60 min and terminated by heating at
658C for 15 min. Amplification of tyrosine hydroxylase
was used as an internal control for reverse transcription
and all polymerase chain reactions as follows: 5% of each
randomly-primed, reverse transcription reaction was sub-

Žjected to 5 rounds of PCR denaturation at 948C for 25 s,
.annealing at 458C for 1 min, extension at 728C for 50 s

Ž .using only tyrosine hydroxylase primers see Table 1 .
Ž .Opioid receptor subtype-specific primers Table 1 were

introduced into the reactions and an additional 42 cycles
were carried out as described above except that the anneal-
ing temperature was increased to 548C. Twenty percent of
each amplification reaction was subjected to electrophore-
sis on a 2% agarose gel and the amplified products were
visualized by ethidium bromide staining. The gel was then

Ž .blotted to a nylon membrane ZetaProbe, Biorad which
Žwas incubated in prehybridization solution 0.75 M NaCl,

0.075 M sodium citrate, 0.5% sodium dodecyl sulfate and
.Denhardt’s solution without albumin at 428C for 4 h prior

w32 xto probing overnight at 428C with P end-labelled oligo-
Žnucleotides specific for m, k and d-opioid receptors see

.Table 1 . The blot was washed in 2 = sodium
Žchloridersodium citrate SSC; 300 mM NaCl, 30 mM

.sodium citrate at 428C and then subjected to autoradiog-
raphy with intensifying screens for 4 to 24 h.

2.4. Radioligand receptor binding assays

Frozen membrane pellets were resuspended in 50 vol-
umes of ice-cold Buffer A and used immediately in radioli-
gand binding assays. The protein concentration was deter-

Ž .mined by the method of Lowry et al. 1951 using crys-
talline bovine serum albumin as the standard. Equilibrium

w3 xsaturation and competition experiments using H dipre-
Ž .norphine 39 Cirmmol were performed at 258C for 90

Ž .min and typically employed 150–400 mg CATH.a cells
Žor 80–100 mg CHO cells expressing recombinant opioid
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Table 1
PCR primers used for amplification of opioid receptor subtype and tyrosine hydroxylase cDNA from CATH.a cells

X X X X X X X XŽ . Ž . Ž .cDNA 5 Primer 5 -3 Oligonucleotide probe 5 -3 3 Primer 5 -3 Expected size of amplified
Ž .PCR product bp

Ž . Ž . Ž .DOR CTGGACTTCCGGACACCAGCC nt 703–724 TGGTATGCATGCTCCAGTTCCCCAG nt 821–845 ACGCAGATCTTGGTCACAGTG nt 884–863 181
Ž . Ž . Ž .KOR TTGGACTTCCGAACACCTTTG nt 684–704 ATGTCATTGAATGCTCCTTGCAGT nt 802–826 ACACAGATCTTCATGAAGAGA nt 873–852 189
Ž . Ž . Ž .MOR CTGGATTTCCGTACCCCCCGA nt 743–764 TAGATTGCACCCTCACTTTCTCTCA nt 861–885 ACACAGATTTTGAGCAGGTTC nt 924–903 181

Ž . Ž .TH ACCTTTCCTTCCTTTATTG nt 1501–1520 y AAATGCATAGGGTACCACC nt 1773–1754 272
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.receptors of membrane protein. All radioligand binding
experiments were carried out in 2.0 ml of Buffer A
supplemented with 3 mM magnesium acetate, 30 mM
captopril, 10 mM bestatin and 50 mM L-leucyl–L-leucine,
and the reactions were terminated by rapid filtration over

ŽGFrB filters which had been presoaked in 0.5% polyeth-
.ylenimine to reduce non-specific binding using a Brandel

Ž .Cell Harvester. The filters were rapidly washed 3=4 ml
with ice-cold Buffer A, dried and eluted overnight in

Ž .CytoScint ICN scintillation cocktail prior to counting
using a Beckman LS6000SC scintillation counter. Non-
specific binding was defined as that occurring in the
presence of either 10 mM levorphanol or 10 mM DPDPE,

w3 xboth of which gave identical results. The H dprenorphine
concentration used in all competition experiments ranged
from 2 to 5 nM. Equilibrium saturation experiments using
w3 x Ž .H DPDPE 32.4 Cirmmol were performed at 258C for
90 min as described above except the magnesium acetate
concentration used in the assay employing this agonist
radioligand was 9 mM rather than 3 mM.

2.5. Adenylyl cyclase actiÕity assays

Adenylyl cyclase assays were performed according to a
Ž .modification of the method described by Salomon 1979 .

CATH.a cell monolayers were washed twice with serum-
Ž .free RPMI medium Gibco-BRL and then incubated for 4

h in 1 ml of the same medium containing 1.2 mCi
w3 x Ž .H adenine 26.9 Cirmmol . This media was then aspi-
rated and replaced with serum-free RPMI medium contain-

Ž .ing a phosphodiesterase inhibitor 50 mM Ro20-1724 and
Žpeptidase inhibitors 10 mM bestatin, 30 mM captopril, 50

.mM L-leucyl–L-leucine . These cultures were incubated at
378C for 30 min in the presence of 5 mM forskolin and
increasing concentrations of DPDPE. Incubations were

Žterminated by the addition of 300 ml of stop solution 2%
w x .sodium dodecyl sulfate SDS , 1.3 mM cAMP , followed

by addition of 750 ml water, and 100 ml concentrated
w14 x Žperchloric acid. C cAMP 5000 cpm in 50 ml; 52.3

.mCirmmol was added to each plate and used to normal-
ize for cAMP recovery. After transferring the contents of
culture dishes to 1.5 ml centrifuge tubes, 12 M KOH was
added to neutralize the samples. The resulting precipitate
was removed by centrifugation at 10 000=g for 10 min
and cAMP in the supernatant was isolated by sequential
chromatography over AG-50W-X4 cation exchange resin

w3 xand neutral alumina columns. The amount of H cAMP
w14 xand C cAMP present in eluates from these columns was

quantified simultaneously by two-channel liquid scintil-
latography using a Beckman LS 6000SC scintillation
counter. Counts were corrected for crossover and recovery.

2.6. Data analysis

Ž .An iterative, curve-fitting routine GraphPad Prism
was used in all data analyses.

3. Results

3.1. Opioid receptor subtype-specific RT-PCR

The results of RT-PCR analysis revealed that CATH.a
cells express mRNA encoding all three of the major

Ž .subtypes of opioid receptors Fig. 1A and B . However,
the relative abundance of the three opioid receptor tran-
scripts varied dramatically. Delta opioid receptor mRNA
was found to be the most abundant opioid receptor tran-
script expressed in CATH.a cells and the corresponding
amplified fragment was detected by both ethidium bromide

Ž . Žstaining Fig. 1A, lane 2 and by Southern blotting Fig.
.1B, lane 2 . Although amplified fragments derived from

either k or m transcripts were not detectable by ethidium
Ž .bromide staining Fig. 1A, lanes 4 and 6, respectively ,

Southern analysis of amplification reactions revealed the
Žpresence of both transcripts in CATH.a cells Fig. 1B,

.lanes 4 and 6, respectively . From these studies, we con-
clude that the relative expression level of the three opioid
receptor genes in CATH.a cells is: d)k)m.

Ž .Fig. 1. RT-PCR analysis of CATH.a cell opioid receptor mRNA. A
Ethidium bromide-stained gel representing RT-PCR analysis of CATH.a

Ž .cell mRNA. Reactions were carried out in the absence lanes 1, 3, and 5
Ž . Ž .and presence lanes 2, 4, and 6 of reverse transcriptase RT and d

Ž . Ž . Ž .DOR -, k KOR -, m MOR -specific primers as indicated. The migra-
Ž .tion of two markers 279 bp and 181 bp is indicated to the left and that

Ž .of tyrosine hydroxylase TH is indicated to the right of the gel. Tyrosine
hydroxylase, which is highly expressed in CATH.a cells, was used as an
internal control for amplification reactions and gel loading. The expected
sizes of amplified fragments from d , k , m receptors are 181, 189 and

Ž .181 bp, respectively. B Southern analysis of the gel shown in A. These
w32 xblots were individually probed with P -labeled, opioid receptor sub-

type-selective probes under stringency conditions which minimized
cross-hybridization.
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w3 xFig. 2. Saturation isotherm of H diprenorphine binding to CATH.a cell
membrane preparations. Data were pooled from four independent experi-
ments performed in duplicate. Non-specific binding was defined in the
presence of 10 mM levorphanol, however, use of 10 mM DPDPE to
define non-specific binding yielded identical results. The theoretical curve
shown was obtained by non-linear regression analysis which yielded the
parameter estimates given in the figure.

3.2. Radioligand binding studies

Radioligand binding experiments were carried out to
verify the existence, and to determine the subtype comple-
ment of CATH.a cell opioid receptors. A non-selective

w3 xopioid receptor antagonist radioligand, H diprenorphine,
was used for the initial radioligand binding studies to
establish the presence and quantitate the density of opioid

w3 xreceptors in CATH.a cell membrane preparations. H Di-
Žprenorphine bound saturably and with high affinity K sD

.0.98"0.16 nM to an apparently homogenous population
of recognition sites in membrane preparations derived

Žfrom CATH.a cells B s137"9 fmolrmg of protein;max
.Fig. 2 . Definition of non-specific binding using either

Ž .levorphanol or DPDPE each at 10 mM yielded identical
w3 xparameter estimates for H diprenorphine saturation ex-

w3 xperiments. The affinity of H diprenorphine for recombi-
nant m-, k- and d-opioid receptors was determined in
parallel saturation experiments to be 0.23, 0.31 and 0.62

Ž .nM, respectively data not shown . Although not defini-
w3 xtive, the affinity with which H diprenorphine labelled

CATH.a membranes was most similar to that of recombi-
nant d-opioid receptor.

Toward the goal of pharmacological characterization of
the CATH.a cell opioid receptor population, the ability of
three prototypic, receptor subtype-selective compounds
Žd-selective DPDPE, m-selective DAMGO, and k-selec-

. w3 xtive U50488 to inhibit H diprenorphine binding to
CATH.a cell membrane preparations was evaluated. Com-
petition radioligand binding experiments were carried out
in parallel using membranes derived from CHO cells
stably expressing recombinant m, K , and d-opioid recep-
tors to facilitate unambiguous classification of the opioid

Ž .receptor subtype s expressed by CATH.a cells. Parameter
estimates which describe these titration experiments are
given in Table 2. The rank-order of potency with which

w3 xsubtype-selective compounds inhibited H diprenorphine
binding in CATH.a membranes was as follows: DPDPE
)))DAMGO)U50488

w3 xDPDPE inhibition of H diprenorphine binding in
CATH.a cell membrane preparations was nearly identical
to that obtained using CHO cells stably expressing d-opioid

Ž .receptor Table 2 . Moreover, the weak potency with
w3 xwhich DAMGO and U50488 displaced H diprenorphine

from CATH.a cell membranes was consistent with the low
w3 xaffinity of these opioids as inhibitors of H diprenorphine
Ž .binding to recombinant d-opioid receptor Table 2 . These

findings, together with the results of RT-PCR, suggest that
the predominant opioid receptor expressed by CATH.a
cells is of the d subtype.

w3 xTitration of H diprenorphine binding by DAMGO,
U50488 and DPDPE was biphasic when using membranes
prepared from CHO-m, -k and -d , respectively, consistent

Ž .with the existence of high G protein-coupled and low
Ž .uncoupled agonist affinity states of these recombinant

Ž . w3 xreceptors Table 2 . Titration of H diprenorphine binding
to CATH.a cell membranes by DPDPE, but neither
DAMGO nor U50488, was also biphasic suggestive of a
heterologous d-opioid receptor population in these cells
Ž .Table 2 . The interconvertible nature of the two popula-
tions of CATH.a cell d-opioid receptors was investigated

Ž .by examining the influence of Gpp NH p on DPDPE

Table 2
w3 xParameter estimates for inhibition of H diprenorphine binding by subtype-selective, opioid receptor agonists in membrane preparations derived from

CATH.a cells and stably-transfected CHO cells expressing recombinant opioid receptor subtypes

CHO-m CHO-K CHO-d CATH.a

Ž .K "S.E. nMI

Ž .DAMGO 0.21"0.02 64% 275"23 70"3 268"113
Ž .12.50"9.90 36%

Ž .U50488 109"6.3 0.04"0.01 42% )10 000 )10 000
Ž .2.25"0.07 58%

Ž . Ž .DPDPE 438"17 )10,000 0.46"0.03 94% 0.48"0.14 31%
Ž . Ž .36.7"15 6% 3.12"0.50 69%

Ž .Parameter estimates were obtained by fitting raw data with a logistic equation using an iterative curve-fitting routine GraphPad . Two-site models that
Žprovided a statistically significant improvement in fit are indicated along with the corresponding fraction of receptor sites described by that affinity state in

.parentheses . All data were obtained from a single, representative experiment performed in triplicate and replicated 3–5 times.
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w3 xFig. 3. Regulation of DPDPE displacement of H diprenorphine binding
Ž .in CATH.a cell membranes by Gpp NH p. Data shown are from a

representative experiment performed in triplicate and replicated twice.
w3 xDPDPE titration of H diprenorphine was biphasic in the absence but

Ž .monophasic in the presence of 300 mM Gpp NH p. The curves shown
were obtained by non-linear regression and are based on parameter
estimates given in Table 3.

w3 xtitration of H diprenorphine binding. DPDPE titration
Ž .curves were monophasic in the presence of Gpp NH p and

corresponded to the low affinity component of curves
generated in the absence of this non-hydrolyzable guanine

Ž .nucleotide Fig. 3, Table 3 . These experiments suggest
that the CATH.a cell d-opioid receptor, like that in mem-

Žbrane preparations derived from other cell lines Law et
.al., 1985 , exists in two interconvertible agonist affinity

states.
Toward the goal of providing direct evidence to support

the hypothesis that CATH.a cells express predominantly
d-opioid receptor, radioligand binding experiments were
carried out using the d-opioid receptor-selective agonist

w3 x Ž .radioligand H DPDPE Fig. 4 . Consonant with the la-
w3 xbelling of a d-opioid receptor, H DPDPE bound sat-

urably and with high affinity to CATH.a cell membranes.
The density of CATH.a cell d-opioid receptor labelled by

w3 xthe agonist H DPDPE was approximately 5-fold lower
w3 xthan that labelled by H diprenorphine. The number of

w3 xsites labelled by H DPDPE, however, corresponds to the
high agonist affinity component of DPDPE titration of
w3 x ŽH diprenorphine 22–32% high affinity, 68–78% low

.affinity, see Fig. 3 and Tables 2 and 3 . Therefore, these
findings are consistent with data derived from RT-PCR

w3 xFig. 4. Saturation isotherm of H DPDPE binding to CATH.a cell
membrane preparations. The data presented are derived from a representa-
tive experiment performed in duplicate and replicated twice. Non-specific
binding was defined in the presence of either unlabelled DPDPE or

Ž .levorphanol each at 10 mM which gave identical parameter estimates
w3 xfor H DPDPE binding. The theoretical curve shown is based on the

parameter estimates given.

and competition radioligand binding experiments described
above in that d-opioid receptor appears to be the predomi-
nant opioid receptor expressed by CATH.a cells.

3.3. Adenylyl cyclase actiÕity studies

Based on the finding that d-opioid receptor couples to
Ž .CATH.a cell G proteins Figs. 3 and 4; Tables 2 and 3 ,

experiments were carried out to investigate the functional
consequence of d-opioid receptor activation in intact
CATH.a cells. Delta opioid receptor, like other opioid
receptor subtypes, inhibits adenylyl cyclase activity via a
functional interaction with the inhibitory guanine nu-

Žcleotide, G Evans et al., 1992; Kieffer et al., 1992;i
.Yasuda et al., 1993 . DPDPE maximally inhibited

forskolin-stimulated CATH.a cell adenylyl cyclase by ap-
Žproximately 40% with an IC of 1.86"0.48 nM Fig.50

.5A . This IC value is in general agreement with the K50 I

of DPDPE determined in competition radioligand binding
Ž .experiments Fig. 3; Tables 2 and 3 . Inhibition of

forskolin-stimulated CATH.a cell adenylyl cyclase activity
by DPDPE was fully reversible by the opioid receptor

Ž .antagonist, naloxone Fig. 5B , indicating that this inhibi-

Table 3
Ž . w3 xRegulatory effect of Gpp NH p on DPDPE titration of H diprenorphine binding in CATH.a cell membranes

Ž .Gpp NH p One-site model Two-site model F P

Ž .K nM Site 1 Site 2I

Ž . Ž .K nM % High K nM % LowIŽH . IŽL.

none y 0.28"0.08 22 2.7"0.4 78 5.1 0.014
a a a a300 mM 5.9"0.9 y y y y 2.15 0.15

aA two-site model does not provide a statistically significant improvement in fit for these data.
K and K correspond to the inhibitor constants for the high and low agonist affinity states, respectively. The F-value for improvement in fit wasIŽH . IŽL.
calculated from an analysis of residuals and the P-value represents the significance in the improvement of fit when comparing two- and one-site models.
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Fig. 5. Inhibition of CATH.a cell forskolin-stimulated adenylyl cyclase
Ž .activity by DPDPE in CATH.a cells. A DPDPE dose-response curve.

Ž .Forskolin 5 mM stimulated basal CATH.a cell adenylyl cyclase activity
Ž .15-fold data not shown . Data shown are derived from two pooled

experiments in which all points were determined in triplicate. The IC50

value for DPDPE inhibition of forskolin-stimulated CATH.a cell adenylyl
Ž .cyclase activity was 1.86"0.48 nM. B 100 nM DPDPE inhibited the

forskolin-stimulated adenylyl cyclase activity by approximately 40% and
this effect was completely reversed by concomitant treatment of CATH.a
cells with 10 mM naloxone.

tion is mediated by an interaction with an opioid receptor.
These data corroborate the above studies which identified
d-opioid receptor as the predominant subtype of opioid
receptor expressed by CATH.a cells and demonstrate that
these receptors are functionally coupled to G .i

4. Discussion

To our knowledge, this is the first description and
pharmacological characterization of endogenous opioid re-
ceptors in the catecholaminergic CATH.a cell line. The
results of these studies indicate that CATH.a cells express
all three of the major subtypes of opioid receptors with the
relative level of expression being d)k)m.

CATH.a cell expression of d-opioid receptor was veri-

fied by experiments employing RT-PCR, and by radioli-
gand binding and functional analyses, whereas evidence
for k- and m-opioid receptor expression in these cells was
derived only from RT-PCR analysis. Two parameters were
considered in the design of opioid receptor subtype-specific
primers for use in RT-PCR. Firstly, all PCR primers were
designed to minimize cross-hybridization and priming from
cDNA corresponding to other opioid receptor subtypes and

Žthis was verified using appropriate plasmid DNA data not
.shown . Secondly, all forward and reverse PCR primers

Žused herein were derived from exons 2 encoding amino
. Žacids in the second cytoplasmic loop and 3 correspond-

.ing to the second extracellular loop , respectively. Thus, all
fragments amplified by PCR spanned an exon-intron junc-
tion that is present in genes encoding d-, m- and k-opioid
receptors. This latter modification prevented, or facilitated
detection of, priming from contaminating genomic DNA.
As an additional specificity control, receptor subtype-selec-

Žtive probes derived from the second extracellular loop
.region of exon 3 were used for Southern analyses under

hybridization and washing conditions that minimized
cross-hybridization with other opioid receptor subtypes.
Together, these modifications facilitated unambiguous
identification of and discrimination between amplified
fragments derived from the three major subtypes of opioid
receptors.

The results of our pharmacological analyses also indi-
cate that the major opioid receptor expressed by CATH.a
cells is of the d subtype. Membranes prepared from
CATH.a cells bound the promiscuous opioid antagonist

w3 xradioligand H diprenorphine with a K of 0.98 nM, ad

value that agrees well with previous studies employing
Ž .NG108-15 cells Vachon et al., 1987 and recombinant
Ž .d-opioid receptor Evans et al., 1992 , The pharmacologi-

cal signature of CATH.a cell opioid receptors, as deter-
w3 xmined by titration of H diprenorphine binding by opioid

receptor subtype-selective agonists, was consistent with
CATH.a cell expression of predominantly d-opioid recep-

Ž .tor DPDPE ))) DAMGO ) U50488 . This agonist
titration profile as well as the absolute parameter estimates
describing these titration curves were indistinguishable
from parallel experiments carried out using membranes
derived from CHO cells stably expressing recombinant
d-opioid receptor. Moreover, the existence of CATH.a cell
d-opioid receptor was demonstrated directly using the d-

w3 xopioid receptor-selective agonist radioligand H DPDPE.
w3 x Ž .As expected, H DPDPE detected a fraction 22–32% of

w3 xthe CATH.a cell membrane sites labelled by H dipre-
norphine corresponding to the subpopulation of CATH.a
cell d-opioid receptors displaying high affinity for unla-

w3 xbelled DPDPE in H diprenorphine titration experiments
Ž .Fig. 3; Tables 2 and 3 . Finally, DPDPE potently and
robustly inhibited forskolin-stimulated CATH.a cell adeny-
lyl cyclase activity in a naloxone-reversible manner
demonstrating that d-opioid receptors are functionally cou-
pled to G in CATH.a cell membranes.i
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Ž .In a previous report, Baraban et al. 1995 demonstrated
that the k-opioid receptor-selective compound U50488, but
neither m- nor d-selective agonists, suppressed a voltage-
activated Kq current in CATH.a cells. Although mRNA
encoding k-opioid receptor is present in CATH.a cells, the
abundance of this transcript is approximately 10% that of

Ž .d-opioid receptor mRNA Fig. 1B and data not shown .
w3 xRadioligand binding experiments employing H dipre-

norphine to label CATH.a opioid receptors were not sug-
Ž .gestive of k-opioid receptor labelling see Table 2 , how-

ever, this may be related to the extremely low expression
of this protein in a population of cells grown in a mono-

Ž .layer. In contrast, Baraban et al. 1995 , who isolated
single CATH.a cells for electrophysiological recordings,
may have fortuitously selected a particular subtype of cell

Žfrom the heterogeneous CATH.a cell population Qi et al.,
.1997 that expresses higher levels of k-opioid receptor.

Alternatively, a single cell type in the heterogenous
CATH.a cell population may express all three subtypes of
opioid receptors with each receptor subtype preferentially

Žassociated with specific transduction systems for example,
d- and k-opioid receptors may preferentially inhibit
CATH.a cell adenylyl cyclase and Kq channel activity,

.respectively .
The CATH.a cell line possesses many of the phenotypic

properties of noradrenergic neurons of the locus coeruleus
including high level expression of tyrosine hydroxylase

Žand production of dopamine and norepinephrine Suri et
.al., 1993 . The locus coeruleus is composed of at least two

cell types that exhibit a catecholaminergic phenotype, in-
Ž .termediate- and medium-sized neurons Foote et al., 1993 .

ŽNeither d-opioid receptor mRNA Mansour et al., 1995;
. ŽMansour et al., 1994 nor protein Tempel and Zukin,

.1987 were detected in locus coeruleus by in situ hy-
bridization and receptor autoradiography, respectively.
Nonetheless, it remains possible that d-opioid receptor is
present in locus coeruleus at levels below the limit of

Ž .detection for these techniques. Indeed, Bagetta et al. 1990
Ž .and Elde et al. 1995 have provided pharmacological and

immunohistochemical evidence, respectively, for expres-
sion of d-opioid receptor in locus coeruleus. However, we
cannot presently exclude the possibility that CATH.a cells
may be derived from catecholaminergic neurons outside
the locus coeruleus. This cell line was established from a
primary tumor that arose in a transgenic mouse expressing
SV40 T antigen under the control of the tyrosine hydroxyl-
ase promoter. In addition to locus coeruleus, tyrosine
hydroxylase is also expressed in discrete nuclei located in
olfactory bulb, lateral tegmental area, midbrain and brain-
stem, any of which may have given rise to the tumor from

Ž .which CATH.a cells are derived Suri et al., 1993 . Re-
gardless of their locus of origin, CATH.a cells represent a
useful cell culture model for study of opioid action and
signal transduction mechanisms in the context of a cate-
cholaminergic neuronal cell line.
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