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Abstract

The goal of this study was to develop a new approach to study the pharmacology of the dopamine D4 receptor that could be used in

comparative studies with dopamine D2 and D3 receptors. Stable HEK-293 cell lines co-expressing recombinant human D2L, D3 or D4

receptors along with Gaqo5 cDNA were prepared. Dopamine induced a robust, transient calcium signal in these cell lines with EC50s for

D2L, D3 and D4 of 18.0, 11.9 and 2.2 nM, respectively. Reported D4-selective agonists CP226269 and PD168077 were potent, partial D4

agonists exhibiting 31–1700-fold selectivity for D4 over D3 or D2. Non-selective D2-like agonists apomorphine and quinpirole showed full

efficacy but did not discriminate across the three receptors. D3-selective agonists 7-hydroxy-DPAT and PD128907 were potent but non-

selective D2-like agonists. The reported D3 partial agonist BP-897 exhibited minimal agonist activity at D3 but was a potent D3 antagonist

and a partial D4 agonist. Other D2-like antagonists, haloperidol, clozapine, and domperidone showed concentration-dependent inhibition

of dopamine responses at all three receptors with Ki ranging from 0.05 to 48.3 nM. The D3 selective antagonist S33084 and D4-selective

antagonist L-745870 were highly selective for D3 and D4 receptors with Kb of 0.7 and 0.1 nM, respectively. Stable co-expression of D2-

like receptors with chimeric Gaqo5 proteins in HEK-293 cells is an efficient method to study receptor activation in a common cellular

background and an efficient method for direct comparison of ligand affinity and efficacy across human D2L, D3 and D4 receptors.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The actions of the neurotransmitter dopamine are

mediated by specific G-protein coupled receptors which

can be divided into two major families based on their

ability to stimulate (D1-like) or inhibit adenylate cyclase

(D2-like) [1,2]. Three human D2-like receptors have been

cloned: D2, D3 and D4 [2,3]. The dopamine D4 receptor is

expressed predominantly within the central nervous system

[4] and despite low abundance relative to the D2 receptor,

localization in cortex suggests an important functional role

[5,6].

Recent studies have demonstrated that supraspinal, cen-

tral nervous system dopamine D4 receptors play a role in

the regulation of penile erection as indicated by the pro-

erectile effect of selective D4 receptor agonists [7,8]. It has

been suggested that selective D4 agonists such as ABT-724

can be used to treat erectile dysfunction [8]. Activation of

the dopamine D4 receptor has also been proposed to play a

role in cognition and attention deficit disorder [4]. One of
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Abbreviations: A23187, 5-(methylamino)-2-(2R,3R,6S,8S,9R,11R)-

3,9,11-trimethyl-8-[(1S)-1methyl-2-oxo-2-(1H)-pyrrol-2-yl-ethyl]-1,7-diox-

aspiro[{5,5}undec-2-yl]methyl]-4-benzoxazolecarboxylic acid; ABT-724, 2-

[(4-pyridin-2-ylpiperazin-1-yl)methyl]-1-H-benzimidazol; BP897, (N-[4-(4-

(2-methoxyphenyl)piperazinyl)butyl]-2-naphthamide); CP226269, 5-fluoro-

2-(4-pyridin-2-yl-piperazin-1-ylmethyl)-1H-indole; DPBS, Dulbecco’s phos-

phate buffered saline; FLIPR, Fluorometric Imaging Plate Reader; Gaqo5,

Chimeric G-protein a-subunit; 7-hydroxy-DPAT, 7-hydroxy-N,N-di-n-pro-

pyl-2-aminotetralin; L-741626, 4-(4-chlorophenyl)-1-(1H-pyrrolo[2,3-b]pyr-

idin-3-ylmethyl)-piperidin-4-ol; L-745870, 3-[4-(4-chloro-phenyl)-

piperazin-1-ylmethyl]-1H-pyrrolo[2,3-b]pyridine; PD128907, ((þ)-

(4aR,10bR)-3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano[4,3-b]-

1,4-oxazin-9-ol; PD168077, N-[4-(2-cyano-phenyl)-piperazin-1-ylmethyl]-

3-methyl-benzamide; PIPAT, (R,S)-20-trans-7-hydroxy-2-[N-n-propyl-N-(30-
iodo-20-propenyl)-amino]tetralin; PNU95666E, 5-methylamino-5,6-dihydro-

1H,4H-imidazo[4,5,1-ij]quinolin-2-one; PTX, pertussis toxin; Ins(1,4,5)P3,

Inositol 1,4,5-triphosphate; RIPA buffer, ristocetin-induced platelet aggrega-

tion buffer; S33084, biphenyl-4-carboxylic acid [4-(8-cyano-1,3a,4,9b-

tetrahydro-3H-5-oxa-2-aza-cyclopenta[a]naphthalen-2-yl)-butyl]-amide;

SCH23390, ((þ)-1-phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol;

SKF81297, R(þ)-6-chloro-7,8-dihydro-1-phenyl-2,3,4,5-tetrahydro-1H-3-

benzazephrine; TBST, Tris buffered saline with Tween 20
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the challenges in this area is the development of an assay

system for evaluation of D4 agonists with selectivity

against other D2-like receptors.

Activation of the Gi/o-coupled dopamine D4 receptor is

most commonly reported as the inhibition of forskolin-

stimulated cAMP accumulation [9] or the incorporation of

radiolabeled GTP-g-S into receptor-activated G-proteins

[10]. Using GTP-g-S incorporation, a comparative phar-

macology of D2-like receptors in the same cellular back-

ground with dopaminergic agonists and antagonists has

been described [11]. Recently, the fluorometric imaging

plate reader (FLIPR) was developed to perform rapid,

functional characterization of agonists and antagonists

with G-protein coupled receptor-transfected cells in a

96- or 384-well microplate format [12]. This method

detects the increase in intracellular calcium resulting from

activation of Gq-signaling pathways. Although activation

of Gi/o-coupled receptors is not linked to calcium mobi-

lization, co-expression of these receptors with chimeric

Gaq proteins can facilitate this process. These recombi-

nant, chimeric G-proteins contain the five carboxyl-term-

inal amino acids from Gai or Gao, enabling G-protein

binding to the receptor and concomitant signaling through

Gq coupled pathways (Gaqi5 or Gaqo5) [12,13].

In this report, we describe the generation of stable cell

lines in same host cellular background co-expressing the

human dopamine D4.4 receptor and chimeric Gqo5 to gen-

erate a robust calcium response and facilitate detection

using FLIPR. This approach was examined for the char-

acterization of D4 agonists and antagonists, and the subtype

selectivity of these agents compared using stable cell

lines co-expressing Gaqo5 with either human D2L or D3

receptors.

2. Materials and methods

2.1. Cloning of human dopamine D2-like receptors

The c-DNA clones for Ga16 (in pCIneo, Promega) and

Gaqi5 (pCEP-Gqi5-HA, Molecular Dynamics) were pur-

chased. The c-DNA clone for Gaqo5 was generated from

Gaqi5 by site-specific mutagenesis.

The human D4.4 receptor cDNA [14] was cloned from

human retina polyA-containing RNA by PCR using the

advantage GC polymerase mix with the addition of GC-

Melt as described by the manufacturer (Clontech). Due to

the high GC content of coding sequence, the PCR reactions

also incorporated a 3:1 ratio of dGTP:7-deaza-dGTP as

described [15]. The coding sequence was first amplified in

overlapping amino terminal and carboxyterminal regions

(overlapping a unique Bsg1 restriction endonuclease site)

using the following oligonucleotide primers: amino term-

inal primer: humd4-5p-rs; 50-CACTCGAGCCACCATG-

GGGAACCGCAGCACCGCGGAC and humd4-n3p; 50-
GCGGCCGTGCAGCTTG GCGCGAC. Carboxyterminal

primers: humd4-c5p; 50-CTGGGAGGTGGCACGTCG-

CGCCAAG and humd4-3p-rs; 50-CATCTAGATCAGCA-

GCAGGCACGCAGGGCCTTG. Multiple PCR fragments

were cloned and sequenced, followed by mutations correc-

tion by fragment replacement. The full-length coding

sequence was constructed by ligation utilizing the unique

Bsgl1 restriction endonuclease site and cloned into the

pCIneo vector (Promega). The final clone containing the

complete coding sequence of the hD4.4 allele was

sequenced to confirm that additional mutations had not

occurred during cloning.

As initial experiments to co-express human D2L and

different G-proteins were unsuccessful, the 50 coding

sequence of the chimeric Gaqo5 protein gene was fused

to the 30 coding sequence of human D2L gene such that the

resulting fusion protein is predicted to encode D2L: Ile,

Leu, His, Cys; Linker Ser, Phe, Lys, Ser; and Gaqo5: Met,

Thr, Leu and so on through the protein sequence. The gene

fusion was transfected into human HEK-293 cells as

described below. This approach has been used to produce

functional human D2S in a baculovirus expression system

[16]. A fragment coding for human dopamine D2 receptor

was generated using the polymerase chain reaction (PCR)

with Pfu Turbo DNA polymerase (Stratagene) using as

template pcEXV-D2 (American Type Culture Collection)

and kinased primers 50-CACAGCTAGCCACCATG-

GATCCACTG and 50-AAATGAGCAGTGGAGGATCTT-

CAGGAA, cut with restriction endonuclease NheI and gel-

purified. A fragment coding for Gaqo5 was generated by the

PCR as described above using as template pCEP-Gqo5-HA

(Molecular Devices) and kinased primers 50-AAATCCAT-

GACTCTGGAGTCCATCATGG and 50-ACACGCGG-

CCGCTCAGTAGAGGCCACAGCCC, cut with restric-

tion endonuclease NotI and gel-purified. The two frag-

ments were ligated to NheI, NotI-digested, phosphatase

treated pIRES-Neo2 (BD Biosciences Clontech) and trans-

formed into DH5a competent cells (Invitrogen) and clones

selected and identified.

The human D3 receptor cDNA [17] was cloned by first

reverse transcribing human brain cDNA total RNA (Clon-

tech) with Superscript II reverse transcriptase using ran-

dom hexamers (Invitrogen). The coding sequences for

human D3 were generated by nested PCR with Pfu Turbo

DNA polymerase. The first PCR reaction used full-length

D3 primers 50-CTATGGCATCTCTGAGTCAG and 50-
TCAGCAAGACAGGATCTTG AG. Material from this

reaction was then re-amplified using the primer sets 50-
CACTCGAGCCACCATGGCATCTCTGAGTCAG, 50-
GTCACTCCAAAGGGCAGGT, 50-CTTCTACCTGCCC-

TTTGGAG and 50-CATCTAGATCAGCAAGACAGGA-

TCTTGAG, which generated fragments coding for the

N- or C-terminal portions respectively. DNA from indivi-

dual clones was sequenced to identify clones without errors

as compared to the published sequence. The N- and C-

terminal fragments were prepared by digestion with

restriction endonucleases XhoI þ BspMI and NotI þ
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BspMI respectively, gel-purified, and ligated to XhoI, NotI

digested expression vector pCIneo (Promega), transformed

into DH5a competent cells (Invitrogen) and clones

selected and identified.

2.2. Establishment of stable cell lines

DNA (7.5 mg/75 cm2 flask) from sequenced clones for

D3 or D4.4 were co-transfected using Lipofectamine 2000

as suggested by the manufacturer (Invitrogen) with pCEP-

Gaqo5-HA (7.5 mg/75 cm2 flask) (Molecular Devices) into

90% confluent HEK-293 cells. Twenty four hours later,

cells were split and stable colonies were selected with

200 mg/L Geneticin and 200 mg/L hygromycin B (Invi-

trogen). In some experiments, the same receptors were co-

transfected with either Ga16 (in pCIneo), or Gaqi5 (pCEP-

Gqi5-HA) and stably selected cell populations resistant to

geneticin (200 mg/ml) and hygromycin (200 mg/ml) were

assayed for calcium responses using FLIPR (described

below). Stable cell lines were isolated by selecting for

neomycin and hygromycin resistance. Individual clones

were then screened for high activity based on calcium

influx relative to the calcium ionophore A23187. For the

D2L/Gaqo5 fusion, the plasmid described above (10 mg/

75 cm2 flask) was transfected into HEK-293 as described

above only selecting for geneticin alone. Likewise, the cell

line containing Gaqo5 alone (10 mg/75 cm2 flask) was

transfected as described above and selected for hygromy-

cin resistance colonies.

2.3. Western blot analysis of Gaq

Membranes from cells expressing D3 and D4.4 receptors

were solubilized in SDS sample buffer in presence of

proteases inhibitor cocktail (Roche Diagnostics), boiled

for 15 min and loaded on NUPAGE Bis–Tris gels (4–12%)

(Invitrogen). As a protein standard for Gaq, purified recom-

binant rat Gaq-His Tag (Calbiochem, molecular weight

44900 Da) was used for all determinations. Proteins were

transferred onto PVDF membranes using a semidry blot

apparatus (Biorad). The membranes were blocked with

10% nonfat dry milk in TBST wash buffer (25 nM Tris,

150 mM NaCl, 1% Tween 20, pH 7.6), and then incubated

with rabbit anti-Gq/11a specific antibody (Calbiochem)

diluted 1:1000 in wash buffer containing 10% milk, over-

night at 4 8C. The membranes were rinsed three times with

wash buffer and then incubated with secondary horseradish

peroxidase-conjugated anti rabbit IgG (1:5000, Amersham

Biosciences). Membranes were rinsed three times with

wash buffer and detection was performed using the ECL

Plus Western blotting detection system (Amersham Phar-

macia Biotech). Immunoblots were quantified by densito-

metric scanning of film exposed in the linear range using

ImageQuant. Cells expressing D2L/Gaqo5 fusion protein

were detached, washed with D-PBS and lysed in RIPA

buffer (150 mM NaCl, 50 mM Tris, 1% NP40, 0.5%

deoxycholic acid, 0.1% SDS, pH 8.0), in presence of

protease inhibitor cocktail. Protein concentrations were

determined using the BCA protein assay kit (Pierce).

Samples were centrifuged to remove debris, and aliquots

of supernatant were solubilized in SDS sample buffer in

presence of proteases inhibitor cocktail. Electrophoresis

and western blotting were performed as for D3 and D4.4

described above. Bmax determinations for total receptor on

each cell line were carried out using saturation with [3H]-

spiperone as previously described (see below) [18,20].

Protein concentrations were determined using the BCA

protein assay kit (Pierce). G-proteins were quantified by

scanning densitometry of know amounts (0.5–10 ng) of

recombinant rat Gaq and the construction of a standard

curve to estimate G-protein in the cell lines.

2.4. FLIPR assay

Cells were plated into 96-well, black-wall/clear-bottom

microplates (Biocoat, Becton Dickinson) at 20,000 cells

per well. After 2 days of culture, the culture medium was

removed by aspiration and replaced by 0.1 ml of DPBS

(Dulbecco’s Phosphate Buffered Saline with D-glucose and

sodium pyruvate) containing 0.04% Pluronic F-127 and

4 mM Fluo-4, fluorescent calcium indicator dye. After

incubation for 1 h at room temperature, the cells were

washed four times with DPBS in a plate washer (Molecular

Devices). After the final wash, 150 ml of DPBS was added

to each well. Fluorometric imaging plate reader

(FLIPR384, Molecular Devices) transferred 50 ml from

the compound plate to the cells and made fluorescence

readings for 3 min (every second for the first minute and

every 5 s for the next 2 min). All the data were normalized

with the response of 10 mM dopamine.

2.5. cAMP determinations

Chinese hamster ovary cells expressing human D4.4

(obtained from Dr. Hubert Van Tol, University of Toronto)

were grown as reported [9]. cAMP was measured using the

adenylate cyclase activation FlashPlate Assay (Perkin–

Elmer Life Sciences). CHO cells were plated in 75 cm2

flasks 1–2 days before the experiment and grown to 90%

confluence. The cells were washed with D-PBS without

Ca2þ/Mg2þ and harvested using a non-enzymatic cell

dissociation buffer (Sigma–Aldrich). The cells were

washed with 35 ml DMEM, and the cell pellet suspended

at 1 � 106 cell/ml in stimulation buffer containing 100 mM

IBMX. The cell suspension (50 ml/well) was incubated at

room temperature for 20 min with 50 ml of compound

(0.0001–10 mM, dissolved in D-PBS, 0.004% ascorbate)

in the presence of 10 mM forskolin (Invitrogen). Detection

buffer was added and the plate read on a Packard TopCount

after a 2 h incubation at room temperature. cAMP data

were expressed as a percentage of forskolin-stimulated

levels. EC50s were calculated by analyzing the data using

R.B. Moreland et al. / Biochemical Pharmacology 68 (2004) 761–772 763



a nonlinear regression curve-fitting program (Prism,

GraphPad Software).

2.6. Radioligand binding assays

Membranes were prepared from stable cell lines expres-

sing either human D2L or human D3 in HEK-293 cells (gift

of Dr. Liliane Unger, Abbott Laboratories, Ludwigshafen,

Germany). HEK-293 transfected cells were cultured in

RPMI supplemented with 10% fetal calf serum. Human

dopamine D4.4 receptor-transfected HEK-293 cells (hD4.4-

Gaqo5 HEK were cultured in DMEM supplemented with

10% fetal calf serum, 1 mM glutamine, 100 U/ml penicil-

lin and 100 mg/ml streptomycin (Invitrogen). For mem-

brane preparation, the cells were seeded into a Cell Factory

(VWR) and the confluent cells were detached with cell

dissociation buffer (Invitrogen). The cell pellet was homo-

genized using a Polytron for 10 s in 50 mM Tris–HCl, pH

7.4 and centrifuged at 30 min for 100,000 � g. Membrane

aliquots were stored at �80 8C until use.

For human D2L, binding assays were initiated by

addition 250 ml of membrane to 200 ml of [125I]-PIPAT

(Amersham Pharmacia Biotech) and incubated at room

temperature for 1 h [18,19]. The incubation buffer con-

sisted of 0.6 nM [125I]-PIPAT, 50 mM Tris–HCl, pH 7.4,

10 mM MgSO4, and 1 mM EDTA. Nonspecific binding

was determined in the presence of 10 mM spiperone. The

reaction was terminated by filtration using a Filtermate

Harvester (Packard). Radioactivity was measured by

TopCount Microplate Scintillation Counter (Packard).

In experiments to determine the Bmax of the D2L/Gaqo5

cell line, saturation binding assays were conducted with

20 mg hD2L/Gaqo5 membranes using 0.01–16 nM [3H]-

spiperone (Amersham) in 50 mM Tris, pH 7.4, 120 mM

NaCl, 5 mM KCl, 2 mM Mg Cl2, 2 mM CaCl2 [18]

Nonspecific binding was determined in the presence of

10 mM haloperidol. Data were analyzed by nonlinear

regression using curve-fitting program (Prism, GraphPad

Software).

Human D3 binding assays were initiated by addition

250 ml of membrane to 200 ml of [3H]-7-OH-DPAT (Amer-

sham) and were incubated at room temperature for 1h.

Nonspecific binding was determined in the presence of

10 mM spiperone. The incubation buffer consisted of

50 mM Tris–HCl, pH 7.4, 10 mM MgSO4, and 1 mM

EDTA. In competition binding studies, agonists or antago-

nists were prepared with 0.1% ascorbic acid in the buffer.

The final concentration for [3H]-7-OH-DPAT was 0.6 nM.

The reaction was terminated by rapid filtration through

UniFilter-96 GF/B filers, using a Filtermate Harvester.

Filters were washed three times with 1 ml of ice cold

50 mM Tris–HCl, pH 7.4. Radioactivity was determined

using a TopCount Microplate Scintillation Counter (Pack-

ard). Protein concentrations were determined using a BCA

Protein Assay Kit (Pierce) with BSA as a standard. In

experiments to determine the Bmax of the D3/Gaqo5 cell

line, saturation binding assays were conducted as described

above for the D2 cell line.

Human D4.4 binding assays were initiated by addition

250 ml of membrane to 200 ml of [3H]-A-369508 and were

incubated at room temperature for 1 h [20]. Nonspecific

binding was determined in the presence of 10 mM

PD168077 (Tocris). The incubation buffer consisted of

50 mM Tris–HCl, pH 7.4, 5 mM KCl, 120 mM NaCl,

5 mM MgCl2, and 1 mM EDTA. In competition binding

studies, agonists or antagonists were prepared with 0.1%

ascorbic acid in the buffer. The final concentration for

[3H]-A-369508 was 2 nM. The reaction was terminated by

rapid filtration through UniFilter-96 GF/B filers, using a

Filtermate Harvester (Packard). Filters were washed three

times with 1 ml of ice cold 50 mM Tris–HCl, pH 7.4.

Radioactivity was measured by TopCount Microplate

Scintillation Counter (Packard). Proteins were determined

by BCA Protein Assay Kit (Pierce) using BSA as a

standard. Competition curves for nonradioactive com-

pounds were analyzed by nonlinear regression using

curve-fitting program (Prism, GraphPad Software). All

assays were performed in triplicate and IC50 values were

converted to Ki values by the method of Cheng and Prusoff

[21]. In experiments to determine the Bmax of the D4.4/

Gaqo5 cell line, saturation binding assays were conducted

as described above for the D2 cell line except the incuba-

tion buffer included 50 mM Tris–HCl, pH 7.4, 5 mM KCl,

120 mM NaCl, 5 mM MgCl2, and 1 mM EDTA and sam-

ples were incubated at room temperature for 2 h [9,20].

2.7. Materials

Fluo-4 and Pluronic F-127 were purchased from Mole-

cular Probes. DPBS, G418, hygromycin B and tissue

culture reagents were from Invitrogen/Life Technologies.

CP226269 [22], PD168077 [23], PNU95666E [24], BP897

[25] and S33084 [26] were prepared at Abbott Labora-

tories. All other chemicals were purchased from Sigma

unless otherwise noted.

3. Results

3.1. Characterization of cell lines

In order to establish stable cell lines for comparison of

D2-like receptor pharmacology in the same cellular back-

ground, chimeric G-proteins were co-transfected with the

receptors in HEK-293 cells and the maximum calcium

response to dopamine determined for Ga16, Gaqi5 or Gaqo5.

For human D3 and D4.4 receptors, only Gaqo5 gave

response to dopamine (data not shown). All G-protein

combinations with human D2L were ineffective. Given

the recent reported success of a human D2S in an assay

fusing Gao [16], a gene fusion of the Gaqo5 to the carboxy-

terminus of the human D2L receptor was prepared that
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allowed stable expression of D2L with a robust signal in the

presence of dopamine. In any transfected cell line, the ratio

of receptor to G-protein may be a factor in signal transduc-

tion. Receptor/G-protein fusions optimize this ratio at 1:1

[16]. The Bmax for the three D2-like cell lines determined

using [3H]-spiperone ranged from 1050–1400 fmol/mg

(Table 1). Western blots using Gaq standards are shown

in Fig. 1. For the Gaqo5 alone, D3 and D4.4 cell lines, Gaqo5

was visualized as a �43000 Da protein (Fig. 1A). The

intact D2L/Gaqo5 fusion protein could only be visualized by

extracting the cells first in RIPA buffer (Fig. 1B). The

fusion is an �100,000 Da protein that is immunoreactive

with Gaq antibody. Only the intact fusion was quantified

for measurements in Table 1. Assuming that the fusion has

a ratio of 1:1 G-protein to receptor and that this is an

accurate measurement, the ratio of G-protein/receptor for

D3 and D4.4 cell lines were 3.0:1 and 8.6:1, respectively.

The difficulty in visualizing the D2 fusion protein may

result in overestimates the G-protein ratio in the other two

cell lines. Nevertheless, in all three cell lines, G-protein is

not limiting.

Dopamine induced a concentration-dependent robust

calcium signal in the human D2L/Gaqo5 HEK-293 cell line

(Fig. 2, Panel A). The increase in intracellular calcium was

transient and reached maximum levels within 20 s of

compound administration and decayed to baseline within

3 min, typical for other GPCR responses mediated by Gaq

[12]. Dopamine induced similar concentration-dependent

increases in intracellular calcium in the human D3/Gaqo5

HEK-293 cell line (Fig. 2, Panel B) and human D4.4/Gaqo5

HEK-293 cell line (Fig. 2, Panel C) with EC50s for dopa-

mine of 18.0 � 2.0, 11.9 � 0.9 and 2.2 � 0.2 nM for D2L,

D3 and D4.4, respectively. This activity was inhibited by the

dopaminergic receptor antagonists haloperidol, domperi-

done and clozapine (see below). The response of human

D4.4 was slightly faster than D2 or D3 (peak response at 12 s

versus 17 and 20 s) (Fig. 2). There was no effect of

dopamine on calcium signaling in HEK293 untransfected

cells or HEK293 stably transfected with Gaqo5 alone (data

not shown).

The mechanism of agonist-evoked increase of intracel-

lular calcium was examined for all three receptors and

found to be consistent with Gq signal transduction. Pre-

incubation for 5 min with U-73122 (phospholipase C

inhibitor; IC50 ¼ 3.1 � 0.3, 6.9 � 1.0 and 7.5 � 1.9 mM

for D2L, D3 and D4.4, respectively) or 2-aminoethoxydi-

phenyl borate (inositol-triphosphate-induced Ca2þ release

inhibitor; IC50 ¼ 3.4 � 0.8, 22.1 � 5.0 and 10.0 � 1.0 mM

for D2L, D3 and D4.4, respectively) abolished calcium flux

in response to dopamine. Pre-incubation for 5 min with

reticular Ca2þ-ATPase inhibitors thapsigargin (IC50 ¼ 162

� 46, 76.4 � 23.0 and 41.7 � 3.0 nM for D2L, D3 and D4.4,

respectively) and cyclopiazonic acid (IC50 ¼ 144.3 � 17.0,

105.5 � 12.0 and 119.4 � 6.0 nM for D2L, D3 and D4.4,

respectively) also abolished calcium flux.

3.2. Pharmacology of D4.4 cell line

Agonists and antagonists were assayed in a cell line

stably expressing the human D4.4 receptor. Reported D4

agonists PD168077 and CP226269 were potent, partial

agonists inducing calcium flux (EC50 ¼ 5.6 and 32.0 nM

and 68 and 46% of 10 mM dopamine, respectively).

Table 1

Bmax of cell lines and quanitation of G-proteins

Cell line Bmax

(fmol/mg)

Gaq

(ng/mg)

Gaq

(fmol/mg)

Adjusted

ratio

Gaqo5 NA 7.76 � 2.64 59.4 NA

D2L/Gaqo5 1542 � 202 0.53 � 0.04 5.3 1.0

D3/Gaqo5 1429 � 174 0.67 � 0.24 15.0 3.0

D4.4/Gaqo5 1030 � 19 1.36 � 0.47 30.7 8.6

Bmax was determined for total D2-like receptor expression using [3H]-

spiperone [18,20] and is expressed as fmol/mg membrane protein. Gaq was

determined using SDS-PAGE analysis and protein standards (Fig. 1)

followed by scanning densitometry. Samples were normalized per mg

protein of extract. Gaq was estimated in extracts using the following

molecular weights – Gaqo5: 43000 Da; D2L/Gaqo5 fusion: 100,000 Da. NA-

not applicable. Data are the average of three determinations. The adjusted

ratio assumes that the ratio of D2L/Gaq is 1:1 as a protein fusion, that the

measurement is comparable across the receptors and reflects the final ratio.

All measurements n ¼ 3.

Fig. 1. Western blot analysis of Gaq in HEK cell lines. Panel (A): 4–20%

gradient NUPAGE Bis–Tris polyacrylamide gel of G-proteins from cell

lines. Lanes 1–5, rat recombinant Gaq (0.5, 1.5, 3, 4.5, and 6 ng/lane,

respectively); lanes 6–7, human D3/Gaq05 cell line (2.5 and 5 ng/lane,

respectively); lanes 8–9, human D4.4/Gaq05 cell line (2.5 and 5 ng/lane,

respectively); lane 10, HEK-293 untransfected (1 mg/lane); and lane 11,

HEK-293 Gaq05 cell line (0.5 ng/lane). The Gaq reference band is

44900 Da and the corresponding band in the cell lines is �43000 Da. Panel

(B): 4–20% gradient NUPAGE Bis–Tris polyacrylamide gel of human D2L/

Gaq05 fusion cell line. Lanes 1–3, human recombinant Gaq (3, 6, and 9 ng/

lane, respectively); lanes 4–5, human D2L/Gaq05 fusion cell line (5 and

10 ng/lane, respectively); lane 6, human D3/Gaq05 cell line (5 ng/lane);

lane 7, human D4.4/Gaq05 cell line (5 ng/lane); and lane 8, HEK-293 Gaq05

cell line (0.5 ng/lane). The Gaq reference band is 44900 Da and the

corresponding band in the D2L/Gaq05 fusion cell line cell lines is

�100,000 Da.
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Compounds assayed included compounds selective for

other dopaminergic subtypes as well as D2-like agonists.

The D1-selective agonist SKF81297 and the reported D2-

selective agonist PNU-95666E were inactive in this assay

as well as in D4 receptor competition binding assays.

Reported D3-selective agonists 7-hydroxy-DPAT and

PD128907 were both potent and efficacious at D4

(Fig. 3, Table 2). Reported partial D3 agonist BP-897

[25] had partial agonist activity at the D4 receptor in this

assay (Table 2). Only quinpirole had maximal responses

comparable to the dopamine response (EC50 ¼ 20.6 nM

and 94% of 10 mM dopamine) while the remaining agonists

resulted in lower maximal responses suggesting partial

agonist responses for the D4 receptor. PD 128907 and

7-hydroxy-DPAT were next most efficacious followed

by apomorphine and reported D4-selective agonists

PD168077 and then CP226269. The rank order potency

in this assay was dopamine > apomorphine, PD168077 > 7-

hydroxy-DPAT, quinpirole > PD128907 > BP-897. A

competitive binding assay using a D4-selective agonist

radioligand [3H]-A-369508 has been developed in our

lab [20] and complementary data for each of the agonists

described above are shown in Table 2. Both SKF81297 and

Fig. 2. Increase in intracellular calcium as a result of increasing dopamine

concentration as measured by fluorescence in D2-like receptor Gqo5 HEK-

293 cell lines. Dopamine was added in a concentration-dependent fashion

as described in experimental procedures. Panel (A): representative tracing

from D2L-Gqo5 HEK-293 cells. Panel (B): representative tracing from D3-

Gqo5 HEK-293 cells. Panel (C): representative tracing from D4.4-Gqo5

HEK-293 cells. ADD equals the point of dopamine addition.
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Fig. 3. Effects of dopamine agonists and antagonists on D4.4-HEK cell

line. Panel (A): effects of D2-like agonists dopamine (closed squares),

apomorphine (closed triangles) and quinpirole (closed circles). Panel (B):

effects of D3 agonists 7-OH-DPAT (closed squares), and PD128907 (closed

triangles) and D4 agonists PD168077 (closed circles) and CP226269

(closed inverted triangles). Panel (C): effects of antagonists against 1 mM

dopamine. The cells were pre-incubated with various concentrations of

haloperidol (closed squares), clozapine (closed triangles), domperidone

(closed inverted triangles) and L-745870 (closed circles) for 5 min at room

temperature, add 1 mM of dopamine to measure the calcium response by

the FLIPR. Data points represent mean � S.E.M. n ¼ 4.
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PNU-95666E that do not activate the receptor in calcium

flux assays do not compete in the binding assay. While all

of the compounds with agonist activity in calcium flux

assays do bind to the receptor, there are differences in the

rank order potencies.

Dopamine induced calcium flux in the D4.4/Gqo5 cell line

was antagonized by both D2-like and D4-selective dopa-

mine receptor antagonists in a concentration-dependent

manner (Fig. 3B, Table 2), while the D1-selective and D2

selective antagonists (SCH23390 and L-741626 respec-

tively) had no effect. None of the antagonists tested with

the exception of L-745870 elicited a calcium response on

their own (data not shown). L-745870 at the highest

concentration elicited a weak, partial agonist response

(EC50 ¼ 2230 nM, 20%) (Table 2). In contrast, when

assayed against dopamine, the D4-selective antagonist

L-745870 gave the most potent antagonist response of

the compounds tested. The Cheng–Prusoff method [21]

was used to estimate Kb values which give an antagonist

rank order L-745870 (0.1 nM) > clozapine (2.5 nM) >

haloperidol (10.5 nM) > domperidone (43.9 nM). When

these compounds were examined in competition binding

assays with [3H]-A-369508, binding correlated with

antagonist activity. The one exception was the reported

D2-selective antagonist L-741626 which showed binding

(551 nM) but did not inhibit dopamine-induced agonist

responses in the cell line.

3.3. Pharmacology of D2L cell line

When examined in the D2L cell line, the D2-like agonists

apomorphine and quinpirole as well as the reported D2-

selective agonist PNU-95666E [24] showed potent agonist

activities (86–92% efficacy in comparison to 10 mM dopa-

mine) with 5.8, 40.0 and 190.0 nM EC50, respectively

(Fig. 4, Table 3). For all compounds these potencies are

comparable to competition binding with [125I]-PIPAT on

human D2L expressed in HEK-293 cells (Table 3). The D1-

selective agonist SKF81297 showed no functional activity

but did compete in binding assays with [125I]-PIPAT.

Reported D3 agonists 7-hydroxy-DPAT and PD128907

showed potent D2 agonist activities in this assay

(Table 3). These potencies are also comparable to compe-

tition binding with [125I]-PIPAT on native human D2L

(Table 3) and together confirm that reported D3-selective

agonists 7-hydroxy-DPAT and PD-128907 are potent ago-

nists on the cloned D2L receptor. D3 partial agonist BP-897

showed no agonist activity at D2 despite potent binding

(Ki ¼ 0.2 nM). D4-selective agonists CP226269 and

PD168077 had no detectable agonist activity on D2L

despite competitive binding with PIPAT on D2L mem-

branes (120.0 and 1050.0 nM, respectively).

Table 2

Characterization of dopamine agonists and antagonists in D4.4 receptor cell

line

Compound Human D4.4 FLIPR Human D4.4 binding,

[3H]-A-369508

Ki (nM)EC50 (nM) Efficacy (%)

Dopamine 2.2 � 0.2 100 56.2 � 9.1

Apomorphine 4.3 � 0.2 84 4.0 � 0.5

Quinpirole 20.6 � 1.3 94 91.0 � 10.0

SKF81297 >10000 0 >10000

PNU-95666E >10000 7 >10000

PD128907 111.0 � 5.0 89 1040.0 � 63.0

7-OH-DPAT 18.0 � 0.3 88 393.0 � 69.4

BP-897 485.5 � 93.9 66 277.3 � 86.5

PD168077 5.6 � 0.7 68 11.9 � 1.1

CP226269 32.0 � 7.0 46 0.8 � 0.1

L-745870 2230 � 1010 20 0.4 � 0.01

IC50 (nM) Kb (nM) [3H]-A-369508

Ki (nM)

Haloperidol 4802.0 � 549.0 10.5 1.9 � 0.3

Domperidone 14100 31.0 30.4 � 4.7

Clozapine 1121.0 � 80.0 2.5 27.9 � 1.8

SCH23390 >10000 – >10000

L-741626 >10000 – 551.0 � 94.6

S-33084 >10000 – >10000

L-745870 42.0 � 7.0 0.1 0.4 � 0.01

Agonist activity was assayed by concentration response curves of various

compounds with different reported selectivities for D4.4 and percent

efficacy normalized to 10 mM dopamine. IC50s determined in the presence

of 1 mM dopamine. Kbs were calculated by the method of Cheng–Prusoff

[21]. These studies were complemented with binding using the D4-

selective agonist radioligand [3H]-A-369508 [20]. All determinations

represent the mean � S.E.M., n ¼ 4. Table 3

Characterization of dopamine agonists and antagonists at D2L receptor cell

line

Compound Human D2L FLIPR Human D2L binding,

[125I]-PIPAT Ki (nM)
EC50 (nM) Efficacy (%)

Dopamine 18.0 � 2.0 100 10.0 � 1.5

Apomorphine 5.8 � 0.3 86 3.6 � 0.4

Quinpirole 40.0 � 4.0 90 38.4 � 6.1

SKF81297 >10000 0 208.0 � 2.3

PNU-95666E 190.0 � 17.0 92 53.8 � 4.2

7-OH-DPAT 6.1 � 0.6 84 8.3 � 0.5

PD128907 22.0 � 3.0 95 15.1 � 1.3

BP-897 >10000 0 0.2 � 0.04

PD168077 >10000 0 1050.0 � 72.6

CP226269 >10000 4 120.0 � 9.0

IC50 (nM) Kb (nM) [125I]-PIPAT Ki (nM)

Haloperidol 2.6 � 0.2 0.05 0.3 � 0.04

Domperidone 10.3 � 0.9 0.2 1.2 � 0.08

Clozapine 223.0 � 20.0 3.9 34.8 � 2.8

SCH23390 >10000 – >10000

L-741626 566.0 � 188.0 9.8 22.9 � 2.3

S-33084 >10000 – 338.0 � 1.2

L-745870 >10000 – >10000

Agonist activity was assayed by concentration response curves of various

compounds with different reported selectivities for D2L and percent

efficacy normalized to 10 mM dopamine. IC50s determined in the presence

of 1 mM dopamine. Kbs were calculated by the method of Cheng–Prusoff

[21]. These studies were complemented with binding using the D2-like

agonist radioligand [125I]-PIPAT. All determinations represent the mean �
S.E.M., n ¼ 4.
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Both D2-like and D2-selective dopamine receptor

antagonists antagonized dopamine-induced calcium flux

in the D2L/Gqo5 cell line in a concentration-dependent

manner (Fig. 4, Table 3). None of the compounds tested

induced any calcium flux by on their own (data not shown)

indicating that the compounds have no D2 agonist activity

in this assay. The D2-like antagonists, haloperidol and

domperidone showed concentration-dependent inhibition

of dopamine response at D2 with calculated Kbs of 0.05 and

0.2 nM, respectively (Table 3). The calculated Kbs were

six-fold more potent than Ki determined by competition

binding with [125I]-PIPAT on native human D2L (Table 3).

Reported D2 selective antagonist L-741626 blocked the

effects of 1 mM dopamine (600 nM IC50) in D2 with a

calculated Kb (9.8 nM) twice as potent as the Ki determined

by competition binding with [125I]-PIPAT on native human

D2L (23 nM Ki) (Table 2). Clozapine had potent activity

on D2 as well (Kb ¼ 3.9 nM, Ki by competition bin-

ding ¼ 39 nM, Table 2). Rank order potencies were halo-

peridol > domperidone > clozapine > L-741626. This was

in contrast to the D1-selective antagonist SCH23390, D3

selective antagonist S33084 and the D4-selective antago-

nist L-745870 that did not inhibit the 1 mM dopamine

response at D2L. Of these three antagonists, only

S33084 exhibited binding on D2L in competition binding

assays with radiolabeled PIPAT.

3.4. Pharmacology of D3 cell line

Agonists and antagonists were assayed in a cell line

stably expressing the human D3 receptor. Non-selective

D2-like agonists, apomorphine and quinpirole showed

good efficacies and potencies at D3 cell line, comparable

to competition binding with [3H]-7-hydroxy-DPAT on

human D3 membranes (Fig. 5, Table 4). On the other hand,
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Fig. 4. Effects of dopamine agonists and antagonists on D2L-HEK cell

line. Panel (A): effects of D2-like agonists dopamine (closed squares),

apomorphine (closed triangles) and quinpirole (closed circles). Panel (B):

effects of D2 agonists PNU95666E (closed circles), and D3 agonists 7-OH-

DPAT (closed squares), and PD128907 (closed triangles). Panel (C):

effects of antagonists against 1 mM dopamine. The cells were pre-

incubated with various concentrations of haloperidol (closed squares),

clozapine (closed triangles), domperidone (closed inverted triangles) and

L-741626 (closed circles) for 5 min at room temperature, add 1 mM of

dopamine to measure the calcium response by the FLIPR. Data points

represent mean � S.E.M. n ¼ 4.

Table 4

Characterization of dopamine agonists and antagonists at D3 receptor cell

line

Compound Human D3 FLIPR Human D3 binding,

EC50 (nM) Efficacy (%) [3H]-DPAT

Ki (nM)

Dopamine 11.9 � 0.9 100 6.0 � 1.2

Apomorphine 14.2 � 2.0 80 5.0 � 0.3

Quinpirole 17.3 � 3.3 90 4.5 � 0.6

SKF81297 1090.0 � 131.0 49 260.0 � 11.9

PNU-95666E 62.2 � 10.3 79 412.0 � 33.0

7-OH-DPAT 13.5 � 1.2 82 0.6 � 0.01

PD128907 29.7 � 2.6 81 1.1 � 0.1

BP-897 193.8 � 36.7 16 0.4 � 0.05

PD168077 >10000 5 2540.0 � 396.0

CP226269 985.0 � 245.0 55 521.0 � 39.0

IC50 (nM) Kb (nM) [3H]-DPAT Ki (nM)

Haloperidol 4.4 � 0.1 0.1 3.6 � 0.3

Domperidone 7.2 � 0.8 0.1 5.4 � 0.2

Clozapine 106.6 � 3.5 1.3 210.0 � 10.7

SCH23390 >10000 - >10000

L-741626 821.0 � 103.0 9.7 274.0 � 38.0

S-33084 59.0 � 1.0 0.7 1.5 � 0.2

BP-897 19.6 � 1.9 0.2 0.4 � 0.05

L-745870 >10000 - >10000

Agonist activity was assayed by concentration response curves of various

compounds with different reported selectivities for D3 and percent efficacy

normalized to 10 mM dopamine. IC50s determined in the presence of 1 mM

dopamine. Kbs were calculated by the method of Cheng–Prusoff [21]. These

studies were complemented with binding using the D2-like agonist radio-

ligand [3H]-DPAT. All determinations represent the mean � S.E.M., n ¼ 4.
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D1-selective agonist SKF81297 and D4-selective agonists

PD168077 and CP226269 showed very weak activities at

D3, confirming the selectivity of the assay (Table 4).

However, the reported D2 selective agonist PNU-95666E

showed significant activity (EC50 ¼ 62.2 nM with 79%

efficacy of dopamine) at D3 as well as activity in the D3

binding assay (Ki ¼ 412 nM) indicating that PNU-95666E

cross-reacts with the D3 receptor (Table 3). Reported

D3 agonists 7-OH-DPAT, PD128907 and BP897 were

also tested in the D3/Gaqo5 cell line. 7-hydroxy-DPAT,

and PD128907 showed D3 agonist activities with

EC50 ¼ 13.5 and 29.7 nM with 81 and 82% efficacy,

respectively (Table 4). Reported partial agonist BP897

showed only 16% efficacy of 10 mM dopamine (Fig. 5).

D4-selective agonist PD168077 had no detectable D3

agonist activity up to 10 mM and weak binding on D3

(�2.5 mM) while CP226269 exhibited weak agonist activ-

ity (�1 mM) as well as weak binding (0.5 mM, Table 4).

Dopamine receptor antagonists activities were deter-

mined in the presence of 1 mM dopamine in the D3/Gaqo5

cell line (Table 4). All the antagonists tested did not show

any calcium signal by themselves (data not shown) indi-

cating that the compounds have no intrinsic D3 agonist

activities. D2-like antagonists, haloperidol and dom-

peridone showed concentration-dependent inhibition of

dopamine response (Fig. 5, Table 4). D3 selective antago-

nist S33084 potently inhibited dopamine response (Kb ¼
0.7 nM), whereas D1-selective antagonist SCH23390 and

D4 antagonist L-745870 did not inhibit the dopamine

response (Table 4). The reported D2 selective antagonist

L-741626 also had potent D3 activity (Kb ¼ 9.7 nM) in this

assay. BP897, in addition to showing partial D3 agonist

activity, is a potent D3 antagonist (Kb ¼ 0.2 nM).

4. Discussion

The preparation of stable HEK-293 cell lines transfected

with recombinant human D2L, D3 or D4 receptors and the

chimeric G-protein Gaqo5 cDNA has allowed a rapid and

sensitive means to measure receptor-activated increases in

intracellular calcium levels and compare dopaminergic

agents in the same cellular background to assess receptor

activation or inhibition and selectivity. In this report, we

demonstrate that the human D4 receptor can be coupled to

calcium using a chimeric G-protein Gaqo5 and that both

agonists and antagonists can be detected in an assay that is

also amenable to high throughput testing [12,27]. It was

also shown that human D2L and D3 cell lines could be

prepared and used for head to head comparisons of the

three receptors in the same cellular background.

Dopamine D2-like receptors naturally signal via Gai/o

[2,28]. In these assay systems, the chimeric G-protein,

Gaqo5, has been employed to facilitate Gi/o-coupled D2-

like receptors to mobilize intracellular calcium stores in

response to agonist stimulation. Many Gi/o-coupled recep-

tors such as opioid, chemokine and somatostatin receptors

efficiently activate chimeric G-proteins, including Ga16,

Gaqo5 and Gaqi5, and stimulate calcium flux, but depending

on the receptors and chimeric G-proteins, these recombi-

nant systems do not always activate the chimeric G-pro-

teins equally [12,29]. In the case of D2-like receptors

reported here, only Gaqo5 yielded robust, transient calcium

signal. Using Ga protein gene knock-out-mice, it has been

demonstrated that dopamine D2-like receptors in the brain

couple primarily through Gao in vivo [28]. This same G-

protein preference has also been demonstrated in vitro for
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Fig. 5. Effects of dopamine agonists and antagonists on D3-HEK cell line.

Panel (A): effects of D2-like agonists dopamine (closed squares),

apomorphine (closed triangles) and quinpirole (closed circles). Panel

(B): effects of D2 agonists PNU95666E (closed circles), D3 agonists 7-OH-

DPAT (closed squares), PD128907 (closed triangles) and BP897 (closed

diamonds). Panel (C): effects of antagonists against 1 mM dopamine. The

cells were pre-incubated with various concentrations of haloperidol (closed

squares), clozapine (closed triangles), domperidone (closed inverted

triangles), L-741626 (closed circles), S33084 (open circles) and BP897

(closed diamonds) for 5 min at room temperature, add 1 mM of dopamine

to measure the calcium response by the FLIPR. Data points represent mean

� S.E.M. n ¼ 4.
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D2L [30,31] and for D4 [32] using cloned receptors and

transiently transfected cells. All of these reports as well as

the data presented here are consistent with D2-like recep-

tors signaling through Gao.

The pharmacological characterization of dopaminergic

agents across the three cell lines in our lab has revealed

new information. The reported D2-selective agonist

PNU95666E [24] is equally potent in this report at human

D2L receptors as D3, which is in agreement with agonist

radioligand binding (Tables 3 and 4). This compound is

devoid of any activity at the human D4.4 receptor. The D3

agonist activity in these assays suggests that in vivo effects

of this compound may not be purely due to the D2 receptor.

Likewise, the reported D3 agonists 7-hydroxy-DPAT and

PD128907 are potent, full agonists across all three D2-like

receptors. The activation of D2 and D3 is consistent with

both 7-hydroxy-DPAT and PD128907 showing decreases

in body temperature and locomotor activity in D3-knock-

out mice that were not observed in D2-knock-out mice,

suggesting D2 agonist activity [33,34]. Further, conclu-

sions made from in vivo studies based on in vitro binding

data using [3H]-spiperone can lead to apparently conflict-

ing data [18,35]. In this study, we confirm the weak partial

agonist activity reported for BP-897 [25] but also demon-

strate that this compound is a potent D3 antagonist

(Kb ¼ 0.2 nM), consistent with recent reports [36,37]. In

addition, this compound is also a 66% D4 agonist

(EC50 ¼ 485.5 nM). In examining antagonists, clozapine

is only 1.6-fold selective in this assay for D4 over D2. Our

results confirm those in the literature as to the selectivity of

S33084 and L-745870 for D3 and D4 respectively but fail to

demonstrate D2 selectivity for L-741626. This may explain

in part the profile of inhibition of 7-hydroxy-DPAT and

PD128907 in rat CNS studies by L-741626 [35] and

emphasizes the need to assess functional selectivity as

well as binding affinity before employing dopaminergic

tools in vivo. The selective D4 antagonist L-745870 [38]

has been reported to as a partial agonist in cAMP assays

(EC50 ¼ 2.5 nM and 45% of dopamine) [39]. Using cal-

cium flux assays, L-745870 was shown to exhibit partial

agonist activity only at high concentrations but was a

potent antagonist when assayed in the presence of dopa-

mine. This reflects the dual nature of the pharmacology of

this class of compounds [40].

Selectivity for D2-like ligands has traditionally been

defined by comparing binding affinities using mem-

branes from cells that express recombinant receptors

[2,41]. This approach can lead to a high degree of

variability depending on the cell line used, assay condi-

tions or radioligand employed. D2-like receptors show

discrimination for agonist and antagonist ligands

depending on the nature of the competing radioligand.

For example, D2 binding affinities can differ up to 1000-

fold for reported agonists depending on the radioligand

[18] while D4 shows similar phenomenon, but with four

and five-fold differences [20]. For these reasons, we

utilized agonist radioligands (D2, PIPAT; D3, 7-

hydroxy-DPAT; D4, A-369508) to determine binding

affinities for both agonists and antagonists at all three

receptors. In general, there the EC50s determined from

calcium flux assays and Ki from competitive binding are

comparable. However, while receptor binding can deter-

mine the avidity of a compound for the receptor, it does

not give any information regarding functional activity at

these receptors (agonist or antagonist and relative poten-

cies). Consequently, we have developed a novel func-

tional assay to evaluate agonist and antagonist ligands of

these receptors in a head to head fashion.

The concept of agonist trafficking has been introduced to

discuss explain the phenomenon that GPCRs coupling to

different G-proteins can give different agonist/antagonist

potencies depending on the G-protein [42]. The finding

that the five amino acid carboxy-terminal domain distin-

guishes Gai from Gao and Gaq facilitates Gaq mobilization

Table 5

Comparison of FLIPR and cAMP potencies and efficacies for human D4.4 and D2L receptor cell lines

Compound Human D2L FLIPR Human D2L cAMP

EC50 (nM) Efficacy (%) EC50 (nM) Efficacy (%)

Dopamine 18.0 � 2.0 100 25.9 � 1.2 100

Apomorphine 5.8 � 0.3 86 3.1 � 1.3 95

Quinpirole 40.0 � 4.0 90 14.3 � 1.4 99

7-OH-DPAT 6.1 � 0.6 84 9.6 � 1.1 90

PD128907 22.0 � 3.0 95 28.0 � 1.4 102

Human D4.4 FLIPR Human D4.4 cAMP

EC50 (nM) Efficacy (%) EC50 (nM) Efficacy (%)

Dopamine 2.2 � 0.2 100 10.7 � 1.1 100

Apomorphine 4.3 � 0.2 84 0.8 � 0.1 70

Quinpirole 20.6 � 1.3 94 8.7 � 2.1 90

PD168077 5.6 � 0.7 68 3.0 � 1.1 62

FLIPR and cAMP for human D4.4 and FLIPR for human D2L carried out as described in the methods. Human D2L cAMP data from [44].
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of calcium flux by Gai/o-coupled receptors [12,13]. It

should be noted that despite the fact that this is not the

physiological G-protein, this method does allow a means of

coupling Gai/o linked receptors to calcium flux using the

five amino acid recognition sequence. One caveat is that

other regions of the G-protein may be important for

interaction with the receptor and can potentially influence

signal transduction [43]. While the system described here

is a sensitive means to detect agonist activity, what evi-

dence is there to confirm measured efficacies and potencies

correlate to the naturally coupled system? Inhibition of

forskolin-induced cAMP in human D4.4 transfected CHO

cells is shown in Table 4 compared to the data generated in

this report using chimeric G-proteins and calcium flux

assays. All of the EC50s of all compounds examined ranged

from 0.8 to 21 nM and the percent efficacies in the two

assays are comparable except for apomorphine, which is

less than 15% efficacious in cAMP versus calcium flux.

Also cAMP data from the literature on apomorphine,

quinpirole, 7-hydroxy-DPAT and PD128907 for human

D2L [44] show the same rank order potencies and efficacies

as the FLIPR assay (Table 5). While agonist trafficking

could account for some of the differences between

methods, the assays described in this report can

distinguish agonists from antagonists and allow compar-

ison across the three D2-like receptors in the same cellular

background.

The activation of D4 receptors has been proposed as an

important pathway in the central nervous system control of

penile erection [7,8] as well as potentially important in

cognition [4]. The difficulties in ascertaining agonist activ-

ity and receptor selectivity are reflected in the variability of

data and lack of comparison in a head to head fashion in the

same cell background with similar G-protein coupling

[2,11,41]. While D2-like receptors are not normally

coupled to Gaq, the cell lines described in this report com-

pare favorably with Gai/o coupling (Table 5) and should

facilitate the identification of molecules that may have

therapeutic applications or be used as tools to explore the

role of the dopamine D4 receptor in the central nervous

system.

In conclusion, the stable co-expression of D2-like recep-

tors with chimeric Gaqo5 proteins in HEK-293 cells is an

efficient approach to study receptor activation and to

determine functional selectivity of available D2-like ago-

nists across human D2L, D3 and D4 receptors and facilitates

discovery of both agonists and antagonists at these

receptors.
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