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Cloning and Functional Characterization of a Novel Dopamine
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A cDNA clone is described that encodes a novel G-protein-
coupled dopamine receptor (DopR99B) expressed in Drosoph-
ila heads. The DopR99B receptor maps to 99B3-5, close to the
position of the octopamine/tyramine receptor gene at 99A10-
B1, suggesting that the two may be related through a gene
duplication. Agonist stimulation of DopR99B receptors ex-
pressed in Xenopus oocytes increased intracellular Ca®* levels
monitored as changes in an endogenous inward Ca?'-
dependent chloride current. In addition to initiating this intra-
cellular Ca®* signal, stimulation of DopR99B increased cAMP
levels. The rank order of potency of agonists in stimulating the
chloride current is: dopamine > norepinephrine > epinephrine
> tyramine. Octopamine and 5-hydroxytryptamine are not ac-
tive (<100 um). This pharmacological profile plus the second-

messenger coupling pattern suggest that the DopR99B recep-
tor is a D1-like dopamine receptor. However, the hydrophobic
core region of the DopR99B receptor shows almost equal
amino acid sequence identity (40-48%) with vertebrate sero-
tonergic, a1- and B-adrenergic, and D1-like and D2-like dopa-
minergic receptors. Thus, this Drosophila receptor defines a
novel structural class of dopamine receptors. Because
DopR99B is the second dopamine receptor cloned from Dro-
sophila, this work establishes dopamine receptor diversity in a
system amenable to genetic dissection.

Key words: cloned dopamine receptor; Drosophila melano-
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Dopamine is a neurotransmitter in both the central and the
peripheral nervous systems and is involved in a variety of impor-
tant physiological and behavioral processes, such as neuroendo-
crine function, emotion, and motor control (Civelli et al., 1993).
Moreover, dopaminergic systems have been implicated in several
neurological disorders, including Parkinson’s disease and schizo-
phrenia (Seeman et al., 1984; Goldstein and Deutch, 1992; Wich-
mann and DeLong, 1993). Dopamine exerts its effects by inter-
acting with G-protein-coupled, heptahelical membrane receptors
on the cell surface (Jackson and Westlind-Danielsson, 1994).
Numerous agonists and antagonists of dopamine receptors have
been discovered in the search for new drugs to battle neurological
disorders. Using these drugs, dopamine receptors were originally
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classified into D1 and D2 subtypes based on their pharmacological
specificity with neuroleptics (Kebabian and Calne, 1979), a class
of dopamine antagonists used to alleviate the main symptoms of
schizophrenia (Levinson, 1991). Molecular cloning of dopamine
receptors has revealed at least five distinct subtypes (D1-D5) that
can be divided into two classes, the D1-like (D1 and D5) and
D2-like (D2, D3, and D4) receptors based on their sequence
similarity and pharmacological profile (Gingrich and Caron,
1993). These two classes of dopamine receptors are linked to
distinct cascades for signal transduction. Activation of D1-like
receptors stimulates adenylyl cyclase and phosphatidylinositol-
4,5-bisphosphate (PI) metabolism, whereas D2-like receptor ac-
tivation inhibits adenylyl cyclase and activates potassium channels
(Gingrich and Caron, 1993; Jackson and Westlind-Danielsson,
1994).

Dopamine and dopamine receptors have long been thought to
play an important role in the invertebrate nervous system (Weiss
and Drummond, 1981; Sonetti et al., 1987; Walker and Holden-
Dye, 1989; Ali and Orchard, 1994; Hall, 1994). We report here the
molecular cloning and functional characterization of a novel Dro-
sophila dopamine receptor that shows a pharmacology and
second-messenger coupling pattern similar to D1-like receptors.
However, this Drosophila receptor differs structurally from the
D1-like group of dopamine receptors that includes mammalian
D1 and D5 subtypes, and it also differs from a previously reported
D1-like receptor from Drosophila (Gotzes et al., 1994; Sugamori
et al.,, 1995). Northern blot analysis suggests that this novel Dro-
sophila receptor is expressed in both central and peripheral ner-
vous systems. Stimulation of these receptors, expressed in Xeno-
pus oocytes, generates a calcium signal and increases cAMP



3926 J. Neurosci., June 15, 1996, 16(12):3925-2933

levels. Gene mapping provides a first step toward future studies
aimed at mutant dissection of the physiological roles of dopamine
receptor subtypes in the intact organism, including their possible
involvement in memory and learning.

MATERIALS AND METHODS

PCR amplification for initial isolation of new receptor genomic DNA. The
forward primer (OPS3: CATAGCCCTCGACCGGTACT) encodes the
cytoplasmic end of the third transmembrane domain of the Drosophila
octopamine/tyramine receptor (OctyR99AB) (Arakawa et al., 1990). The
reverse primer (OPS4: GGCAGCCAGCAGATGACGAA) encodes the
middle region of transmembrane domain VI from this receptor. The PCR
template was 300 ng of Drosophila genomic DNA prepared from wild-
type Canton-S adult flies (Jowett, 1986). The 100 ul PCR mixture
contained 0.2 mM each of deoxyribonucleotide triphosphate, 10 mMm
Tris-HCI buffer, pH 8.3, 50 mM KCI, 1.5 mm MgCl,, 0.001% gelatin, 0.1
uM of each primer, and 2.5 units of AmpliTaq DNA polymerase (Perkin-
Elmer, Norwalk, CT). PCR was performed under reduced stringency
annealing conditions: 94°C for 2 min, 33°C for 2 min, 72°C for 2 min for
6 cycles followed by an additional 31 cycles with an annealing tempera-
ture of 42°C instead of 33°C. Final extension was 10 min at 72°C. PCR
products were analyzed by electrophoresis of 10 ul of reaction mixture on
a 1% agarose gel.

DNA sequencing. Direct sequencing of the PCR product was performed
as described previously (Feng et al., 1995; Zheng ct al., 1995) using a Taq
Dye Primer Cycle Sequencing kit (Applied Biosystems, Foster City, CA).
To facilitate the sequencing of the cDNA clone, nested deletions were
used (Henikoff, 1987). Each segment of DNA was sequenced at Icast
twice in both directions. The contig was assecmbled using Geneworks
software (Intelligenetics, Mountain View, CA).

Screening for cDNA clones. The 0.68 kb fragment from the initial PCR
amplification experiment was labeled with [a-*?P]dCTP (~110 TBq/
mmol) using the Multiprime DNA labeling system (Amersham, Arlington
Heights, IL) and was used to screen a Drosophila head cDNA library
(Itoh et al., 1985) in Agtll, generously provided by Dr. Paul Salvaterra
(Beckman Research Institute, Duarte, CA). Four positive clones were
identified by high-stringency (Sambrook et al., 1989) screening of 4 X 10°
plaque-forming units (pfu). The longest insert (4 kb) was cut out with
EcoRI and subcloned into pBluescript II SK(—) for further analysis. This
insert and the gene that encodes it are referred to as DopR99B through-
out this paper.

Northern blots. Heads, bodies, and appendages (legs and antennae)
were isolated from frozen adult flies (Schmidt-Nielsen et al., 1977).
Poly(A)" RNA and blots were prepared as described previously (Feng et
al., 1995; Zheng et al., 1995). Poly(A)" RNA (10 pg/iane) was run on a
denaturing, formaldehyde agarose (0.8%) gel. Blots were probed with the
32p.jabeled 0.68 kb PCR fragment added to a final concentration of 10°
cpm/ml. After high-stringency washing (Feng et al., 1995; Zheng et al,,
1995), blots were exposed to x-ray film for 24 hr at —70°C.

In situ hybridization to salivary gland chromosome squashes. The 0.68 kb
PCR fragment was biotinylated, hybridized to larval salivary gland poly-
tene chromosome squashes, and localized using the Gibco (Gaithersburg,
MD) Bluegene detection kit as described by Engels et al. (1985) with
minor modifications (Feng et al., 1995; Zheng et al., 1995).

Expression in Xenopus oocytes. Sense cRNA was prepared in vitro from
the DopR99B clone in the pBluescript IT SK(—) vector using T7 RNA
polymerase (Stratagene, La Jolla, CA) after linearizing the plasmid with
Notl (Promega, Madison, WI). Transcripts were capped by adding 0.75
units of m’G(5")ppp(5')G (Boehringer Mannheim, Indianapolis, IN) to a
standard 150 pl transcription reaction (Stratagene kit).

Stage V and VI oocytes from virgin female adult Xenopus laevis were
manually separated and placed in sterile ND96 medium {in mm: NaCl 96,
KCl 2, CaCl, 1.8, MgCl, 1, HEPES buffer (pH 7.6) 5, containing 2.4 mM
sodium pyruvate, 100 U/ml penicillin, 0.1 mg/m! streptomycin, 0.2 mg/ml
gentamycin]. The oocytes were defolliculated enzymatically by incubation
in ND96 containing collagenase (2 mg/ml) for 30 min. Oocytes were then
injected with 50 ng of Drosophila DopR99B receptor sense cRNA and
incubated at 19°C for 2-5 d. Uninjected oocytes were used as controls.

Electrophysiological recordings were made from oocytes using a two-
microelectrode voltage-clamp technique, at a —60 mV holding potential,
to measure oocyte currents (Van Renterghem et al., 1987). Oocytes were
continuously superfused with ND96 during the experiments at room
temperature, and drugs were added to the superfusate.

¢AMP assays. To monitor cAMP levels, individual oocytes were prein-
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cubated for 30 min in ND96 plus 100 uM isobutylmethylxanthine
(IBMX). Experimental oocytes were incubated for a further 30 min with
the desired concentration of agonist in the same medium while control
oocytes (to measure basal cAMP levels) were incubated in parallel in the
same medium without agonist. After the incubations, each oocyte was
homogenized in 500 ul of acidified ethanol, centrifuged to remove par-
ticulate matter, and the supernatant was evaporated to dryncss in a
vacuum centrifuge (Savant, Farmingdale, NY). Each sample was taken up
in 60 ul of assay buffer and assayed for cAMP using a commercial assay
kit (Amersham).

Drugs. The drugs used in the classification of the expressed recep-
tor were obtained from the following sources: dopamine hydrochlo-
ride, (—)-norepinephrine hydrochloride, (—)-epinephrine, tyramine
hydrochloride, DL-octopamine hydrochloride, 5-hydroxytryptamine
hydrochloride, (*)-isoproterenol hydrochloride, phentolamine
hydrochloride, and pL-propranolol were from Sigma (Poole, Dorset,
UK); R(+)-SKF-38393  [R(+)-1-phenyl-2,3,4,5-tetrahydro-(1H)-3-
benzazepine-7,8-diol], quineloranedihydrochloride, (—)-quinpirole
hydrochloride, PD-128,907 {[(+)-(4aR,10bR)-3,4,4a,10b-tetrahydro-
4-propyl-2H,5H-(1)benzopyrano-(4,3-b)-1,4-oxazin-9-o/-hydrochloride],
cis-(Z)-flupenthixol  dihydrochloride, R(+)SCH-23390 [R(+)-7-
chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzepine
hydrochloride], S(—)-sulpiride, spiperone hydrochloride, (+)-
butaclamol hydrochloride, S(—)-cticlopride hydrochloride, domperi-
done, (+)-bromocriptine methanesulfonate, (*)-6-chloro-APB
[(=)-6-chloro-7,8-dihydroxy -3-allyl-1-phenyl -2,3,4,5-tetrahydro- | H-3-
benzazepine hydrobromide], R(+)-6-bromo-APB (R(+)-6-bromo-
7, 8-dihydroxy-3-allyl-1-phenyl-2,3,4,5- tetrahydro-1H-3-benzazepine
hydro-bromide),  (*)-6-chloro-PB  [(*)-6-chloro-7,8-dihydroxy-1-
phenyl-2,3,4,5-tetrahydro- 1H-3-benzazepine hydrobromide], and (*)-
PPHT [(%)-2-(N-phenylethyl-N-propyl)amino-5-hydroxytetralin = hy-
drochloride] were from Rescarch Biochemicals (Natick, MA).

RESULTS

Cloning of a novel Drosophila dopamine receptor
When we began these studies, ¢cDNAs encoding several
G-protein-coupled receptors had been cloned from Drosophila,
including a muscarinic acetylcholine receptor (Onai et al., 1989),
several serotonergic receptors (Witz et al., 1990; Saudou et al,,
1992), and an adrenergic receptor homolog (OctyR99AB) (Ara-
kawa et al., 1990). However, there were no representatives of the
dopaminergic receptor family cloned from invertebrates even
though the role of dopamine was well established in the inverte-
brate nervous system.

To expand the group of cloned G-protein-coupled receptors
from Drosophila, we used reduced stringency PCR with primers
from regions conserved in all biogenic amine receptors. To facil-
itate the identification of those PCR products that were likely to
encode new receptors, we amplified across a region including
cytoplasmic loop 3 (between transmembrane domains V and VI).
This nonconserved loop varies greatly in length among different
G-protein-coupled receptors (Probst et al., 1992), so different size
amplification products are expected and would serve to distin-
guish fragments encoding new receptors from those encoding
previously cloned ones. In addition, the amplified region also
includes the conserved transmembrane domains IV, V, and part
of VI. Because these domains are easily recognized, this allows
rapid identification of these amplified fragments encoding
G-protein-coupled receptors.

PCR primers were chosen by aligning the amino acid sequence
of the Drosophila octopamine/tyramine receptor (OctyR99AB)
(Arakawa et al.,, 1990) with sequences of a subset of previously
cloned vertebrate biogenic amine receptors. A forward primer
sequence (OPS3) was selected from the region of the Drosophila
octopamine/tyramine receptor cDNA that encodes the cytoplas-
mic end of the third transmembrane domain (amino acids IALD-
RYW). This included the DRY sequence that is found in almost
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A

CCGAGCAGCAACTGCCGGGGAAATTGGAACAGGAACATAATCAGGCACAGGAACAGCAACTGAAACAGGGACTCGCGTCAGCTGCAGCGAdACAGCACTGAGTTGCAATGGTGGACGACAI 120
* M V D D § 5

ATGGCTCGTICGCCGGAAGTGGAAGGAGCGGAAGGAGCCGGCGCGCCCCTCCTGECGCTCCTCCGGETGGATGGGCTCAATCAGACGCAGACCCGTTCTCCCTCGCCGTCGTTCTTCGGCA 240
G S s P EV EGAZEGAGAPULULALTILRUVYVDGTILDNIGQTIGQTU®RS P S P S F F G s 45
+

GTTACAACATCTCCGAGGATGTCTACTTCTACTTCAATGGGCTGCCCACGAGCACGGAGCTCGTGCTGAACGCCACCACCTCCGCCACCAGCGCCACCTTGAGTCCTGCGATGGTGGCAA 360
Y NI 8§ E DV Y F Y FNGULPTS$TETZLVTLINATTSATSATTL S P A MV A T 85
* *

CAGGAGGTGGCGGCACCACCACGCCGGAACCCGATCTCTCCGAGTTCCTGGAGGCGCTGCCCAACGACCETGTGGGCCTGCTGGCCTTCCTCTTCCTGTTCTCCTTCGCTACGGTTTTCG 480
G 66 66 TTT?PE P DL § E F L EA L PND RV GLL A F L F L F § F A TV F G 125

T
GCAACTCACTGGTCATCCTCGCCGTCATCCGGGAGCGGTACTTGCACACGGCCACCAACTACTTCATCACCAGCCTGGCCETGECCGACTGCCTCETGGACCTGGTGGTCATGCCCTTCT 600
N $ L v I L AV I R ER Y L HT ATWNJYVF I TS LAV ADTCTLUV G L V VMUPTF S 165
I
CAGCGCTCTACGAGGTGCTGGAGAACACGTGGTTCTTCGGCACGGACTGGTGCGACATCTGGCGGTCCCTGGACGTGCTCTTCAGCACAGCCTCCATACTGAATCTGTGCGTGATCTCAC 720
A L Y E V L ENTWVFF G TDWC¢CD I WRS LDV L F S TA S I L NUL CUV I S L 205
III
TCGACCGCTACTGGGCCATCACGGATCCCTTTAGCTATCCCATGAGGATGACGGTCAAGCGAGCGGCCGGTCTGATAGCCGCTGTATGCATCTGCTCCAGCGCCATTAGCTTTCCGGCCA 840
D RY WAITTDU®PVF S Y P MRMTV KR AAGILIAAUV W I ¢C S S A I S F P A I 245
A v
TTGTGTGGTGGCGAGCGGCGAGGGATGGCGAGATGCCCGCCTACAAGTGCACCTTCACCGAGCACCTGGGCTACCTAGTCTTCTCGTCGACGATATCCTTCTACCTGCCGCTTCTAGTGA 960
vV W W R A A R DG EMUPAY K CTF T EHULGY LV F S$ S T I 8 F Y L P L L V M 285
v
TGGTCTTCACCTACTGTCGCATCTACAGGGCAGCCGTCATCCAGACGAGATCTCTTAAGATTGGAACCAAGCAGGTGCTCATGGCCTCCGGGGAACTGCAGCTCACATTGCGTATTCATS 1080
vV F T Y C R I Y R A A V I Q T R 2 L K I 6T K Q VL M A S G E L Q L Z L R I H R 325

GTGGTGGCACTACGCGGGATCAGCAAAACCAGGTCTCCGGAGGAGGAGGTGGTGGAGGAGGAGGTGGCGGTGGCGGAGGATCTCTGAGCCACTCGCACTCCCATTCGCACCATCATCATC 1200
G 6T TR D Q Q N Q V S GG GG 666 6 6 6 6 6 6 G S L S H S HS H S HHHHH 365
A

ACAATCACGGTGGTGGCACGACGACCTCCACGCCGGAGGAGCCGGATGATGAGCCGCTATCCGCTCTGCATAACAACGGACTGGCACGCCATCGGCACATGGGCAAGAACTTCTCGCTGT 1320
N HGGGTTTS TUPEEUPDUDEZPILSALUHNNINSGTILA ARUHI RHEMMGIEKNTF S L S 405

CCAGGAAACTGGCGAAGTTCGCCAAGGAGAAGAAGGCGGCCAAGACGCTGGGCATCGTGATGGGCGTGTTCATCATCTGCTGGCTGCCCTTCTTCGTGGTCAACCTGCTGTCCGGGTTCT 1440
R K L A K F A KEI KI KAAZXKTULGI VMGV F I I CWULUPTFF F V VNULTILS G F C 445

VI
GCATCGAGTGCATCGAGCACGAGGAGATCGTCTCGGCAATCGTCACCTGGCTCGGCTGGATCAACTCCTGCATGAATCCTGTGATTTACGCCTGCTGGAGCAGGGACTTTCGCAGGGCCT 1560
I ¢ ¢ I EHEZGE_I VS A T V T WL G W I NS CMNW®PUVYV I Y ACTW S RDTFIRURA F 485

Vi
TTGTGCGTCTGCTCTCCATGTGCTGTCCACGCAAGATTCGCCGCAAGTACCAGCCCACGATGCGTTCCARGTCGCAGAGATTCGCGACGCGGCGCTGCTACTCGACCTGCTCGCTGCACG 1680
VRL L ¢C M CCPURIEKTIUZ RI RIEKYOQTP Z M R § K z Q@ R F A Z R R C Y s T C S8 L H G 525

GCATTCAGCACGTGCGACACAACTCCTGCGAGCAGACCTACATATAGTTTAGCGTAGATTTAGT TGACAATGATTAAGGCGCCGAGCCACGCCCCCTAGCGCCCTCCATTTGTCCGTAAG 1800
I 0 HVRHNSTCET QT Y I * * * 539

TCAATGGCAAGTGTCACGTGGCCGCTGCAATGGCTGGCCGCCTCCACCTCCTTCGGCTACCACTCGGTGAACCAGATCGACCGGACGCTCATGTGACGGCAGCTGAGCAGTTGCAGCACCT 1920
GCAGCGGGGGCAGCAACTGCGGCGGATCACGGTCCGCCCATCACCAGCACCACTCCTCGGGCACGGCCACGCCCTCGTCCTCGCAGCGATCCTGCACTAGATGCCAGAGCTTCCACCGCC 2040
ACCACCACCGCTCCAGGCGCCGCAGCTCGGGGATGCAGATGCGCGGGGACTACAACTCCACCACGGCGGTGAACAGCGCTCTGGCCAAGACCATAGTCACCATCAGTGCTTCTCCGGTGG 2160
CGGCTGCCTCGGCCAGTTCGCTGCACCTGGGCGTCGGAGGACGTCCTTCCTCGGTGTCCACCCTGACAATCGCCTCGGTGCCGCCCACCTTGAGTGGCAGTGGCAGTCCAGGAGGCTCTG 2280
TGAGCGGGGCCACTACTCCGCTGGCACCCAGTCTCAAGGCCCTGACCCCGEGACCCTCCAACTCGTCGGEGTCACCACGTGTCTTTTCATGCCCATGACGGGCATGAAGCGGTTGCGCAGT 2400
CGAACGTCTCGCTGGGATCGACCAATGGAATCATCAGCACTGTGGCCGGAGCGGACACCACCTCGGCGCCCTTGCTGATCGACGCCAGCGAGGATCAGGTGCAGATGCGGAACCAACACC 2520
GAATCCTGGAGCAGTGCCAGAGTGTCCAGAGCCAAATAACTACGCTGGGCGACGTGGAGGACGACGACGAGGAGGTCAGCGACAGTGAGAGCGAGAGCATCGGACTCGCCCTGGTGGTGA 2640
CCACGCCTCAACTGGAGAGCCAGCCCGTGGAGGCATCGAGTTCCTCCAGCTCCTCGGTCAAGTAAACTCAGCAACAGAACCACGAAAACAAGCCCAGACATTAGCTTTAAGATTCAACCA 2760
TATACATATGTGTGTTTATCAGAAGCGGTGGTCGATGGAAAGGCAATACTTTGGACAGT TCTAAGCCAGTCAGAATTCACTTTGTTGCCTATTGATTATTTTACTAGCTCTTCAGGTTTC 2880
AATAAGGATATGAACTGAATTTTATTATCATCCCCCCAGCAAAGATTTGTGTATGTATGTATGTTATTTTTACCTTCAAGCGAATCAATATAGCTCAATCCGAATTGCAATTGGCTTAGA 3000
GGTGTCCATTGAGTTTCGCCAGCCCATTGGTCGACCCATTCGAAGTGTGTACATAGCAATCTAGACTCGCCTAGCCACTCATTAGCTTATCGATCGGTGATAGAACACTATGCAACAGAA 3120
AATCCTCCCTATATCAACACCCAAAAACACGGGGTTGCAGTTGCAGTTGCAGGCGGTAGTTGCATAGTGGGATTAGTGTAACTGTTAGCTCTCATATC TTAGATCTTCCATTATGTAGTT 3240
GTTCGTTCCGTTTCGTTCCGTTCCGTTCTGTAAATGTTTCAAACGTCTAGCAATTGAATTCAAAAAGCTACGTCTTCAACCTGTCCAAGTACCTGACTCTCTGARATCCAAGARGATACT 3360
GTGCATGTATATAGCTTAACTTTGACTCCTCTGTCGCTCAAAACTAGCTTTATGTTACTCGAAACTCGCTTGTTCGTTCGTTATCAACTGAAATTCTACGGGTGCAATATGAATTTATAC 3480
CAACTTAAGGACTCGAACAATCAGGCAARACAGGCTTCAAGACCAGTTCCCAGTCGTAGGAGATCCCAGGTACARAAGTCATAATCACTGCAATTGTTGGCTAGCTTAATTAGCCCATCCTC 3600
CATTACGTTCTTTGGACTACATATATTACCAATATAGGCATATGGAATAGGGTGAATTTTAATTGTACT TGTGAGACAGCCGAAAGT TAGGAAATCCGGCAGCTTTAATGAATTAATCCC 3720
TCAAAAGGCTCGCCCATCCACTTCTGTACCACTCTACATGTATGCTTATGATGGCTAAGCTCCTCCGATTCCGATTTTGCAATAATTAATGTGTGCAATTAGGATTGATTGCCCCGCCCC 3840
CACAAGGTCGGCGAATAAATCGAGTAGAAGAATGGGGCTCTAATGCGGGAAAAACTAATAACAATGGCGAGACCTCAGTTTAATGGATGAGTAGGAAGAAGCCATGGCAAAATGTTGCTC 3960
ATTGTTTTCAAAAAACAAACAAAGCGAAATGGATGGTCCAAGG 4003

B
400

200+

-2004

4004 1 1 1 1 1
100 200 300 400 500

Amino acid position

Figure 1. The DopR99B sequence. A, Nucleotide sequence and deduced amino acid sequence of the Drosophila dopamine receptor DopR99B. In-frame stop
codons are indicated by asterisks. The sequence of a potential ribosome binding site is boxed. The seven transmembrane domains are underlined and numbered.
Potential PKC phosphorylation sites are indicated by A. Potential N-glycosylation sites are marked by . B, Hydrophobicity plot of the deduced DopR99B amino
acid scquence. Regions above the line are hydrophobic. Transmembranc domains are numbered. The hydropathy plot was done using the method of Kyte and
Doolittle (1982} and the Geneworks software (Intelligenetics). The Genbank accession number for DopR99B is U34383.
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Pathway Accession #

Shtratlca ~ TPLC M21410

___E Shtrat2 TPLC M30705

Shtratsrl TPLC X66842

5htdro2a LAC 711489

5htdro2b LAC 711490

Shtdror TAC  MS55533

Shtratlb LAC  X62944

Shtrat1d LAC  M89953

Shthumle L AC  M91467
Shtratla LAC 05276

OctyR99AB L AC  M60789

DopR99B  TAC  U34383

Adrrata2g10 ? M62371

Adrrate2g20 L AC  M62372

Adrrate2b  ? M32061

Dophum2a 4 AC  M29066

__r_[ Doprat2za L AC  M36831

Dopxen2 ? X59500

| - Doprat3 LAC  X53944

Dophum4 ? X58497

— 1 Dophuml TAC  X55760

Dopratla TAC M35077

L Dophum5  TAC  X58454

| Dopratlb TAC M69118

DopR35EF TAC  X77234

Adrratala ? M60654

— Adrratelb  ? M60655
— Adrhump2  TAC  J02960
_{E Adrratg] TAC J05561

Adrratpa TAC M74716

Figure 2. Structural relationship of DopR99B with other G-protein-
coupled receptors. Sequence alignment was done with the PILEUP pro-
gram of the Wisconsin Genetic Computer Group (GCG) software (De-
vereux et al., 1984) using the hydrophobic cores of each receptor listed.
The hydrophobic core was defined as the region between and including
transmembrane domains T and V plus the region between and including
transmembrane domains VI and VII. The lengths of the horizontal lines
are inversely proportional to the percentages of sequence similarity be-
tween receptors or groups of receptors. In the receptor names listed, the
first three to four letters refer to the general receptor type: Adr, adrener-
gic; Dop, dopamine; Sht, serotonin; Octy, octopamine/tyramine. The next
letters in the name refer to the species: dro, Drosophila; hum, human; rat,
rat; xen, Xenopus. The exceptions to this nomenclature are three Drosoph-
ila receptors (DopR35EF, DopR99B, OctyR99AB). For these, the type
name is followed by R (receptor) and then the salivary gland chromosome
map position. Pathway refers to the second-messenger coupling reported
in the literature for each receptor: PLC, phospholipase C; AC, adenylyl
cyclase. An upward arrow indicates stimulation of the indicated second-
messenger system, and a downward arrow indicates inhibition. Accession #
refers to the Genbank database locator number.

all cloned G-protein-coupled receptors. A reverse primer se-
quence (OPS4) was from the conserved middle region of trans-
membrane domain VI of OctyR99AB cDNA (encoding amino
acids FVICWLP). Genomic DNA was used as the template to
avoid assumptions concerning the time- and tissue-specific expres-
sion of receptors.

Using the OPS3 and OPS4 PCR primers, five fragments (1.7,
1.0, 0.68, 0.60, and 0.46 kb) were amplified from Drosophila
genomic DNA. Direct sequencing of the PCR products revealed
that the 1.7 kb fragment is the genomic equivalent of OctyR994B
with a 0.7 kb intron in the region encoding cytoplasmic loop 3.
The 0.68 kb fragment had high sequence similarity to OctyR994B
and other G-protein-coupled receptors in the transmembrane
domains, but was different in cytoplasmic loop 3. These data
suggested that this 0.68 kb fragment encodes part of a novel
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G-protein-coupled receptor gene in Drosophila. Using this 0.68 kb
PCR fragment as a probe, four overlapping cDNA clones were
isolated from an adult head cDNA library. The clone with the
longest insert (4 kb) was completely sequenced and has been
designated DopR99B.

Structural features of the DopR99B cDNA sequence

The 4 kb cDNA insert contains an open reading frame encoding
538 amino acids with a predicted molecular mass of 59.5 kDa (Fig.
1A4). The open reading frame is defined by the first in-frame ATG
that is preceded by an in-frame stop codon. Although the flanking
sequence preceding this ATG (—4 to —1, TGCA) does not match
well with the Drosophila consensus sequence for a translation start
site [C/A A A A/C (Cavener, 1987)], a potential ribosome-binding
site around this ATG was identified (Fig. 14). A comparison of
the cDNA sequence in the regions used for the original PCR
primers shows that in the forward primer region there are 4 base
mismatches concentrated in the first 7 nucleotides from the 5’
end. The reverse primer had only 1 base mismatch in the fourth
base position from the 3’ end. The robust amplification of the 0.68
kb product indicates that these mismatches were all tolerated at
the initial annealing temperature of 33°C.

Sequence comparison with other

G-protein-coupled receptors

The deduced amino acid sequence for DopR99B shows many
standard characteristics of the G-protein-coupled receptor gene
family. The hydropathy plot (Fig. 1B) reveals the 7 transmem-
brane domains diagnostic of all members of this group of recep-
tors (Probst et al., 1992). At the cytoplasmic end of transmem-
brane domain III is the highly conserved DRY sequence. This
amino acid triplet is thought to be important in G-protein cou-
pling (Dixon et al., 1987; Fraser et al.,, 1988). Single cysteine
residues (at 182 and 261) in extracellular loops 1 and 2, respec-
tively, are also conserved. These residues form a disulfide bond
that stabilizes the functional receptor structure (Dixon et al.,
1987; Karnik et al., 1988; Fraser, 1989). Two aspartate residues in
TM II and TM III that are conserved in all catecholamine recep-
tors are also conserved in DopR99B (D154 and D189). These two
aspartates are thought to play a direct role in binding the amine
groups on catecholamines (Strader et al., 1988). The three serine
residues in TM V that are postulated to interact with the cate-
cholamine ring hydroxyl groups (Strader et al., 1989; Pollock et
al.,, 1992) are also conserved in DopR99B (8273, S274, S§277).
Thus, this new receptor has appropriately placed amino acid side
chains for binding catecholamines.

There are other, more general structural motifs that are found
in this Drosophila receptor as well as in other G-protein-coupled
receptors. For example, mammalian dopamine receptors typically
have one to four N-linked glycosylation sites in their extracellular
domains (Jackson and Westlind-Danielsson, 1994). This Drosoph-
ila receptor has four potential N-linked glycosylation sites in the
amino terminus (positions 5, 31, 47, and 68). This region is likely
to be an extracellular domain. All G-protein-coupled receptors
have protein kinase C sites in cytoplasmic loop 3 (between TM V
and VI) and in the C-terminal tail, but the exact positions of these
sites are not strictly conserved. This newly cloned Drosophila
receptor has eight potential protein kinase C phosphorylation
sites in cytoplasmic loop 2 (position 222), cytoplasmic loop 3
(positions 302, 320, 328, and 405), and in the C terminus (posi-
tions 504, 509, and 514). Finally, many G-protein-coupled recep-
tors undergo a post-translational palmitoylation at a conserved
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cysteine residue in the C-terminal tail (Gingrich and Caron, 1993).
This modification serves to anchor the tail to the internal face of
the plasma membrane, creating a fourth cytoplasmic loop. The
Drosophila receptor has several cysteines that could serve this
function (at 490, 492, 493, 517, 521, and 534). The conserved
structural motifs, along with the fact that this gene product has,
overall, a high sequence similarity with other G-protein-coupled
receptors, suggest that it encodes a novel G-protein-coupled re-
ceptor in Drosophila.

Comparison of the predicted hydrophobic core region of the
DopR99B deduced amino acid scquence revealed significant se-
quence similarity with vertebrate and invertebrate dopamine re-
ceptors (41-47% identity), serotonin receptors (40-47% identi-
ty), al- and B-adrenergic receptors (46—48% identity), as well as
the Drosophila octopamine/tyramine receptor from which the
primers were derived (47% identity). Detailed sequence compar-
ison of either the hydrophobic core region or the full-length
deduced amino acid sequence showed that the DopR99B receptor
clearly belonged to the biogenic amine class of receptors, but it
was not possible to predict its receptor type based on sequence
comparisons alone. The dendrogram in Figure 2 shows that
DopR99B did not fall clearly within one of the biogenic amine
receptor groups, although a previously described (Gotzes et al.,
1994; Sugamori et al., 1995) Drosophila dopamine receptor
(DopR35EF) consistently grouped with the vertebrate D1-like
dopamine receptors. To define the DopR99B receptor-type phar-
macologically, we expressed it in Xenopus oocytes.

Expression studies in Xenopus oocytes

Xenopus oocytes translate exogenous mRNAs encoding neuro-
transmitter receptors and incorporate the receptor proteins into
their cell membranes (Sumikawa et al., 1981; Barnard et al.,
1982). To define which ligands activate the DopR99B receptor, we
expressed its CRNA in Xenopus oocytes and tested the ability of a
range of biogenic amines to initiate responses. The application of
dopamine initiated transient inward current responses in injected
oocytes (Fig. 34). Uninjected, control oocytes showed no re-
sponses (data not shown). The responses have a reversal potential
of —=21.7 £ 29 mV (n = 3) estimated from current-voltage (I-V)
plots, consistent with their mediation via the activation of the
endogenous, inward calcium-dependent chloride current of the
oocyte. This inward current is presumably generated by the same
mechanism originally reported by Masu et al. (1987) after stimu-
lation of another G-protein-coupled receptor (the bovine
substance-K receptor) expressed in oocytes; i.e., receptor-
mediated activation of phospholipase C increases PI hydrolysis
and stimulates release of intracellular calcium which, in turn,
activates the endogenous calcium-dependent chloride current of
the oocyte.

Dose-response curves (Fig. 3B) indicate that the threshold
response to dopamine occurred in the region of 1 nm, whereas the
maximal response occurred at 1 uM. Exposure of injected oocytes
to concentrations of dopamine >1 uM consistently produced
smaller responses (Fig. 34,B). Figure 3B also shows that the
catecholamines norepinephrine and epinephrine induce inward
currents in injected oocytes. However, these catecholamines are
less effective than dopamine. The injected oocytes also showed
inward currents when exposed to tyramine (Fig. 3B), but much
higher concentrations were required and the average current
response was smaller at the maximum concentration tested (100
uM) than for the other amines. Oocytes showed no response to
either DL-octopamine or 5-hydroxytryptamine at concentrations
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Figure 3. Inward current response after agonist stimulation mediated by

the DopR99B receptor expressed in Xenopus oocytes. Two minute pulses
of agonists were given to Xenopus oocytes 3 d after the injection of
DopR99B cRNA. A, Typical responses of a single oocyte to various
concentrations of dopamine. B, Dose-response curves for dopamine,
(—)-norepinephrine, (—)-epinephrine, and tyramine. The results (from at
least 6 oocytes) are expressed as the mean peak inward current + SE
initiated by each amine.

up to 100 uM. Taken together, these results suggest that the
DopR99B ¢cDNA clone encodes a Drosophila dopamine receptor.

To determine whether this Drosophila dopamine receptor falls
into the D1-like or D2-like pharmacological category, the ability
of antagonists (10 um) to block the responses to 1 uM dopamine
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Table 1. Effects of agonists and antagonists on inward currents in
Xenopus oocytes expressing the Drosophila DopR99B receptor

A

% of Response to

Receptor-type

Antagonists (10 um) 1 um dopamine specificity
Flupenthixol 39+ 1.6% (n=25) D1/D2-like
R(+) SCH233%0 342 *£89% (n=106) D1/D5
S (—)-sulpiride 56.8 + 16.1% (n=25) D2-like
Spiperone 63.0 +9.2% (n="17 D2-like
(+)Butaclamol 66.7 = 45% (n=106) D2/D1-like
Phentolamine 71.6 = 71% (n=06) a-Adrenergic
DL-Propranolol 89.6 £ 5.9% n="17 B-Adrenergic
S(—)-eticlopride 103.2 = 10.9% n=4 D2-like
Domperidone 118.3 £ 7.0% n=3) Peripheral D2
B

% of Response to Receptor-type
Agonists (10 um) 1 um dopamine specificity
(*)-6-Chloro-APB 89.4 = 3.8% (n=06) D1-likc
R(+)-6-bromo-APB 733 *+91% (n=106) Di-like
(*)-6-Chloro-PB 19.6 + 7.7% (n=15) D1-like
Quinelorane 11.3 +3.0% (n=28) D2-like
(*)-Bromocriptine 7.5 *2.6% (n=15) D2-like
Quinpirole 4.1 *23% (n =6) D2/D3
R(+)-SKF-38393 1.8 +12% (n = 6) D1-like
(*)-Isoproterenol 1.3+09% (n=06) B-Adrenergic
PD-128,907 0 (n=06) D3
(+)-PPHT 0 n=4) D2-like

Inward currents were initiated by 2 min pulses of 1 um dopamine. The mean
response to a 2 min control pulse of 1 um dopamine was 331.4 = 15.6 nA (n = 73).

A, The size of the response to a dopamine pulse given in the presence of 10 um
antagonist is expressed as a percentage = SE of the response to a control dopamine
pulse given to the same oocyte. Antagonists alone did not initiate any currents.

B, Agonists were applied as 2 min pulses. The inward currents generated are
expressed as the percentage * SE of the response of the same oocyte to a control
dopamine pulse.

in oocytes expressing the DopR99B receptor was determined
(Table 1A). The rank order potency of the dopaminergic antag-
onists tested was: flupenthixol > R(+)-SCH-23390 > S(—)-
sulpiride > spiperone > (+)butaclamol > S(—)eticlopride =
domperidone. The D1-like receptor blockers were, in general,

Table 2. Effects of biogenic amines on cAMP levels in Xenopus oocytes
expressing the Drosophila DopR99B receptor

DopR99B

Agonist cRNA-injected Uninjected

Basal 0.82 = 0.05 (n=9) 087x008 (n=10)
Dopamine 1.46 = 0.10 (n=10) 077 x0.09 (n=10)
(—)-Epinephrine 1.28 = (.15 (n=8) 076=x0.08 (n=10)
(—)-Norepinephrine  1.15 = 0.06 n=8 071007 n=9)
Phenylethylamine 0.86 = 0.09 (n=10) 069 *0.10 (n=10)
5-Hydroxytryptamine 0.83 = 0.09 (n=5) 096005 (n=25)
DL-Octopamine 0.78 = 0.07 (n=10) 069 =0.08 (n=10)
Phenylethanolamine 0.76 = 0.06 (n=10) 089 x0.06 (n=10)
Tyramine 0.71 £ 0.08 (n=10) 071009 (=9

cAMP levels were measured 5 d after cRNA injection. Before measurement, oocytes
were preincubated for 30 min in 100 um IBMX and then exposed to 10 um biogenic
amine for 30 min in the presence of 100 um IBMX. The results are expressed as the
mean oocyte cAMP level (pmol/oocyte) = SE.
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Figure 4. Dose-response curves for increase in cAMP levels in oocytes
expressing DopR99B. Five days after injection with Drosophila DopR99B
receptor cRNA, injected and uninjected (control) oocytes were treated
with the indicated dopamine concentrations for 30 min in the presence of
100 pwm IBMX after preincubation for 30 min in 100 um IBMX. The
results are expressed as the mean oocyte cAMP level (pmol/oocyte) + SE
(n = 5 oocytes). B, Basal levels.

more effective than those with D2-like receptor specificity. The
«a-adrenergic blocker phentolamine and the B-adrenergic blocker
pL-propranolol were poor blockers, falling within the same range
as the weaker D2-like receptor blockers. Thus, in terms of antag-
onist responses, the DopR99B receptor would be classed with the
D1-like dopamine receptor group.

When a range of synthetic dopamine agonists specific for var-
ious vertebrate receptor subtypes was tested (Table 1B), both
D1-like and D2-like agonists mimicked the dopamine responses in
oocytes expressing the DopR99B receptor. However, with the
exception of the relatively ineffective D1-like agonist SKF-38393,
the D1-like agonists were more effective than the D2-like agonists.
Thus, these pharmacological studies of the inward currents gen-
erated by dopamine application indicate that the receptor en-
coded by the DopR99B cDNA, again, has a pharmacological
profile closer to D1-like dopamine receptors.

Another way to categorize receptors is in terms of the second-
messenger systems to which they couple. Therefore, we have also
investigated second-messenger coupling for the Drosophila
DopR99B receptor. This receptor, when expressed in Xenopus oo-
cytes, appears to couple to multiple second-messenger systems. As
described above, receptor activation initiates a calcium response. In
addition, dopamine activation of the DopR99B receptor also in-
creases CAMP levels in oocytes (Fig. 4). This response is mimicked by
the application of epinephrine and norepinephrine to expressing
oocytes, but not by phenylethylamine, 5-hydroxytryptamine, DL-
octopamine, phenylethanolamine, or tyramine when these agonists
were tested at a concentration of 10 um (Table 2). Stimulation of
cAMP levels is characteristic of second-messenger coupling by D1-
like receptors, whereas inhibition of CAMP synthesis is characteristic
of D2-like receptors (see Fig. 2). Therefore, in this respect,
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Figure 5. Northern blot analysis of DopR99B. A Northern blot of
poly(A)* RNA isolated from heads (H), bodies (B), and legs/antennae
(L/A) was probed with the **P-labeled 0.68 kb PCR fragment. To control
for mRNA recovery, the blot was reprobed with ribosomal protein cDNA
(rp49), which is expressed throughout the organism (O’Connell and Ro-
bash, 1984).

DopR99B also resembles D1-like receptors. We have named this
receptor DopR99B (for Dopamine Receptor from Drosophila map-
ping to 99B to distinguish it from another Drosophila D1-like dopa-
mine receptor (which we designate as DopR35EF) described previ-
ously (Gotzes et al., 1994; Sugamori et al., 1995).

mRNA distribution and chromosomal localization

of DopR99B

To determine the distribution of the DopR99B transcript in
different body parts, we did Northern blot analysis with poly(A)*
RNA isolated from heads, bodies, and appendages (mostly legs
and antennae). The blot was probed with the original 0.68 kb PCR
fragment that contains the nonconserved cytoplasmic loop 3. As
shown in Figure 5, a single band of 5.5 kb mRNA was detected
predominantly in heads with a lighter signal in appendages. No
expression was detected in bodies. This distribution is consistent
with a role for these dopamine receptors in the central and
peripheral nervous systems. The absence of major expression in
bodies suggests that this receptor is not highly expressed in flight
muscle.

To determine where DopR99B maps in the Drosophila genome,
the 0.68 kb PCR fragment was biotinylated and hybridized to
Drosophila salivary gland polytene chromosomes (Fig. 6). The
probe hybridized to a single location on the right arm of chromo-
some 3 at 99B3-5. This location is close to, but distinct from, the
Drosophila octopamine/tyramine receptor gene that maps to
99A10-B1 (Arakawa et al, 1990). The structural relationship
between DopR99B and this Drosophila octopamine/tyramine re-
ceptor (OctyR99AB, Fig. 2) suggests that these receptors may be
related by a local gene duplication followed by independent
evolution.

DISCUSSION

The present study establishes, for the first time, the presence of
multiple dopamine receptor types in insects. These receptors,
which we have designated as DopR35EF [cloned in previous
studies (Gotzes et al., 1994; Sugamori et al., 1995)] and DopR99B
(present study), are similar in that both stimulate adenylyl cyclase
when activated. Although both resemble the vertebrate D1-like

J. Neurosci., June 15, 1996, 16(12):3925-2933 3931

N
]
e
-
‘t’
w'

bl RN

~»
re

2

vy,

Figure 6. Chromosome localization of DopR99B. In situ hybridization to
Drosophila salivary gland polytene chromosomes using the biotinylated
0.68 kb PCR fragment. The arrow indicates the site of hybridization at
99B3-5 on the right arm of chromosome 3.

dopamine receptor class, there are differences. For example,
vertebrate D1-like receptors generally have long C-terminal tails
ranging from 113 to 117 amino acids in length, whereas D2-like
receptors have short tails in the range of 16-18 amino acids
(Jackson and Westlind-Danielsson, 1994). The two Drosophila
dopamine receptors have C-terminal tails that are intermediate in
length (62 amino acids for DopR35EF and 64 for DopR99B).

Although the two Drosophila receptors resemble each other
with respect to C-terminal tail length, in overall sequence simi-
larity DopR35EF is less similar to DopR99B (43% sequence
identity in the hydrophobic core region) than it is to the vertebrate
Dl-like class of dopamine receptors (46-48% identity). When
dendrograms are constructed based on structural relatedness
(e.g., Fig. 2), DopR3SEF consistently falls into a group with
vertebrate D1-like dopamine receptors regardless of whether the
entire sequence or only the hydrophobic core is used for compar-
ison. DopR99B does not group with the D1-like receptors, but
instead shows almost equal sequence identity to a number of
different biogenic amine receptor groups. This suggests that the
dopamine receptor subtypes in Drosophila did not arise from each
other but, rather, may represent convergent evolution from dif-
ferent precursors.

Although the Drosophila DopR99B receptor does not fall into
the D1-like structural group, it does show pharmacological prop-
erties similar to DI1-like receptors (Jackson and Westlind-
Danielsson, 1994; Seeman and VanTol, 1994) when expressed in
Xenopus oocytes. Agonists and antagonists with D1-like selectivity
are, in general, more effective than those with D2-like receptor
selectivity. A comparison of our pharmacological data with the
limited information on DopR35EF (Gotzes et al., 1994; Sugamori
et al,, 1995) suggests that these two Drosophila dopamine recep-
tors differ in their pharmacological specificity. For example, the
dopamine receptor agonist SKF-38393 is 30% as effective as
dopamine on DopR35EF (Gotzes et al., 1994), but is almost
inactive on DopR99B. With respect to antagonists, SCH-23390 is
less effective than flupenthixol and butaclamol on DopR35EF, but
is intermediate between flupenthixol and butaclamol on
DopR99B.

Agonist stimulation of DopR99B activates adenylyl cyclase to
increase cAMP levels and also generates a calcium signal presum-
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ably through stimulation of phospholipase C. Both of these re-
sponses have been reported for vertebrate D1-like receptors (Fig-
ure 2) (Mahan et al., 1990). In contrast, vertebrate D2-like
receptors usually show opposite effects on these second-
messenger systems because they inhibit cAMP synthesis (Jackson
and Westlind-Danielsson, 1994) and are associated with a decline
in intracellular Ca®" levels. Structural features, presumably in the
second and third intracellular loops and in the C terminus, must
underlie the ability of this Drosophila dopamine receptor to cou-
ple to two different second-messenger systems. Because the
DopRY9B recceptor is structurally distinct from classical vertebrate
dopamine receptors, the use of chimeras and the application of in
vitro mutagenesis may produce novel insights into how dopamine
interacts with this receptor and how this interaction results in the
stimulation of different systems.

Our results leave unanswered the question of whether Drosoph-
ila has a D2-like dopamine receptor homolog. Dopamine and the
enzymes involved in its synthesis are widely distributed in the
insect nervous system (Klemm, 1976; Evans, 1980; Livingstone
and Tempel, 1983; Brown and Nestler, 1985; Budnik and White,
1987). Previous studies demonstrating the presence of dopamine-
sensitive adenylyl cyclases in insect nervous tissue (Nathanson and
Greengard, 1973; Bodnaryk, 1979; Uzzan and Dudai, 1982; Orr et
al., 1987) and salivary glands (House and Ginsborg, 1979; Lafon-
Cazal and Bockaert, 1984; Evans and Green, 1990a,b; Ali and
Orchard, 1994), together with radioligand binding studies on
cockroach brains (Notman and Downer, 1987), suggested the
presence of D1-like dopamine receptors in insects. These D1-like
receptor responses could correspond to either the DopR99B
receptor described in this report or the DopR3SEF receptor
(Gotzes et al., 1994; Sugamori et al., 1995) or both. There are no
reports yet of D2-like dopamine receptor activity in insects, but
this is not a well studied area. None of the other PCR amplifica-
tion products found in our search for new receptor types in
Drosophila encode additional dopamine receptors, although at
least one product (the 0.60 kb fragment) represents another
G-protein-coupled receptor (G. Feng, R. Venard, and L. M. Hall,
unpublished results). Thus, a modification of our cloning strategy
will be necessary to search for additional dopamine receptor
cDNAs in Drosophila.

In insects, the dense innervation of the mushroom bodies by
dopamine-immunoreactive neurons (Budnik and White, 1988;
Schafer and Rehder, 1989: Nassel and Elkes, 1992), together with
studics on behavioral mutants of Drosophila (Tempel et al., 1984;
Buchner, 1991), has suggested roles for dopamine in both memory
and learning, and in neuronal development. Analysis of the Dro-
sophila mutant Ddc, which is deficient in dopa decarboxylase
(therefore lacking dopamine and serotonin), reveals learning def-
icits (Tempel et al., 1984) and an abnormal pattern of neuronal
arborization (Budnik et al., 1989) that can be partially rescued by
feeding flies dopamine, but not serotonin. These studies suggest
possible roles for cloned dopamine receptors from Drosophila.

Our work, in conjunction with that of others (Gotzes et al.,
1994; Sugamori et al., 1995), establishes that there are at least two
genetically distinct dopamine receptors in Drosophila that both
stimulate adenylyl cyclase when activated. The DopR99B receptor
is also capable of generating a calcium signal. Are either of these
receptors involved in the signal transduction role that dopamine
plays in learning and memory? Because the DopR35EF receptors
are preferentially expressed in the optic lobes (Gotzes et al.,
1994), they are unlikely to play a role in learning and memory that
involves mushroom body-mediated functions. In contrast,
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DopR99B is good candidate for dopaminergic modulation of
learning and memory because this receptor is expressed prefer-
entially in mushroom bodies (K. Han and R. Davis, personal
communication). Genetic studies aimed at identifying dopamine
receptor mutations in Drosophila will be useful in defining their
physiological and behavioral roles.
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