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SUMMARY
Opossum kidney cells are an established epithelial cell line which
is often studied as a physiological model system of renal proximal
tubule function, and which has also been shown to possess
dopamine receptors. To identify dopamine receptor subtypes
present in renal tissue, as well as to explore the usefulness of
opossum kidney cells for the study of Dl dopamine receptors
and renal dopaminergic physiology, we have undertaken the
cloning and characterization of the dopamine receptor expressed
in this cell line.
In the brains of rats and humans, two different subtypes of Dl
dopamine receptors, D1A and �, have recently been charac-
terized (1). The OK cell Dl receptor message is 4500 bp long

and exhibits extensive homology with the rat and human D1A
subtypes of dopamine receptors. Pharmacological experiments
were performed on COS-7 cell membranes transiently trans-
fected with this cDNA. Binding properties were compared with
those reported for OK cell membranes, and comparison experi-
ments were performed in parallel with the human D1A expressed
transiently in the same system.
Molecular techniques including Northern blotting, in situ hybridi-
zation, and RNase protection analysis were used to study the
expression pattern of the OK cell Dl receptor message. Expres-
sion of both D1A and Dl B subtypes was detected in both the
opossum brain and the opossum kidney, however, the OK cell
line expresses exclusively the D1A receptor subtype.

Dopamine, an important neurotransmitter in the central

nervous system, has also been shown to play a role in the

physiology of peripheral tissues such as the vasculature and

kidney (1, 2). Dopaminergic effects in the periphery, as in the

brain, are mediated by specific GTP-binding protein-coupled

receptors. Dopamine receptors outside of the central nervous

system were extensively characterized by physiological studies

of arterial vasodilation, and they have been classified as either

DA1 or DA2 based on potency series ofagonists and antagonists

(3). Although this system of nomenclature differs from the

original D1/D2 classification based on receptor coupling that

arose from studies of rat brain homogenates, DA1 and Dl as

well as DA2 and D2 appear to have analogous properties (4).

Physiological as well as ligand binding studies have identified

dopamine receptors in both the renal vasculature and the

proximal section of the nephron (5-7). In the renal cortex of

placental mammals, dopamine has been shown to function in

a paracrine manner to produce natriuresis and diuresis (8).
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These effects are thought to result from an inhibitory effect of

dopamine on sodium reuptake within the tubule caused by

dopaminergic inhibition of the Na7H� antiporter and Na7K�

ATPase (9, 10). Dopamine receptors in renal tubules have been

shown to bind Di-selective drugs and mediate activation of

both adenylyl cyclase production of cAMP, and phospholipase

C-mediated production of inositol trisphosphate (11, 12).

Some studies, however, have suggested that there might be

pharmacological differences between the dopamine receptors

expressed in renal and vascular tissues and those expressed in

the central nervous system (13). Several drugs, most notably

(+)-sulpiride, fluphenazine, and lisuride, have been reported to

display pharmacological properties which differ between an

assay based on the in vivo measurement of renal vasodilation

in dogs and an assay based on stimulation of adenylyl cyclase

in rat basal nuclei homogenates (14). Similarly, Northern blot

analysis of human and rat kidneys has failed to demonstrate

expression of either of the cloned Dl receptor subtypes in these

tissues (reviewed in Ref. 1).

OK cells are an epithelial cell line which is derived from the

kidney of a North American opossum, Dideiphis virginiarta,

and which possesses various characteristics of proximal tubules
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(15). These characteristics include Na�-coupled uptake mech-

anisms for amino acids and hexoses, expression of parathyroid

hormone receptors, parathyroid hormone-regulated Na� and

phosphate transport, and expression of Escherichia coli enter-

otoxin receptors which have previously been shown within the

opossum kidney to only be expressed on cells in the proximal

tubule (15, 16). Consequently, these cells have become an

important in vitro model system for proximal tubular physio-

logical studies. Previous work in our laboratory has shown that

this cell line expresses dopamine receptors which have a Dl-

like pharmacological profile and are coupled to adenylyl cyclase

(17).

We report here the cloning and sequence of a dopamine

receptor from OK cells which is highly homologous to the
human and rat striatal D1A receptors, pharmacologically simi-

lar to these receptors, and coupled to stimulation of adenylyl

cyclase. Although initial characterizations had failed to localize

the D1A receptor from rats and humans in the renal cortex, the

OK cell dopamine receptor is expressed in both the brain and

renal cortex of the opossum. The high degree of sequence

identity of this receptor with the D1A receptor described in

placental mammals suggests that it is the opossum homolog of

this subtype.

Materials and Methods

DNA/RNA techniques. Previously published procedures for work
with nucleic acids were used without modification for Northern analysis

and routine DNA manipulations (18, 19). RNA was prepared by cen-

trifugation through a cushion of CsC1 (18).

RNase protection analysis. The KpnI-BamHI fragment of the
OK cell Dl receptor and the BpmI-XhoI fragment of the opossum D1B

receptor subtype were subcloned into Bluescript and used to prepare
single-stranded RNA antisense probes labeled with [a-32P]CTP. These

probes were hybridized with 50 �zg of total cellular RNA prepared from

opossum brain (the entire right hemisphere), kidney (a wedge of tissue

composed of about two-thirds cortex and one-third medulla), or the
OK cell line. Hybridization was performed at 50� overnight, and the
mixtures were digested by RNase A and RNase Ti for 1.5 hr at 30� as

described (19). Digests were analyzed on a 7 M urea 6% acrylamide

sequencing gel, and band intensities were quantitated using a
Phosphorlmager and ImageQuantTM software (Molecular Dynamics).

Preparation of the full-length gene construct. The full-length
cDNA construct was prepared from DNA fragments obtained by several
methods. An OK cell cDNA library (20) (a generous gift from D.

Bylund) was screened (18) with a nick-translated probe derived from
the human D1A NcoI-HindIII fragment covering from the beginning of

the coding region to the middle ofthe fifth transmembrane region (21).
This yielded one positive hybridizing clone with a 960-bp insert. By

comparison with the human D1A receptor, this insert extended from
the 5’-untranslated sequences to the beginning of the TM V at a site

80-bp downstream of the Sac! site (nucleotide 504) which is underlined

in Fig. lB. A RACE protocol (22) was performed in which a primer of

sequence (5’ GACTCGAGTCGACATCGT1T 3’) was used to synthesize

the first strand cDNA from a sample of 5 �sg of OK cell total cellular
RNA using reagents obtained commercially (Invitrogen). Using an oligo
primer from TM IV (5’ TGCTTGGACTTTGTCTGTGTTG 3’) and
the 5’ halfofthe above primer (5’ GACTCGAGTCGACATCG 3’), one
round of RACE PCR was performed for 35 cycles of 1 mm at 93’, i

mm at 55’, and 2 mm at 72’, followed by i cycle of 10 mm at 72’, and

amplified products were gel purified and subcloned into the pCR i000
TA cloning system (Invitrogen). All ofthe transformants obtained were

truncated and none contained the termination codon of the coding

sequence or the 3’ primer. The longest fragment obtained extended to
nucleotide i326, within 15 bp of what turned out to be the location of

the termination codon. This piece was spliced to the fragment obtained

from the cDNA library using the Sac! site and a restriction site in the
polylinker 3’ to the truncation site. To obtain the remaining sequences,

a primer from TM VI (5’ CATATTGAACCGCATGGTACC 3’) was
used with the RACE primer described above for a second round of

RACE PCR, and the PCR product was sequenced directly without
subcloning, as described below. Using this sequence information, a final

primer (5’ GGATCCGAATTCAGGATTCATCTTACG 3’ ) comple-

mentary to the messenger strand and adjacent to the termination codon
was used with the TM VI oligo to prepare the 3’-most piece of the

construct by PCR. This piece was cloned in using the BamHI site at

nucleotide 1225 and the BamHI site engineered into the primer. The

correct orientation was identified using the EcoRI site adjacent to the

BamHI site within the primer.

Sequencing. Sequencing was performed by the dideoxy method of
Sanger et a!. (23), with commercially obtained reagents (Pharmacia).

Sequencing directly on DNA templates obtained by PCR was performed
by a combination of previously published protocols (24, 25). Briefly,

commercially obtained reagents (Pharmacia) were supplemented with

0.5% NP-40 detergent (Sigma). An amount of 0.25 pmol of double-
stranded template in annealing buffer (10 mM Tris-HC1, pH 7.5, 0.1

mM EDTA, 50 mM NaCl, 7 mM MgCl2, 15 mM dithiothreitol, 0.5% NP-

40) was combined with 20 pmol of primer and heat denatured in a

boiling water bath for 3 mm and then snap cooled in a dry ice/methanol

bath. Labeling was allowed to proceed for 45 sec at room temperature
followed by termination for 5 mm at 37’ . An aliquot of 2 Ml of chase

solution containing 1 MM dNTPs, 50 mM NaCl, and 0.5% NP-40 was
added, and the reaction was allowed to proceed 5 mm at 37’ . The
reaction was then stopped with 6 Ml of stop solution, and the reactions
were electrophoresed on a 6% acrylamide denaturing gel. Sequences
were analyzed using software from the Genetics Computer Group.

Cellular expression. The full-length expression construct was
subcloned behind the CMV promoter in the pCMV5 expression vector

(21). This construct was then used to transiently transfect African

green monkey kidney cells (COS-7) by the DEAE-dextran procedure

(26), or 293 cells by the calcium phosphate procedure (26).

Adenylyl cyclase study. Adenylyl cyclase activity in 293 cells was

measured 72 hr after transfection. Crude membranes from transfected
cells were prepared and resuspended to -1.25 mg ofprotein/ml in assay

buffer (75 mM Tris-HC1, pH 7.2; 5 mM MgCl2; and 2 mM EDTA, pH
8.0). Enzymatic activity was measured in a final volume of 50 Ml

according to a previously described method (17).
Ligand binding. Saturation and competition assays were per-

formed as previously described (26). Drugs were obtained from the

following sources: cis-flupenthixol (Lundbeck, Denmark), SCH 23390
(Schering Plough, Bloomfield, NJ), (+)-butaclamol, dopamine-HC1,

haloperidol, 5,6-ADTN, SCH 23388, (-)-butaclamol, 6,7-ADTN, bul-
bocapnine (Research Biochemical Industries), fenoldopam, and SKF
38393 (Smith, Kline & French). ‘251-labeled SCH 23982 was purchased

from New England Nuclear or prepared by iodination with chloramine
T (27). Binding on tissue slices was performed as described previously

(28).

In 8itU hybridization. Opossums obtained from a local supplier

were killed by injection of an overdose of sodium pentobarbital. Brains
and kidneys were frozen in isopentane precooled in dry ice, and 15-�tm

slices were cut in a cryostatic microtome and transferred to silylated

slides (Onasco). Single-stranded RNA probes were made using RNA

polymerase promoters flanking a 792-bp fragment of the cDNA cloned
into pSP 72 (bp -147 to 582). Hybridization and washing was as

reported previously (28) and included treatment with RNase A to
eliminate any signal from homologous but nonidentical sequences.

Slides were exposed to x-ray film then dipped in a photographic

emulsion (NTB-2, Kodak).

Results

OK cells are an epithelial cell line established from the

opossum kidney that resemble the mammalian proximal tubule
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�rrCTC��CTTAGCTTGCAAATTATAAATACATATCTAAAAATr’1tC�nCCAGTTGTTA1I’rGGAATACAGACATC

TATATAAAAGAGAAGACATTCAACAGAAGCTCTACATCAAC�NGGTGAAATATACAATAGAGACATA

ATG CCC

MET Pro

rio; AAT GAC ACA ACT ATO GAC AGA AGA COG CTG GTA GTG GAA AGG GAC TTC TCC TTC CGC

Leu Ann Asp Thr Thr MET Asp Arg Arg Gly Leu Val Val Glu Arg Asp Phe Sec Phe Arg

ATC CTT ACT CCC TGC TIC CTT 1�A CTA TFG ATC Cr0 TCT ACA C�I� TriO GGA AAT ACT TTG

lie Leu Thr Ala Cys Phe Leu Sec Leu Leu Ile Leu Ser Thr Leu Leu Gly Asri Thr Leu

G�P7 IST GCA GCT GTC ATC AGG �1�C CCC CAC CTA AGG TCC AAG GTG ACT AAT TTC TTT GTC

Val Cys Ala Ala Val Ile Arg Phe Ar#{231}jHis Leu Arg Ser Lys Val Thr Asn Phe Phe Val

ATC TCG ‘1�rG GCT OTT TCT GAC CTC 11�A GTA OCT GTC � GTC ATG CCC TOG AAA GCT GTT

Ile Ser Leu Ala Val Ser Asp Leu Leu Val Ala Val Leu Val MET Pro Trp Lys Ala Val

GCA GAG ATT CCC GOT 11�C 110G CCC 11�T COC TCC tIC 1�C AAT ATC TOG GTG GCA TTT CAT

Ala Glu Ile Ala Gly Phe Trp Pro Phe Gly Ser Phe Cys Aso Ile Trp Val Ala Phe Asp

ATC ATO TOT TCT ACO CCC 1�C ATT CTA AAC TTA TOT CTC ATC ACT OTT CAT AGA TAT TOG

Ile MET Clis S#{128}�Thr Ala Ser 11#{128}Leo Aso Leo Cy� Val Ile Ser Val Asp Arg Tyr Trp

GCT ATT TCC ACT CCC VIT CGC TAT GAG AGA AAA ATG ACC CCC AAG GCA CCC TTC ATT TTG

Ala lb S�r Ser Prc Phe Ar.j Tyr Glu Arj Lys MET Thr Pro Lys Ala Al� the Ile Leu

ATC ACT GTT GCT lOG ACT 1�rG l�T GTG 1117 ATT ICC 1’TC ATT CCA GTA CAG TTG AAT TGG

lb Cer Val Alt Trp TSr Leo Ser Val Leu Ile Ser Phe Ile Pro Val Gb Leu Asn Tsp

CISC AuG CCC AGA CCC CTG AGC TCA CCA CAT CCC A/iT GTT AGT TCC CAA GAT GAG ACA ATG

His Lys Ala Asq Pro Less Ser Ser Pro Asp Gly Asn Val Ser Ser Glri Asp Glu Thr MET

CAC AAC ‘ITT GAC TCT AGC CTC AGC ACG ACA TAT CCC ATC TCT TCT TCT CTT ATT ACC TTT

Asp Ass Cjs Asi. Ser Ser Lou Cer ArC Thr Tyr Ala Ile Sec Ser Ser Leu Ile Ser the

TAC ATT CCA GIG GCT ATC ATC ATA CTC ACA TAO ACG ACG ATC TAC AGG ATT GCA CAG AAG

Tyr Ile Pro Val Ala Ile MET Ile Val Thr Tyr Thr Ar� Ile P�’r Arj Ile Ala Gb Lys

CAA ATA AGA CGA ATC TCA GCT CrC GA(; ACA CCT GCC GTT CAT CCC AAG AAC TGC CAC AAC

GIn Ile Arj Aij Ile Ocr Ala Leo Glsi Ar9 Ala Ala Val His Ala Lys Aso Cys Glr Asri

ACT ACT CCC AAT CCC GCA AAT CrC GAG 70T TCC CAG CCA GAA AGT TCC TTC AAG ATG TCC

Thr Thr COy Ass Gly Ala Ass Val Glu Cys Ser Gl,i Pro Clii Ser Ser the Lys MET Sec

TIC kkG AGA GAA ACC AAA GTT 11�A AAG ACT CTC. TCA GTG ATC ATC GGA GTC TTT GTA TGC

the Lys Arj Clii Thr Lys Val Leo Lys Thr Leu Ser Val Ile MET Gly Val Phe Val Cys

�1o7c TGG STA CCT VtT TTC ATA ITS A/sC TISC ATG GTA CCC TTC TGT GAA TCT CAT TTC CCT

Cl’s Trp Leo Pro the the Ile Leu Asn Cys Met Val Pro PSie Cys Gb Ser Asp Leu Pro

11T CCC GAA ACA MA CCC VrC ‘11T ATT CAT TCT ATT ACC TTT CAT G� TTC GTG TCC TTT

Ser Cly flu Tlir Lys Pro the C�js Ile Asp Sec Ile Thr the Asp Val the Val Trp the

GGA IIGG GSA AAT ‘CCC TCA CrC AAC COT ATC ATT TAT CCC TTT AAT GCT GAC TTC SCA A/SC

Cly Trp Ala Ass Sec 5cr Leo A�ri Icc Ile Ile Tyr Ala the Ass Ala Asp Plo Arj Lys

GSA CIT 1ST ACT (IC �I�rA GSA ICC TAC /S(;5 CTC TOT CCC ACT 5CC A/SC A/ST CC/S AT/S GAG

Ala the Sec TSr Leo Leo (fly Cys Tyx Ar; Lets Cys Pro Thr Ala Asri Ass Ala Ile Gb

AC/S GTT AGC /STC A/SC A/ST A/ST GGG GCT GIG CIT IC/S AGO CAT CAT GAG CCC AG/S GGG TCC

Thr Val Sec 11#{128}Asri Asri Asri Gly Ala Val the Ser Ocr His His Glu Pro ArO Gly Sec

ATT TCT A/SC GAC 173T A/ST CTG CIT TAC CTG ATT CC/S C/SA CCT CTC ACC TCC CC/S C/SC CC/S

lIe Ocr Lys /SS[) C�9’s Ass Leo Val Tyr Lou Ile Pro Cbs Ala Val Thr Ser Arg Asp. Pro

A/SC A/SC CA/S GA/S GGT CC/S GGA’I’CC A/SC CC/S PIG C/SC AAA ACC TCT CC/S CCT TT/S TCT GTC

Lys Lys Glti Cbs Gly Gly Cly Ser Lys Pro Leo Clii Lys Thr Ser Pro Ala Leu 5cr Val

ATT T1’G CAT TAT GAA CTT GAT CTA TCT T’I’G CA/S A/SC ATT A/SC CCC ATC AC/S CAG A/ST CC/S

lb Leu Asp Tyr Glu Vab Asp Leo Ocr Lou Cbs Lys Ile Ass Pro lb Thr Clii Ass illy

CA/S C/SC PJIG ACC Ill/S �

Gbri His Lys TSr *** 446 aC GAATT(�T�1 1370

Fig. 1. Assembly strategy of thefull-length expres-
sion construct, and the nucleotide and deduced
amino acid sequences of the OK cell Dl receptor.
A, Partial fragments of message obtained from
cDNA library screening and PCR were spliced
together at the Sad and BamHl restriction sites,
then subcloned together into the expression plas-
mid pCMV5. B, Boxed restriction sites (Taql at
nucleotide -1 47 and BamHl at nucleotide 1358)
indicate the limits of the region inserted into the
pCMV5 expression vector; the BamHl at nucleo-
tide 1358 was engineered into the PCR primer
used to amplify the final fragment of the construct.
The nucleotide sequence adjacent to this BamHl
site in the oligonucleotide primer used for amplifi-
cation of the 3’ extremity ofthe construct is shown
on the line below the continuous sequence of the
opossum DNA to indicate where it differed from
the wildtype sequence. Other important restriction
sites (Sad at nucleotide 504, Kpnl at nucleotide
883, and BamHl at nucleotide 1 225) are under-
lined. The initiation codon and termination codon
of a 14-codon open reading frame in the 5’-un-
translated region are double underlined.
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1 � R. Nash and M. G. Caron, unpublished observations.
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Fig. 2. Northern blot analysis of the OK cell line and opossum tissues.
Total cellular RNA from the OK cell line (40 �zg), OK (40 �zg), and opossum
brain (10 �g) was separated on a 1 .2% agarose formaldehyde gel,
transferred to a nitrocellulose membrane, and probed with a nick-trans-
lated full-length fragment of the OK cell Dl receptor clone. Exposure
was for 16 days at -70#{176}.

and have been shown to possess Dl dopamine receptors (16,
17). To identify the dopamine receptor subtype expressed in
kidney, we screened a cDNA library prepared from OK cell

mRNA with a probe from the 5’ end of the coding block of the
gene for the human D1A receptor. Using the partial clone
obtained from this screening and fragments generated by PCR

as described in Materials and Methods, a full-length sequence

of the OK cell Dl dopamine receptor was constructed. Fig. 1A

shows the overlap between the various subclones and the en-

zyme restriction sites used to splice them into one construct.
Fig. lB shows the nucleotide sequence and deduced amino acid

sequence for the coding region of the putative receptor message.
Northern blots performed on total cellular RNA from OK

cells reveal a hybridizing band around 4500 bp and an incon-

sistent band which appears around 2700 bp in some prepara-

tions (Fig. 2).

To characterize the protein coded for by the corresponding
messenger RNA, we performed transient transfections of the

full-length expression construct into African green monkey
kidney epithelial (COS-7) cells. Membranes from transfected
cells had >10-fold increase in binding of ‘251-SCH 23982 com-

pared with untransfected cells. The Kd for the radioligand was

determined by saturation binding curves to be 0.15 nM (Fig.

3A). Radioligand binding could be competed for by dopami-
nergic ligands with an order of potency and stereoselectivity
characteristic for a receptor of Dl pharmacology (Fig. 3B, Table

1). A comparison with the published Kd values for antagonist

competition of ‘251-SCH 23982 from OK cell membranes
showed a strong correlation (Fig. 3B) (17).

To determine whether the receptor from OK cells was the

same or a different subtype from the central nervous system

receptor, we performed transient transfections of the human

D1A receptor in parallel with transient transfections of the OK
cell receptor. Both cDNAs were transfected into COS-7 cells,
and at least three independent assays were performed in par-
allel. The mean of the Kd values obtained for the two receptors

were compared for statistical significance using Student’s t test.

The order of potency of drugs tested was the same for both

receptors. In general, the Kd values obtained were quite similar,

although small but significant differences in affinity existed for

most drugs. In particular, drugs of the benzazepine class showed

consistently higher affinity (4- to 9-fold) for the opossum

receptor than for the human D1A (Table 1).
The receptor message isolated from OK cells conferred do-

pamine-stimulated adenylyl cyclase activity on membranes
from transiently transfected 293 cells (Fig. 3C). However, this
cDNA did not confer dopamine-linked phosphatidylinositol
turnover to membranes from transiently transfected COS-7
cells, although an a�� adrenergic receptor cDNA transfected

and assayed in parallel did stimulate phosphatidylinositol hy-
drolysis (data not shown).

To determine the distribution of the OK cell Dl receptor
message expression we examined opossum kidney and brain by

an RNase protection assay and in situ hybridization. Hybridi-
zation of a probe complementary to the OK cell Dl receptor

message with total cellular RNA prepared from either opossum

brain or opossum kidney protected the appropriate 341-bp

fragment in both tissues as well as in RNA from the OK cell
line. Similarly, use of a 243-bp probe complementary to the

opossum D15 receptor subtype which was isolated by PCR from

opossum brain RNA’ protected the appropriate fragment in

opossum brain and OK RNA but no signal was detected in OK

cell RNA (Fig. 4). A phosphorimager was used to quantitate
the intensities of the protected bands in arbitrary relative units

where the level of expression of the opossum D1A in OK cells

was set at 1 unit. Total cellular RNA from the kidney contained

virtually identical levels of the D1A and D1B subtypes (0.27 and

0.26 units,respectively), whereas total cellular RNA from the

whole brain contained ten times more D1A than D15 (9.0 and

0.95 units respectively), as is found in rat and human (1).
Expression of the D1A mRNA in the brain is therefore at least

30-fold higher than in kidney.

In situ hybridization was very useful for localizing the regions

expressing the OK cell Dl receptor in the brain, but was not

very informative on the localization of message containing cells
in the kidney due to the low signal to noise ratio. In the brain,

classical regions of D1A receptor expression were detected by

the OK cell Dl (D1A) probe. These included strong expression

in the caudate-putamen, the nucleus accumbens, and the olfac-

tory tubercle, and weaker expression in the deep cortical layers
(28, 29). A specific signal was also detected in the mamillary

bodies and the pontine nucleus (Fig. 5A). Receptor autoradi-

ography with ‘25I-SCH 23982 showed binding in the caudate-

putamen, nucleus accumbens, olfactory tubercle,and substantia

nigra (Fig. 5C). These results agree with autoradiographic

studies of rat brain (29, 30). Hybridization in the kidney ap-

pears confined to a weak signal stronger in the renal cortex
than the renal medulla (Fig. 5E). Examination of slides dipped

in photographic emulsion reveals precipitation of silver grains
primarily over tubular elements with little to no precipitation

over the glomeruli (data not shown).

Discussion

OK cells have become an important physiological modcl

system for studies of functions of the renal proximal tubule.

These cells have been used to study the effects of parathyroid

hormone on sodium and phosphate transport (31), and have
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Fig. 3. Pharmacological characterization of the OK cell Dl dopamine
receptor transfected into COS-7 or 293 cells. A, Saturation binding of
125l-SCH 23982 to OK cell Dl dopamine receptor transfected COS-7 cell
membranes, performed as described in Materials and Methods. Data
from a representative experiment performed in triplicate are shown (n =

3): U, total binding; 0, nonspecific binding. Inset: Scatchard transforma-
tion of the saturation data. B, Comparison of the cloned OK cell Dl
receptor to the Dl receptor characterized in OK cell membranes (17).
The log of the Kd values obtained from competitive binding experiments
on the OK cell Dl receptor transfected into COS-7 cells (see Table 1)
were compared with the log of previously published K,, values. The

TABLE 1

Pharmacological characterization of the cloned OK cell Dl
dopamine receptor and comparison to the human D1� dopamine
receptor
Values are means ± standard error for three to six independent experiments
performed in triplicate. Values for 125l-SCH 23982 were determined by four satu-
ration binding experiments performed in duplicate. Data were modeled using the
least squares fitting program SCATFIT as described previously (1 7). Comparisons
with the human Dl A receptor were performed in at least three parallel, independent
experiments. ND. = not determined. An asterisk (*) indicates that the difference in
Kd values between the opossum and human receptors are statistically significant
(p � 0.025) by Student’s t test.

Drug K5 OKcefl Dl K5 hUman D1A �p�urnhum�,

Antagonists
125l-SCH 23982 0.15 ± 0.01 1.1 ± 0.12 0.14*
R(+)-SCH 23390 0.059 ± 0.008 0.29 ± 0.07 0.20*
(+)-Butaclamol 5.0 ± 1 .3 2.9 ± 0.7 1.7
cis-Flupenthixol 7.3 ± 1 .8 21 ± 4 0.35k
Bulbocapnine 1 0 ± 1 .5 35 ± 8 0.28*
Fluphenazine 16 ± 5.9 28 ± 10 0.57
S(-)-SCH23388 19±2.6 170±16 0.11*
Halopendol 50 ± 1 0 38 ± 7 1.3
R(+)-Sulpiride 2,940 ± 840 ND. ND.
S(-)-Sulpiride 5,300 ± 580 ND. ND.
(-)-Butaclamol 10,700 ± 820 1 8,000 ± 1 000 0.59*

Agonists
Fenoldopam 1 .9 ± 0.5 1 1 ± 3.0 0.16*
Lisuride 1 4 ± 1 .3 30 ± 3 0.47*
SKF 38393 29 ± 2 120 ± 12 0.24*
Dopamine 2,200 ± 140 6,700 ± 680 0.33*
6,7-ADTN 3,400 ± 940 ND. ND.
5,6-ADTN 7,500 ± 1500 ND. ND.

a ADTN, (±)-2-amino-5,6-dihydroxy-1 2,3,4, �. . .,. . .� .

been shown to possess various metabolic characteristics of the

renal proximal tubule (15). Additionally, these cells possess Dl

dopamine receptors that stimulate adenylyl cyclase (17). We

report here the cloning and characterization of a dopamine

receptor from these cells, and demonstrate that the message

for this receptor subtype is expressed in both “central” and

“peripheral” locations. It is likely that the dopamine receptors

of placental mammals (e.g., rat, human) are also expressed in

this manner.

The receptor we describe here is quite similar to the previ-

ously characterized rat and human D1A receptors (1). Com-

puter-assisted alignment of the nucleotide sequences from the

coding regions of this receptor message revealed 78.6% and

79.3% identity to the coding sequences of the rat and human

D1A receptor messages, respectively. For comparison, the hu-

man and rat nucleotide sequences are 86.7% identical. At the

nucleotide level, the rate of 79% conservation between opossum

and human agrees well with the rate of 77% conservation

observed between the nucleotide sequences of opossum and

human hemoglobin �3-chain gene homologs (32). Structurally,

the level of amino acid conservation is quite high among the

three sequences. The OK cell Dl receptor-deduced amino acid

sequence is 87.0% and 87.4% identical with the rat and human

correlation coefficient of the least squares determined line was 0.976. C,
Cultures of 293 cells were transfected with the OK cell Dl receptor
cDNA, and adenylyl cyclase assays were performed as described in
Materials and Methods. Membrane-bound adenylyl cyclase was stimu-
lated with either dopamine (10 �M) or fenoldopam (1 �M) in the absence
or presence of alprenolol (1 �zM) or SCH 23390 (1 SM). A control sample
stimulated with forskolin gave a 7.3-fold stimulation over basal. Two
independent experiments were performed in triplicate.
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Fig. 4. RNase protection of RNA from opossum tissues and the OK cell
line. Specific fragments of appropriate size (marked by arrows) could be
protected in both opossum kidney and opossum brain RNA by high
specific activity single-stranded RNA probes. The upper band in each
lane (454 bp in D1A lanes and 308 bp in Dl B lanes) is the undigested
probe. Opossum brain RNA was prepared from the entire right hemi-
sphere without dissection, and opossum kidney RNA was prepared from
a wedge of tissue containing approximately two-thirds renal cortex and
one-third renal medulla. The quantity of total cellular RNA used for each
sample was 50 �g. The gel was exposed overnight.

D1A receptor sequences overall, although identity in the puta-

tive transmembrane domains is >97%. At the amino acid level
the rat D1A receptor is 91% identical to the human D1A receptor
(33). Important features already identified in the human and

rat D1A receptor sequences are likewise highly conserved in-

cluding glycosylation sites in the N-terminal and second extra-

cellular domains, putative GTP-binding protein coupling re-
gions, as well as the consensus sequences for protein kinase A-

and protein kinase C-mediated phosphorylation sites. The 5’-

untranslated region contains a 14-codon open reading frame

with a poor Kozak’s translation start sequence (34). This

sequence is analogous, but not homologous, to a similar short

open reading frame that was found in the 5 ‘ -untranslated of

the f�,-adrenergic receptor (35). However, as yet, no function

has been described for this feature.

Similarly the message size we observe (4.5 kb) is the same
found in the rat and human (1). Although the presence of the

second smaller (2.7 kb) band might represent alternative splic-
ing of a large intron in the untranslated regions of the message,
it is most likely a specific degradation product of the full-length

message because the size of this fragment would correspond

roughly to the location of spontaneous subcloning truncation

artifacts observed during preparation of the construct by RACE

PCR.

Comparison of the Kd values determined for the cloned OK

cell receptor show a strong correlation with published values

that were determined by study of the receptor in OK cells (17).

One notable difference between the properties of the receptor

we have characterized and the binding observed in OK cell

membranes concerns the binding profile of the Dl dopami-

nergic antagonist SCH 23390. Bates et al. (17) demonstrated

that a biphasic competition profile is obtained with this drug

when competing ‘251-SCH 23982 binding from OK cell mem-

Fig. 5. In situ hybridization and receptor autoradiography in opossum
tissues. A and B, Sagittal sections near the midline of an opossum brain
were hybridized to either the specific antisense strand probe (A) or the
nonspecific sense strand probe (B). C and D, Receptor autoradiography
using 125l-SCH 23982 as radioligand in the absence (C) or presence (D)
of 10 MM cis-flupentixol to define nonspecific binding. E and F, Transverse
sections through the opossum kidney were hybridized to either the
specific antisense strand probe (E) or the nonspecific sense strand probe
(F). Acb, accumbens; Gb, cerebellum; Cx, cortex; Hip, hippocampus; mb,
mamillary body; Pn, pontine nucleus; RCx, renal cortex; RMd, renal
medulla; Sn, substantia nigra; Tu, olfactory tubercle.

branes. We do not observe this phenomenon in the COS-7 cells

transfected with the OK cell Dl receptor cDNA (data not

shown). Although there is no adequate explanation of this
discrepancy at this time, it is clear that the low affinity site

described by Bates et al. is not an inherent property of the

cloned receptor.

Pharmacologically, competitive binding experiments com-

paring in parallel the human D1A and OK cell Dl receptors
reveal that these two receptors have very similar Kd values for

most ligands tested. Previous characterization of canine vas-

cular dopamine receptors using an in vivo vasodilation assay
had demonstrated that certain drugs such as ergot compounds
and (+)-sulpiride had potencies at peripheral receptors differ-
ent from their potencies to stimulate or inhibit stimulation of

adenylyl cyclase in rat basal ganglia homogenates (13, 14).

Similarly, haloperidol and fluorinated phenothiazines appeared

to have a reverse order of potencies between the two systems
(13). Our data do not agree with these observations; however,

it is possible that the differences observed in these early phys-

iological comparisons arose from fundamental differences in

the experimental systems and not from actual receptor differ-

ences. Although some pharmacological differences (most nota-

bly the increased affinities observed for benzazepines) are ap-

parent from our parallel comparisons, in view of the high
homologies between these proteins, it is likely that the small

pharmacological differences observed are due to species varia-

tions in protein sequence rather than to an inherent difference

in receptor subtype. Similarly to our findings, the recent char-
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acterization of a Dl subtype dopamine receptor expressed in

cultured rat mesangial cells demonstrated that the receptor of

these cells has a pharmacological profile very similar to the rat

striatum Dl receptor (36).

Due to the sensitivity of RNase for detecting mismatches

within RNA:RNA duplexes, RNase protection analysis and in

situ hybridization using complementary RNA probes are very

specific tests of the expression of a message of interest in a

particular tissue. In the opossum, it is clear that the D1A

receptor described here is expressed in both renal and central

nervous tissues. These RNase protection experiments suggest

that the level of expression in the kidney is at least an order of

magnitude less than that in the brain. Because the striatum is

a relatively small brain region and cortical tubular elements

compose the majority of the renal cortex, the expression of

message is probably closer to 2 orders of magnitude less in

renal tubular cells than in striatal neurons. It is likely that this

low level of message explains why the D1A subtype was not

detected in the kidney at the time it was first described, because

relatively small amounts of RNA were examined by Northern

hybridization.

The in situ hybridization and receptor autoradiography re-

sults presented here agree closely with previous studies of the

rat brain (28-30). Several small differences from the rat include

a stronger signal from the cerebellar granular cells than is

reported for rat brain (29), and presence of the D1A mRNA in

opossum mamillary bodies. In the rat, the D15 but not the D1/S

subtype is expressed in the mamillary complex. These differ-

ences may represent a difference between these two species in

the regulation and expression of these receptor subtypes.

A previously published report of in situ hybridization in rat

kidney used oligonucleotide probes complementary to the rat

D1/S (37). Through digital analysis and interpretation of auto-

radiograms, they demonstrated a weak signal localized exclu-

sively to the outer medulla with no expression in the cortex.

This finding conflicts with the result presented here of a weak,

uniform signal throughout the opossum renal cortex. This

conflict could be due to the higher specific activity and therefore

higher sensitivity of complementary single-stranded cRNA

probes. In any case, autoradiographic studies in rat kidney with

Dl selective ligands have localized Dl receptors to the proximal

tubular elements of the renal cortex (6, 7).

The divergence of the marsupial and placental branches of

the mammalian family is commonly placed around 125 million

years ago during the Cretaceous geological period, almost twice

as long ago as the divergence ofprimates and rodents (32). The

high level of homology among the opossum, rat, and human

dopamine receptors, including putative important post-trans-

lational modification sites, suggests a conservation of function

as well as structure. Because the D1A receptor subtype has

recently been detected in rat proximal tubules by PCR and

RNase protection (38), it is likely that the expression of central

nervous system dopamine receptors in renal tissue occurs

throughout the mammalian family. The OK cell line provides

a good system for the future study of D1A dopamine receptors,

because this receptor is stably expressed at reasonable levels,

important structural features of the human and rat receptors

are conserved within this protein, and these cells express only

the D1A and not the DiR subtype of dopamine receptors.
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