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SUMMARY

Based on the sequence of a dopamine D2 receptor cloned from
rat brain, we prepared a series of oligodeoxynucleotide probes.
A mixture of these probes hybridized with a 2.6-kilobase species
of mRNA extracted from several rat tissues including retina and,
using in situ hybridization of these probes to cryostat sections
of rat retina, they densely label the inner nuclear and outer
plexiform layers. Labeling was also observed in the inner plexi-
form and ganglion cell layers. No hybridization was observed to
the photoreceptor layers. A similar pattern of labeling was ob-
served in monkey retina, indicating that the probes also hybridize
with a homologous primate mRNA. The probes were used to
screen a Xgtl 0 library of human retina. A 2.5-kilobase clone was

isolated, which encodes a protein that differs from the rat brain
protein by 1 8 amino acids. The 5’ and 3’ untranslated regions
of the human retinal cDNA were also strongly homologous with
the rat brain cDNA. The clone was subcloned into the pCD-PS
expression vector and transfected into COS-7 cells. The trans-
fected cells bound [3H]-raclopnde with a pharmacology expected
of dopamine D2 receptors. These data indicate that D2 receptors
expressed in the inner retina and outer plexiform layer have
genetic identity with those expressed by brain and that the
human and rat D2 receptors are derived from highly related
genes.

Dopamine is the major catecholamine present in retina,
where its synthesis and release are stimulated by light (1).

Dopamine is synthesized by amacrine cells in the inner retina,

and these cells innervate other amacrine cells and horizontal

cells in the outer plexiform layer (2). The physiological effects

of dopamine in retina include a closing of gap junctions between
horizontal cells (3), decreases in their responsiveness (4), shifts

in the center-surround balance of the receptive fields of gang-

lion cells (5, 6), an involvement in the shedding (7), and light-

adaptive movements of photoreceptors (8). As in brain (9),

retinal dopamine receptors have been divided into two subtypes

based on their pharmacological and functional properties (10).
Dopamine Dl receptors stimulate adenylate cyclase by coupling

with the G protein G8, and D2 receptors inhibit adenylate

cyclase by coupling with the G protein G1 (10). Various drugs
discriminate between these receptors; for example, SCH23396

has higher affinity for Dl receptors, whereas substituted ben-
zamides such as sulpiride and raclopride have higher affinity
for D2 receptors (10, 11). Physiological responses in the retina

are mediated by both Dl and D2 receptors. Dl receptors
mediate responses of horizontal cells (4), whereas D2 receptors

are located on photoreceptors (12, 13) and mediate their light

adaptive movements (8). D2 receptors also inhibit the release

of dopamine from amacrine cells (14).

A dopamine D2 receptor from rat brain was recently cloned,

sequenced, and expressed (15). Using Northern blot analysis,

mRNA encoding this receptor has been observed in various
brain regions known to contain D2 receptors (15). Using in situ

hybridization histochemistry, mRNA encoding this receptor

has recently been shown to be expressed by cells that are both

pre- and postsynaptically located with respect to three major

ascending dopaminergic pathways, the nigrostriatal, mesolim-

bic, and mesocortical pathways (16). To examine whether this
gene accounts for the known distribution of D2 receptors within
the retina, we localized mRNA within rat retina using oligo-

deoxynucleotide probes directed to the rat sequence. Because

these probes were also able to detect mRNA in monkey retina,

indicating homology within the probes to primate mRNA, we

used these probes to screen a human retinal cDNA library. A
human retinal cDNA was cloned, sequenced, and expressed in

mammalian cells.

Materials and Methods

Preparation of oligodeoxynucleotides. Five oligodeoxynucleo-
tide probes were prepared on an Applied Biosystems automated DNA

synthesizer (courtesy of P. Kelly, Laboratory of Molecular Biology,

National Institute of Neurological Disorders and Stroke) and purified

by preparative gel electrophoresis. The sequences of the probes were

ABBREVIATIONS: G protein, GTP-binding protein; Kb, kilobase.
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complementary to bases 4-51 (Si: 5’-GTT CTG CCT CTC CAG ATC

GTC ATC GTA CCA GGA CAG GTT CAG TGG ATC-3’), bases 954-

1001 (52: 5’-CAG GAC CTT GTT CTG CTG CTC CAG CTC GTG

CAC GCG CTC GAT GAA GCT-3’), bases 1198-1245 (53: 5’-GCA

GTG CAA GAT CTT CAT GAA GGC CTT GCG GAA CTC GAT
GTT GAA GGT-3’), bases 217-267 (TM2: 5’-CGG CAT TAC CAG
TGT GGC CAC CAG AAG ATC AGC CAC AGC AAG GCT GAC

TAT-3’), and bases 352-400 (TM3: 5’-GTA CCT GTC AAT GCT

GAT GGC ACA CAG GTT CAG GAT GCT TGC TGT GCA-3’).
Probes 51, 52, and 53 are complementary to regions ofthe mRNA that

encode the N-terminal, third cytoplasmic loop, and C-terminal of the

D2 receptor, respectively. Probes TM2 and TM3 are complementary
to regions of the mRNA that encode the second and third transmem-

brane domains of the receptor. Three probes were prepared that are
complementary to mRNA encoding the a subunit of mouse rod trans-

ducin (17). The sequences ofthe probes were complementary to mRNA
encoding amino acids 100-115 (5’-CAT TGT GCC TTC CTC AAT

AGT ATC TGC CAT GTG CAT GAG CGG CCG GGC-3’), amino

acids 290-305 (5’-CTC CAG GAA CTG CAC TTT GAT GTA GTT

GCC GGC ATC CTC GTA AGT GTT-3’), and amino acids 164-179
(5’-ACC AGT GGT TTT GAC CAC AGA ACG CAA CAC GTC CTG

CTC AGT GGG CAC-3’). The probes were labeled by tailing the 3’
ends with terminal deoxynucleotide transferase (BRL), using a-�S-

dATP as a substrate for those to be used for in situ hybridizations and

a-32P]dATP for those to be used for Northern blots. For library

screening, the probes were labeled by phosphorylating the 5’ ends with
polynucleotide kinase (USB) using [-y-32P]ATP as a substrate.

Northern blot analysis. Retinas and brain regions were dissected

from male Sprague-Dawley rats and frozen on powdered dry ice. RNA
was extracted using a guanidinium isothiocyanate method (18). Fifteen

micrograms of total RNA were run on each lane of a formaldehyde-

containing agarose gel and were transferred to Genescreen (NEN).

Blots were prehybridized for >2 hr in hybridization buffer (4X SSPE,

50% formamide, lx Denhardt’s, 250 �g/ml sheared salmon sperm

DNA) and hybridized at 3T for >18 hr with 9 x 106 dpm of a mixture

ofthe Si, 52, and S3 probes. Denhardt’s solution is 0.02% Ficoll, 0.02%

bovine serum albumin, and 0.02% polyvinylpyrrolidone and lx SSPE

is (in mM) NaC1, 180; NaH2PO4, 10; and EDTA, 1. Blots were washed

four times for 15 mm at 55� and twice for 30 mm at room temperature

in lx SSPE and exposed to X-ray film for 4 days with intensification

screens. Sizes of bands were estimated by comparison with standards

(BRL).
In situ hybridization histochemistry. Eyes were removed from

male Sprague-Dawley rats and frozen whole on dry ice. Retinas from

the eyes of Rhesus monkeys (courtesy of Dr. G. Chader, National Eye

Institute) were dissected, mounted flat in embedding medium, and

frozen on dry ice. Twelve-micrometer cryostat sections were prepared
(perpendicular to the surface of the retina in each case) and thaw-

mounted on gelatin-coated slides. A mixture of the 51, 52, and 53 or
transducin a probes (9 x 106 dpm) was applied to each section in 50 pl

of hybridization buffer (4x SSC, 50% formamide, lx Denhardt’s, 250
�zg/ml sheared salmon sperm DNA, 100 mM dithiothreitol, 10% dextran

sulfate). Sections were incubated for >18 hr in a humid chamber at
37’ . Sections were washed four times for 15 mm at 55� and twice for

30 mm at room temperature in lx SSC (in mM: NaC1, 150; Na citrate,

15).

Screening of the human retinal library. The clone A16A was

isolated from a human retinal XgtlO cDNA library obtained from Dr.

J. Nathans (Johns Hopkins University School of Medicine, Baltimore,

MD). Approximately 1 x 106 plaques were lifted in duplicate onto

Hybond-N nylon filters (Amersham). One set of filters was screened

with a mixture of the 51, S2, and S3 deoxyoligonucleotide probes and

the duplicate set of filters was screened with a mixture of the TM2 and

TM3 probes. Hybridizations were carried out at 42’ in 20% formamide
(v/v), 1 M NaCl, 50 mM Tris. HC1 (pH 7.5), 5x concentrated Denhardt’s

solution, 0.5% sodium dodecyl sulfate containing 100 �g of salmon

sperm DNA/mi. The filters were washed twice for 15 mm at room

temperature and twice for 1 hr at 47’ in lx SSPE, 0.5% sodium dodecyi

sulfate. Clones that hybridized with both mixtures of probes were

plaque purified and rescreened with the Si probe alone to identify

those most likely to be full length.

Sequence determination. The 2.5-kb EcoRI insert of X16A was

subcloned into the EcoRI site of the Bluescript II KS+ plasmid (Stra-

tagene). The nucleotide sequences of the cDNA were determined by

the dideoxy chain termination method using synthetic 17-mers derived

from the rat D2 receptor (15) and A16A sequences as primers for

double-stranded plasmid sequencing (19).

Expression and transfection. The 2.5-kb EcoRI insert of X16A

was subcloned into the pCD-PS expression vector (20) and plasmid

DNA was purified by using two cesium chloride gradients. COS-7 cells

were plated at a density of 1 X 106 cells/10-cm dish. One to 2 days after

plating, cells were transfected with 16A-pCD-PS DNA using a calcium

phosphate precipitation procedure (21).

Radioligand binding. Cells were scraped, 48-72 hr after transfec-

tion, into 10 ml of phosphate-buffered saline/10-cm dish and pelleted

at 1000 x g. Cells were resuspended in 10 mM Tris, 1 mM EDTA, 5 mM

MgC12, and homogenized with a Polytron (Brinkman). A total partic-

ulate fraction was prepared by centrifugation at 45,000 x g for 15 mm.

Membranes were resuspended in binding buffer (in mM: Tris-HC1, 50;

NaCl, 120; MgC12, 1; CaCl2, 1; KCI, 5; ascorbic acid, 5.7; pH 7.4) with

‘-�10 �g protein/tube, 0.4 mi/tube. Reactions were initiated by addition

of 0.4 ml of tissue in binding buffer to 0.1 ml of drugs. For saturation

experiments, increasing concentrations of [3H]raciopride (NEN) and

[3HJSCH23396 (NEN) were incubated with membranes for 30 mm at

30’. Nonspecific binding was defined with 1 MM chlorpromazine. Re-

actions were terminated by filtering membranes through Whatman

GF/C filters using a cell harvester (Brandel). Data were analyzed by
nonlinear regression on a VAX II computer using the program DA-

TAPLOT (distributed by the National Technical Information Service).
For saturation experiments, the data were fit to the equation y =

(ax”k)/(l + x’k) where y ligand bound, x = ligand concentration, a

= maximal number of binding sites, n = Hill number, and k = ki). For

inhibition experiments, the data were fit to the equation y = (lOOx”k)/

(1 + x”k) where y = percentage of inhibition, x = concentration of

inhibitor, and k inhibition constant.

Results

Distribution of retinal D2 receptor mRNA. Because the

N-terminal, C-terminal, and third loop of the dopamine D2

receptor diverge in sequence from all other G protein-coupled
receptors that have been cloned to date, probes (Si, S2, and

S3) that are complementary to a portion of these regions were

used to localize mRNA to ensure specificity. As we have pre-

viously reported (16), the specificity of the probes was verified

based on three criteria. First, when the three probes are used

for in situ hybridization histochemistry in adjacent sections of

rat brain, they label identical patterns of hybridization and the
intensity of hybridization is additive when the probes are
combined. Second, on Northern blots of various brain regions
including striatum, cerebral cortex, hippocampus, and brain-
stem, these probes label mRNA with a size of 2.6 kb, a size that

is similar to that observed with a long probe cloned from the

rat brain cDNA (i5). Third, the pattern of hybridization ob-

served in retina with these probes is distinct from that observed

for other probes that are chemically similar, i.e., those for

tyrosine hydroxylase, rhodopsin, and transducin (22, 23). For

direct comparisons, three probes that are complementary to

transducin mRNA were used for parallel hybridizations (Fig.

1). Transducin a is known to be located exclusively in photo-

receptors (17, 22, 23).

On a Northern blot of rat retina, a 2.6-kb mRNA was
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Retina D2 Receptor Expression 3

detected, and this mRNA was less abundant than that detected
in striatum but more abundant than that detected in cerebral
cortex, hippocampus, and brainstem (data not shown). As
illustrated in Fig. i, in situ hybridization histochemistry using

sections of rat retina revealed hybridization of the D2 receptor
probes to the inner nuclear and outer plexiform layers. Hybrid-

ization was also detected in a few cells in the ganglion cell layer
(not shown). No significant hybridization was detected in the

outer nuclear layer, inner segments, outer segments, or pigment

epithelium [positive chemography of pigment epithelium with
photographic emulsion makes detection of specific signal within

those cells problematic (i2, 22)]. A similar pattern of hybridi-

zation of the D2 receptor probes was detected in sections of
monkey retina. Again, hybridization was detected in the inner
nuclear and outer plexiform layers and no hybridization in the
other layers. On the other hand, the transducin probes (a photo-
receptor specific control) only hybridized to the inner segments

and outer nuclear layer of both the monkey and rat retinas.
Molecular cloning of a homologous eDNA from human

retina. Because the mixture of Si, 52, and 53 probes was able

to detect a homologous mRNA that is present in primate retina,

these probes were used to screen a human retinal XgtiO cDNA
library lifted onto nylon filters. A duplicate set of lifts was

screened with a mixture of the TM2 and TM3 probes. Although
the latter probes may not be expected to be selective for

dopamine receptors because the dopamine D2 receptor is ho-

mologous with all G protein-coupled receptors in the regions of
these probes, they would be likely to detect the human homolog

of the dopamine D2 receptor. Eight clones were positive with

both sets of probes in the initial screens, and four of these

clones hybridized with the N-terminal probe alone. Of these

four, clone X16A contained the largest cDNA insert (2.5 kb).

This clone was subcloned into the Bluescript II KS+ vector for

sequence analysis and the pCD-PS vector for mammalian

expression.

Comparison of the human and rat cDNAs. The nucleic
acid sequence of clone i6A is shown in Fig. 2. Comparison of

the 5’ untranslated sequences of the human and rat cDNAs

Fig. 1. Localization of D2 receptor (C, D, G, and H) and
transducin a mRNA (A, B, E, and F) in rat (A-D) and monkey
(E-H) retinas by in situ hybridization histochemistry. mRNA
was autoradiographically localized by dipping the sections
in emulsion (NTB3; Kodak; 1:1 with water) and exposing
them for 2 weeks. Autoradiographic grains appear as black
dots in the bnghtheld photomicrographs (A, C, E, and G)
and as white dots in darkfield (B, D, F, and H). Cells were
then counterstained with cresyl violet. The bar is 50 Mm.
OS, outer segment; IS, inner segment; ON, outer nuclear
layer; OP, outer plexiform layer; IN, inner nuclear layer; lP,
inner plexiform layer; GC, ganglion cell layer.

indicates a high degree of conservation, showing 91% identity.

The coding regions of the two cDNAs are also highly conserved
in sequence, showing 90% identity at the nucleic acid level.

Comparison of the deduced amino acid sequence of the two

proteins indicates the presence of 18 amino acid substitutions.
Fourteen of these substitutions are conservative and nine are

located in the third cytoplasmic loop. The human receptor is

one amino acid shorter, lacking an isoleucine in the third

cytoplasmic loop. Four amino acid substitutions are present in

the hydrophobic (hypothetically transmembrane) domains of
the proteins. Two of these substitutions are conservative.

Mammalian expression of the human cDNA. Before
transfection, COS-7 cells do not express binding sites for [3H]

raclopride or [3H]5CH23396 that are displaced by chlorpro-
mazine. After transfection with 1GA-pCD-PS DNA, [3Hjraclo-
pride bound to COS-7 cells with high affinity, kf) = 3.2 ± 0.4

nM, and a maximum number of binding sites of 800 ± 110

fmol/mg of protein. [3H]SCH23396 did not show significant

displaceable binding to transfected COS-7 cells in concentra-

tions up to 5 nM. Above these concentrations, significant bind-

ing was detected in transfected cells, but the kD and Bma, values
could not be determined because of the very high levels of

nonspecific binding observed at these ligand concentrations.

As shown in Fig. 3, several dopaminergic drugs competed with

high affinity for the binding sites in transfected cells labeled

by [3Hjraclopride. The rank order of potency was chlorproma-

zine > (-)-sulpiride > apomorphine > (+)-sulpiride > dopa-

mine. All of the ligands bound with mass action, not displaying
Hill numbers that significantly differed from i.

Discussion

Within the inner retina and outer plexiform layer there is

good agreement between the distribution of dopamine D2 re-
ceptor mRNA and ligand binding. The regions with the highest
concentrations of D2 ligand binding are the inner nuclear and
outer plexiform layers (i2, i3). The mRNA distribution re-

ported here directly parallels this distribution. One cell type

located in the inner nuclear layer, which is physiologically
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-1 68 GAATTCCGGCCTCCCGGCCGAGGAGAGTGCCGGCCCCGGACGGCTGCCGGAGGGGCGGCCGCGCGTGGATGCGGCGGG

AGCTGGAAGCCTCAAGCAGCCGGCGCCGTCTCTGCCCCGGGGCGCCCTATGGCTTGAAGAGCCTGGCCACCCAGTGGCTCCACCGCCCTG

-90 10 20 Glu 30

MetAspProLeuAsnL.uSerTrpTyrAspAspAspL.uG1uArgG1nAsnTrpSerArgProPheAsnG1ySer�1yLysA1aAsp
ATGGATCCACTGAATCTGTCCTGGTATGATGATGATCTGGAGAGGCAGA�CTGGAGCCCGCCCTTC�.ACGGGTCAGACGGGAAGGCGGAC

0 P4et40 PheIle 50 60

ArgProHisTyrAsnTyrTyrA1aTh.r�L.uL.uThrLeuIauI1eAiaMa.l�IleVa1PheG1yAsnVa1LauVa1CysMetA1aVa1Ser

AGACCCCACTACAACTACTATGCCACACTGCTCACCCTGCTCATCGCTGTCATCGTCTrCGGCAACGTGCTGGTGTGCATGGCTGTGTCC

90 �10 10 90

ArgGluLy.AlaL.uclnThrThrThrksnTyrl*uIl.Va1S.rL.uA1aVa1A.liAzpIauIauValAl.ThrIauValMetProTrp

CGCGAGAAGGCGCTGCAGACCACCACCMCTACCTGATCCTCAGCCTCGCAGTGGCCGACCTCCTCGTCGCCACACTGGTCATGCCCTGG

190 100 110 120

ValValTyrLauGluValValGlyGluTrpLyaPheS.rArgIl.Hi.Cy.A.pIl.Ph.V.lThrIauAspValP4.tP4.tCyaThrAla

GTTGTCTACCTGGAGGTGGTAGCTCACTGGAMTTCAGCAGGATTCACTGTGACATCTTCGTCACTCTGGAcGTCATGATGTGCACGGCG

270 130 140 150

SrIleLuAanLauCyzAlaIlsSrIl#{149}AspArqTyrThrAlaValklaMstProstlauTyrksnThrArgTyrSerSerLyskrg
AGCATCCTGACTTG�TGCCATCAGCATCGACA�TACACAGCTGTGGCCATGCCCATGCTGTACMTACGCGCTACAGCTCCAAGCGC

360 Ala 160 170 Thr 180

ArqVa1ThrVa1P4.tI1eZa�I1.V.1TrpVa1IauS.rPh.ThrI1.S.rCy.ProIauIauPh.G1yIauAsnAsnA.La�AipC1nAsn

CGGGTCACCGTCATGATCTCCATCGTCTGGGTCCTGTCCTTCACCATCTCCTGCCCACTCCTCTTCGGACTCAATAACGCAGACCAGAAC

450 190 200 210

GluCysIleIleAlaAsnProAlaPheValValTyrSerSerIleValSerPheTyrValProPheIleValThrLeuL,euValTyrl le

GACTGCATCATTGCCMCCCGGCCTTCGTGGTCTACTCCTCCATCGTCTCCTTCTACGTGCCCTTCATTCTCACCCTGCTGGTCTACATC

540 Lys 220 230 kin LysThr 240

LysI �

AAGATCTACATTGTCCTCCGCAGACGCCGCAAGCGAGTC?�ACACCAAACGCACCACCCGAGCTTTCAGGGCCCACCTGAGGGCTCCACTA

63OAsp 250 260 270

Lys�.1.�A1aA1aArgArgA1aG1nG1uLeuG1uMetG1uMetLeuSerSerThrSerProProG1uArgThrArgTyrSerProI1ePro

AAGGACGCTGCCCGGCGAGCCCAGGAGCTGGAGATGGAGATGCTCTCCAGCACCAGCCCACCCGAGAGGACCCGCTACAGCCCCATCCCA

720 280 Asn290 300

ProSerH1sR1sG1nL.uThrLeuProAspProSerHisHisG1yL.uHisS.r�proAspSerProA1aLysProG1uLysAsnG1y

CCCAGCCACCACCAGCTGACTCTCCCCGACCCGTCCCACCATGGTCTCCACAGCACTCCCGACAGCCCCGCCAAACCAGAGAAGA.ATGGG

810 ‘ValAsn Arq 3lOPhe 320 330

HisA1aLys�.�5.j�Proj,�I 1.A1aLys,�jgpheG1uI1eG1nThrMetProAanG1yLysThrArgThrSerLeuLysThrMetSer

CATGCCAAAGACCACCCCAAGATTGCCMGATCTTTGAGATCCAGACCATGCCCAATGGCM.MCCCGGACCTCCCTCAAGACCATGAGC

900 340 350 360
ArgArgLyslauSerGlnGlnLysCluLyatysAlaThrGlnM.tLuAlaIleValL.uClyValPheIleIleCysTrpLeuProPhe
CGTAGGAAGCTCTCCCAGCAGA�GGAGAAGAAAGCCACTCAGATGCTCGCCATTGTTCTCGGCGTGTTCATCATCTGCTGGCTGCCCTTC

990 370 380 390

PhelleThrHislletauAsnlleHisCysAspCysAsnlleProProValLeuTyrSerklaPheThrTrpLeuGlyTyrValAsnSer

TTCATCACACACATCCTGAACATACACTGTGACTGCAACATCCCGCCTGTCCTGTACAGCGCCTTCACGTGGCTGGGCTATGTCAACAGC

1080 400 Met 414

A1aVa1AsnProI1eI1eTyrThrThrPheAanI1eC1uPheArgLysA1aPheLeuL�I1eLeuHisCysEnd

GCCGTGMCCCCATCATCTAC�CCACCTTCAACATTGAGTTCCGCAAGGCCTTCCTGAAGATCCTCCACTGC’rGACTCTGCTGCCTGCCC

1170

2367

Fig. 2. Sequence of human retinal dopamine D2 receptor
cDNA. Sequence was determined by the dideoxynucleotide
chain termination method. Numbers of nucleotides are
indicated below the sequences in italics, and the amino
acids are numbered above. Where the human and rat
amino acids differ, the human amino acid is underlined,
and the rat substitution is indicated above. The asterisk
indicates the position of an extra isoleucine in the rat
sequence.

Fig. 3. Pharmacological analysis of
sites labeled by [3H]raclopride in COS-
7 cells. Sites were labeled with 0.7 n�i
[3H]raclopride and nonspecific binding
was defined with 1 MM chlorproma-
zine. Data illustrate a single expen-
ment; similar results were obtained in
two or three independent experi-
ments. Lines indicate best fits of the
data to the function y = (1 00 - 100
x”)/k/(l + x”k), where x = inhibitor
concentration, n = Hill number, k =

inhibition constant (MM), and y = per-
centage of [3H]raclopride bound.
These parameters for each of the in-
hibitors are as follows: chlorpromazine
o, k = 0.00150 ± 0.13, n = 0.9 ± 0.1;
(-)-sulpiride (0), k = 0.046 ± 0.02, n
= 1.2 ± 0.2; apomorphine 4, k =

0.25 ± 0.03, n = 1.0 ± 0.1; (+)-sulpir-
ide (#{149}),k = 5.45 ± 1.08, n = 1.0 ±

-4 0.1; dopamine (0), k = 24.8 ± 8.17, n
=1.1±0.1.
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Retina D2 Receptor Expression 5

known to have dopamine receptors, is the dopaminergic ama-

crine cell, where D2 receptors inhibit the release of dopamine

(i4). Because D2 receptor mRNA is widely distributed through-

out the inner nuclear layer and dopaminergic cells are very

rare, our data indicate that other cells in addition to dopamine

neurons must express this mRNA. Processes from dopami-

nergic neurons are widely distributed in the inner retina and

outer plexiform layer (2, 24), consistent with the majority of

mRNA observed here being made by cells that are postsynaptic

with respect to dopaminergic neurons. We have not morpho-

logically defined the phenotype of the few cells located in the

ganglion cell layer that express high concentrations of D2

receptor mRNA. One possibility, which is consistent with their

relative sparseness, is that these cells represent displaced ama-

crine cells (24).

Within the outer retina there is a marked difference in the

distribution of D2 receptor mRNA and ligand binding. Binding

data have indicated that a high concentration of dopamine D2

receptors is present in photoreceptors, being present in the

outer nuclear layer as well as inner and outer segments (i2,

i3). In addition to the binding data, physiological data collected

from various species have indicated a physiological role for

dopamine receptors on photoreceptors (7, 8). In our experi-

ments with both monkey and rat retina, we have failed to detect

D2 receptor mRNA within photoreceptors. The most likely
explanation for this observation is that photoreceptors express

dopamine D2 receptors that are encoded by a gene different

from the one we have examined. Alternatively, photoreceptors

may have a very different ratio of mRNA to protein than do

other cells in retina and brain.

Evidence for a heterogeneity of dopamine D2 receptors was
recently presented based on binding of [3H]spiperone to human

retina (25). These data indicate that the substituted benzamide

sulpiride discriminates among sites that have identical affini-

ties for [3H]spiperone. The pharmacology of the receptor that

we have cloned is like those that have the highest affinity for
sulpiride. It is tempting to speculate that another D2 receptor

subtype is yet to be cloned, which may be present in photore-

ceptors and may have a lower affinity for substituted

benzamides.

The human and rat dopamine D2 receptors are encoded by

highly related genes. Because the encoded proteins have very

few amino acid substitutions within their proposed transmem-

brane domains, one would predict that the two receptors would
be highly related pharmacologically. This prediction is based
on a hypothetical analogy to the �-adrenergic receptor. fi-

Receptors are structurally and functionally related to dopamine

D2 receptors, and the transmembrane domains are largely

responsible for their pharmacological properties (26). The pre-

dicted pharmacological similarity between the rat and human
receptors is borne out by the expression data. The binding sites
expressed in COS-7 cells by the human cDNA have many

similarities to sites observed on expression of the rat gene and

sites observed in both human retina and rat brain. The fact

that there are differences in the human and rat D2 receptors

indicates the potential for subtle differences in their

pharmacology.

The agonist pharmacologies of the cloned human and rat

receptors do not agree with that observed for endogenously

expressed receptors. For the receptors expressed by COS-7 cells,

agonists show steep inhibition curves, consistent with the pre-

dominant presence of a low affinity form of the receptor. One

explanation for this phenomenon is that in COS-7 cells the
very high levels of receptor saturate the endogenous G proteins.

In support of this possibility is the observation that, when
muscarinic receptors are expressed at similar levels in COS-7

cells, they show similarly steep inhibition curves, while these

receptors are still able to functionally couple with G proteins

to stimulate inositol phosphate metabolism (27). On the other

hand, when these receptors are expressed at lower levels in A9

L cells, agonists show broad inhibition curves (28). In order to
evaluate the pharmacological properties of cloned D2 receptors

with respect to agonists, it will be essential to express the

receptors at levels that more closely approximate those found

endogenously. It will also be necessary to express the receptors

in cells that express the G proteins and functional pathways

that dopamine receptors normally activate.
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