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Interactions of the Novel Antipsychotic
Aripiprazole (OPC-14597) with Dopamine and
Serotonin Receptor Subtypes

Cindy P. Lawler, Ph.D., Cassandra Prioleau, Ph.D., Mechelle M. Lewis, Ph.D., Chun Mak, Ph.D.,
Dong Jiang, Ph.D., John A. Schetz, Ph.D., Antonio M. Gonzalez, M.D., Ph.D.,
David R. Sibley, Ph.D., and Richard B. Mailman, Ph.D.

OPC-14597 {aripiprazole; 7-(4-(4-(2,3-dichlorophenyl)-1-
piperazinyl)butyloxy)-3,4-dihydro-2(1H)-quinolinone} is a
novel candidate antipsychotic that has high affinity for
striatal dopamine D,-like receptors, but causes few
extrapyramidal effects. These studies characterized the
molecular pharmacology of OPC-14597, DM-1451 (its
major rodent metabolite), and the related quinolinone
derivative OPC-4392 at each of the cloned dopamine
receptors, and at serotonin 5HT; and 5HT; receptors. All
three compounds exhibited highest affinity for D,y and D,g
receptors relative to the other cloned receptors examined.
Both OPC-4392 and OPC-14597 demonstrated dual

agonist/antagonist actions at D,y receptors, although the
metabolite DM-1451 behaved as a pure antagonist. These
data suggest that clinical atypicality can occur with drugs
that exhibit selectivity for D,; /D, rather than D3 or D,
receptors, and raise the possibility that the unusual profile
of OPC-14597 in vivo (presynaptic agonist and
postsynaptic antagonist) may reflect different functional
consequences of this compound interacting with a single
dopamine receptor subtype (D,) in distinct cellular locales.
[Neuropsychopharmacology 20:612—627, 1999]
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Schizophrenia is a chronic psychiatric illness with two
major types of symptoms—positive or psychotic symp-
toms, such as hallucinations and delusions, and nega-
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tive or deficit symptoms, such as amotivation, apathy,
and asociality. Approximately 1% of the population
suffers from schizophrenia (Kaplan and Sadock 1988).
The serendipitous discovery of chlorpromazine four
decades ago not only provided the first efficacious ther-
apeutic intervention, but also opened horizons into re-
search about the etiology and therapy of this disease. It
was soon hypothesized that chlorpromazine and simi-
lar drugs worked by being pharmacological antagonists
of the neurotransmitter dopamine (Seeman et al. 1976;
Creese et al. 1976), a hypothesis that ultimately pro-
vided the foundation for the commonly accepted divi-
sion of dopamine receptors into two classes (Garau et
al. 1978), now often called D; and D, (Kebabian and
Calne 1979).

During the past decade, molecular cloning studies
have resulted in the identification of several genes cod-
ing for dopamine receptors. There now are at least two
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D;-like receptors [the D;4 (Zhou et al. 1990; Monsma et
al. 1990; Sunahara et al. 1990; Dearry et al. 1990) and D5
(Tiberi et al. 1991) or D5 (Sunahara et al. 1991)], both of
these linked functionally to stimulation of cAMP syn-
thesis, and preferentially recognizing 1-phenyl-tetrahy-
drobenzazepines (e.g., SCH23390). The D,-like recep-
tors come from at least three genes and include
multiple splice variants. The D,-like receptors [Dyg
(Bunzow et al. 1988), D,; (Giros et al. 1989; Monsma et
al. 1989), D; (Sokoloff et al. 1990), and D, (Van Tol et al.
1991)] sometimes are linked to inhibition of cAMP syn-
thesis and have a different pharmacological specificity
from the D;-like receptors (i.e., having much higher af-
finity for spiperone or sulpiride).

The traditional view of antipsychotic drug efficacy
posits a primary role for pharmacological antagonism
of D,-like receptors. Despite the demonstrable effective-
ness of dopamine D, receptor antagonists, however, a
substantial number (up to 20%) of patients are consid-
ered unresponsive to these typical antipsychotics (Kane
et al. 1988). Furthermore, the typical antipsychotics
have significant and serious side effects that make them
less than optimal therapeutic agents (see Peacock and
Gerlach 1996). For example, they cause acute drug-in-
duced parkinsonian symptoms (Arana and Hyman
1991), they may worsen the negative symptoms associ-
ated with schizophrenia (Lader 1993), and they increase
the risk of the disabling neurological condition known
as tardive dyskinesia (Jeste and Caligiuri 1993). Given
these limitations of the traditional antipsychotics, there
has been much interest in the development of alterna-
tive pharmacotherapy for schizophrenia. There have
been a variety of newer “atypical” antipsychotics that
have been introduced recently or are currently in clini-
cal trials (see Fatemi et al. 1996). These atypical com-
pounds (e.g., clozapine, olanzapine, risperidone) ex-
hibit antipsychotic efficacy with fewer undesirable side
effects compared to typical drugs (e.g., haloperidol,
fluphenazine).

At present, there is no consensus concerning the bio-
logical mechanisms that might impart clinical atypical-
ity (see Arnt and Skarsfeldt 1998). Most atypical drugs
are antagonists at D, receptors, yet often have other
pharmacological properties, including concomitant D;,
serotonin 5-HT, and «;-adrenergic receptor blockade,
or selectivity for other D,-like subtypes (Gerlach 1991).
Much recent effort has been focused on producing com-
pounds with selectivity for dopamine D; or D, recep-
tors rather than D, receptors (Hartman and Civelli
1996). This strategy is based in large measure on the
idea that antagonism of D; or D, receptors is necessary
for antipsychotic efficacy because of the preferential
distribution of these receptors in mesocorticolimbic ter-
minal fields (Sokoloff et al. 1990; Ariano et al. 1997).
Conversely, high affinity blockade of D, receptors is
thought to be associated with extrapyramidal symp-
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toms and is thus considered an undesirable property
for an antipsychotic (see Joyce and Meador-Woodruff
1997). Recent data have suggested, however, that selec-
tive D, receptor blockade may not be therapeutically
useful for the treatment of schizophrenia (Kramer et al.
1997). Despite this failure, there is continuing specula-
tion that the D,:D, selectivity ratio is an important pre-
dictor of atypicality (Seeman et al. 1997).

The present study involved an evaluation of a novel
antipsychotic drug candidate OPC-14597 (Figure 1) that
has both clinical atypicality and an unusual functional
profile at dopamine receptors. This compound is de-
rived from OPC-4392 {7-{3-[4-(2,3-dimethylphenyl)pip-
erazinyl]propoxy}-2(1H)-quinolinone}, the dopamine
(DA) autoreceptor agonist. OPC-14597 and OPC-4392
bind with high affinity to *H-spiperone-labeled dopam-
ine D, receptor binding sites in rat striatum, frontal cor-
tex, and limbic forebrain (Kikuchi et al. 1995). Both
compounds inhibit reserpine- and gamma-butyrolac-
tone (GBL)-induced increases in tyrosine hydroxylase
activity in the mouse and rat brain, and these effects are
completely antagonized by the dopamine D, receptor
antagonist haloperidol (Kikuchi et al. 1995; Yasuda et al.
1988). Moreover, both OPC-14597 and OPC-4392 inhibit
the activity of dopamine neurons when applied locally
to the ventral tegmental area (Momiyama et al. 1990,
1996). These actions are consistent with pharmacological
agonism at presynaptic dopamine D,-like receptors.

Both compounds can be distinguished from typical
D, agonists, however, because they do not cause behav-
ioral signs associated with activation of either nor-
mosensitive or supersensitive postsynaptic dopamine
D, receptors (e.g., increased locomotion in reserpinized
mice or rotation in rats with unilateral 6-hydroxy-
dopamine lesions; Kikuchi et al. 1995; Yasuda et al.
1988). Instead, both OPC-14597 and OPC-4392 exhibit
clear antagonist actions at postsynaptic receptors, as ev-
idenced by inhibition of apomorphine-induced stereo-
typy and locomotion in intact rats and inhibition of ipsi-
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Figure 1. Structures of OPC-14597 and related compounds.
Top: Structure of OPC-4392, the pharmacological ancestor of
OPC-14597 (middle). The major metabolite in the rat, DM-
1451, is shown at the bottom.
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lateral rotation in rats with unilateral kainic acid lesions
of striatum. Whereas the postsynaptic antagonist ac-
tions of OPC-4392 are observed at much higher doses
than those that elicit presynaptic agonism, these oppos-
ing effects occur at equivalent doses of OPC-14597. This
difference in dose ratio for pre- vs. postsynaptic effects
is intriguing and may be related to the differing clinical
profiles of these two compounds. OPC-4392 was shown
to be effective against negative symptoms and showed
no propensity to induce extrapyramidal symptoms in in-
dividuals with schizophrenia, although some exacerba-
tion of positive symptoms was observed (unpublished
observations). This latter property prompted termination
of clinical testing of OPC-4392. Early clinical trials with
OPC-14597, however, suggest that it is efficacious
against both positive and negative symptoms, yet in-
duces few extrapyramidal symptoms (Toru et al. 1994).

More recent preclinical data obtained with OPC-
14597 have been promising as well. OPC-14597 has
been reported to produce minimal increases in D, re-
ceptor density following chronic treatment in rat (Inoue
et al. 1997). Moreover, OPC-14597 shares some charac-
teristics of other atypical antipsychotics with respect to
induction of early immediate gene expression. OPC-
14597 induces c-fos protein in nucleus accumbens but
not in striatum (Semba et al. 1996).

The goal of the present study was to describe the mo-
lecular pharmacology of OPC-14597, its predecessor
OPC-4392, and its major rodent metabolite DM-1451 (7-
(4-[4-(2,3-dichlorophenyl)-1-piperazinyl)butyloxy)-3,4-
dihydro-2(1H)-quinolinone) in more detail, to provide a
basis for understanding the unusual properties of this
drug in the mammalian nervous system. To this end,
radioreceptor and functional studies of these three com-
pounds were conducted at each of the known molecu-
lar isoforms of the dopamine receptors in several trans-
fection systems, as well as at novel serotonin receptor
subtypes (5-HT; and 5-HT).

MATERIALS AND METHODS
Materials

[PH]SCH23390 was synthesized as described by Wyrick
and Mailman (1985). [*H]-spiperone was purchased
from Amersham, Inc. (Arlington Heights, IL). [°’H]me-
thylspiperone and [PH]LSD were purchased from Du-
pont NEN (Boston, MA). Spiperone, chlorpromazine,
butaclamol, quinpirole, 7-OH-DPAT, clozapine, forsko-
lin, and sulpiride were purchased from Research Bio-
chemicals, Inc. (Natick, MA). Dopamine, cAMP, and
isobutyl methylxanthine (IBMX) were obtained from
Sigma Chemical Co (St. Louis, MO). cAMP primary an-
tibody was obtained from Dr. Gary Brooker (George
Washington University, Washington DC), and second-
ary antibody (rabbit antigoat IgG) covalently attached
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to magnetic beads was purchased from Advanced Mag-
netics, Inc. (Cambridge, MA).

Cell Culture

The present studies were conducted with several distinct
cell lines. C-6 glioma cells stably transfected with rat D,y
or D; receptor were obtained from Dr. Kim Neve (Ore-
gon Health Sciences University) and grown in DMEM-H
medium containing 4,500 mgy/1 glucose, L-glutamine, 5%
fetal bovine serum and 600 ng/ml G418. The CHO cells
were stably transfected with cDNAs encoding the rat
D,s, Dy, D;, and D, receptors and cultured in Ham’s F-12
medium (Gibco) containing 1 mM sodium pyruvate, 10%
fetal bovine serum, and 20 pg/ml gentamycin (Zhang et
al.,, 1994). The HEK cells were stably transfected with
cDNAs encoding the rat 5-HT, and 5-HT; receptors and
cultured as described in Monsma et al. (1993) and Shen
et al. (1993). All cells were maintained in a humidified in-
cubator at 37°C with 5% CO,.

Membrane Preparation

C-6 cells were grown in 75-cm? flasks until confluent.
The cells were rinsed and lysed with 10 ml of ice-cold
hypo-osmotic buffer (HOB) (5 mM Hepes, 2.5 mM
MgCl,, 1 mM EDTA; pH 7.4) for 10 min at 4°C. Cells then
were scraped from the flasks using a sterile cell scraper
from Baxter (McGraw Park, IL). The combined cell sus-
pension was homogenized (10 strokes), and spun at
43,000 X g (Sorvall RC-5B/S5-34, DuPont, Wilmington,
DE) at 4°C for 20 minutes. The pellet was resuspended
(10 strokes), and this homogenate was then spun again at
43,000 X g at 4°C for 20 min. The supernatant was re-
moved, and the final pellet was resuspended (10 strokes)
in ice-cold storage buffer (50 mM Tris HCl, 6 mM MgCl,,
1 mM EDTA; pH 7.4) to yield a final concentration of ca.
2.0 mg of protein/ml. Aliquots of the final homogenate
were stored in microcentrifuge tubes at —80°C. Prior to
their use for radioligand binding or adenylate cyclase as-
says, protein levels for each membrane preparation were
quantified using the bicinchoninic acid (BCA) protein as-
say reagent (Pierce, Rockford, IL) adapted for use with a
microplate reader (Molecular Devices, Menlo Park, CA).

CHO cells stably transfected with dopamine recep-
tors were prepared as described in Zhang et al. (1994).
Briefly, CHO cells were harvested with 1 mM EDTA in
Ca**/Mg?**-free EBSS (Earle’s balanced salt solution) and
centrifuged at 300 X g for 10 min. The supernatant was
removed and the cells were washed twice with EBSS
(complete) then resuspended in 5 mM Tris, pH 7.4 at
4°C. The cells were homogenized using a Dounce ho-
mogenizer, and the homogenate was spun at 34,000 X g
for 10 min. The final cell suspension was resuspended in
binding buffer (50 mM Tris, pH 7.4 at 22°C, 1 mM
EDTA, 5 mM KCJ, 1.5 mM CaCl,, 4 mM MgCl,, 120 mM
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NaCl) at 0.3 mg/ml. The BCA reagent was used to quan-
tify protein concentrations.

HEK-293 cells stably transfected with 5-HT, or 5-HT,
receptors were prepared as described in Monsma et al.
(1993) and Shen et al. (1993), respectively. The cells
were disrupted using a Dounce homogenizer in TME
buffer (50 mM Tris, pH 7.4 at 37°C, 10 mM MgSO,, 0.5
mM EDTA). Cell homogenates were collected after cen-
trifugation at 43,000 X ¢ and resuspended in homogeni-
zation buffer at a protein concentration of ~60 pg/ml.

Receptor Binding Assays in Rat Striatum

Frozen rat striata were homogenized by seven manual
strokes in a Wheaton Teflon-glass homogenizer in 8-ml
of ice-cold 50 mM HEPES buffer with 4.0 mM MgCl,
(pH 7.4). Tissue was centrifuged at 27,000 X g for 10
min, the supernatant was discarded, and the pellet was
homogenized (5 strokes) and resuspended in ice-cold
buffer and centrifuged again. The final pellet was sus-
pended at a concentration of 2.0 mg wet weight/ml. The
amount of tissue added to each assay tube was 1.0 mg,
in a final assay volume of 1.0 ml. D, receptors were la-
beled with [PH]SCH23390 (0.30 nM); D, receptors were
labeled with [*H]spiperone (0.07 nM); these concentra-
tions of [*H]-spiperone and [*H]-SCH23390 corresponded
to the K, values obtained in previous saturation binding
experiments conducted in rat striatum. The estimated re-
ceptor densities were 1000 (D;-like) and 400 (D,-like)
fmol/mg protein. Unlabeled ketanserin (50 nM) was
added to mask binding to 5-HT, sites. Total binding was
defined as radioligand bound in the absence of any com-
peting drug. Nonspecific binding was estimated by add-
ing unlabeled SCH23390 (1 wM) or unlabeled chlorprom-
azine (1 pM) for D; and D, receptor binding assays,
respectively. As an internal standard, a competition curve
with six concentrations of unlabeled SCH23390 (D, bind-
ing) or chlorpromazine (D, binding) was included in each
assay. Triplicate determinations were made for each drug
concentration. Assay tubes were incubated at 37°C for 15
min, and binding was terminated by filtering with ice-
cold buffer on a Skatron 12 well cell harvester (Skatron,
Inc., Sterling, VA) using glass fiber filter mats (Skatron
no. 7034). Filters were allowed to dry, and 1.0 ml of Op-
tiphase HI-SAF II scintillation fluid were added. Radioac-
tivity was determined on an LKB Wallac 1219 RackBeta
liquid scintillation counter (LKB Wallac, Gaithersburg,
MD). Tissue protein levels were estimated using the BCA
protein assay reagent.

Dopamine Receptor Binding Assays in
Transfected Cells

Receptor binding assays were done in C-6 cells as de-
scribed above for rat striatum, with the following modi-
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fications. Frozen membranes were thawed and resus-
pended in assay buffer (50 mM HEPES with 4 mM
MgCl, and 0.001% bovine serum albumin; pH 7.4). The
amount of tissue added to each tube was ca. 50 ng of
protein in a final assay volume of 500 pl. Duplicate de-
terminations were performed at each drug concentra-
tion. The final concentration of [*H]-spiperone was 0.07
and 0.14 nM in assays conducted with D, and D; re-
ceptors, respectively. Prior to performing competition-
binding studies, saturation-binding assays were con-
ducted to determine radioligand affinity and receptor
densities. These experiments demonstrated the affinity
of [*H]-spiperone to be 0.07 and 0.14 nM at D,; and D;
receptors, respectively. The receptor densities were esti-
mated to be 450 (D,;) and 900 (D;) fmol/mg protein.

For the dopamine receptors transfected in CHO cells,
ligand binding assays were performed as described in
Monsma et al. (1990) for D;-like receptors and as de-
scribed by Zhang et al. (1994) for D,-like receptors. The
competition assays were performed in a final volume of
1 ml. Crude membranes (30 pg/assay tube) were added
in triplicate to 0.2 nM [*H]methlyspiperone for D,-like
receptors and 0.5 nM [PH]SCH23390 for D;-like recep-
tors. The affinity of [°*H]-methylspiperone for Dy, D,g,
D;, and D, receptors in CHO cells was 0.07, 0.07, 0.5,
and 0.9 nM, respectively. The corresponding receptor
densities were 1600 (D,;), 630 (D,s), 710 (D;), and 360
(D,) fmol/mg protein. The affinity of [’H]-SCH23390 for
D; and Ds receptors in CHO cells was 0.32 and 0.17 nM,
respectively, with receptor densities of 1300 (D;) and
350 (Ds) fmol/mg protein. The assay tubes were incu-
bated for 1 h at room temperature. Nonspecific binding
was determined by the addition of 1 pM (+)butaclamol
for both D,-like receptors and D;-like receptors. The re-
action was terminated by rapid filtration through GF/C
filters (previously pretreated with 0.3% polyethyl-
amine). The filters were washed with 4 ml of 50 mM Tris,
pH 7.4 at 4°C five times. Scintillation counting quantified
the radioactivity bound to the filters.

For the serotonin receptors transfected in HEK-293
cells, radioligand binding assays were performed as de-
scribed above, except the membranes (3 pg/assay tube)
were incubated with 1 nM [*H]LSD for 60 min at 37°C
in a total volume of 100 pl. 10 wM serotonin was used to
define nonspecific binding. The affinity of [*H]-LSD for
5HT, and 5HT, receptors was 2.8 and 6 nM, respec-
tively. The receptor densities were 1600 (5HT,) and
2400 (5HT;) fmol/mg protein.

Analysis of Radioligand Binding Data

Parameter estimates (IC50 and indirect Hill slope, ng)
for competition binding data were obtained by nonlin-
ear regression (PRISM, Graphpad, San Diego, CA) us-
ing a sigmoidal function (Motulsky and Ransnas 1987).
K5 values were calculated from IC50 values using the
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radioligand affinity obtained in separate saturation
binding studies. For each compound tested, at least
three independent assays were performed, and a sepa-
rate curve fit was performed for each assay. Means and
standard errors of these parameter estimates were then
calculated for each compound.

Measurement of cAMP Accumulation in
Clonal Cell Lines

Antagonism of dopamine-mediated inhibition of cAMP
accumulation in C-6 cells transfected with D,; receptors
was performed as follows. Cells were plated in 24 well
tissue culture dishes and grown to confluence. The cells
were washed in assay buffer (500 wl/well; DMEM-H, 20
mM HEPES (pH 7.4) and 500 uM IBMX) and then pre-
incubated with 500 pl fresh assay buffer for 10 min. The
assay buffer was aspirated, and new buffer containing
selected test drugs was added to cells in each well (500
wl total volume per well). To facilitate the detection of a
significant inhibition of cAMP accumulation induced
by dopamine, cAMP synthesis was stimulated with 1
uM isoproterenol, and the ability of dopamine to in-
hibit this increase was measured. The ability of test
compounds to antagonize the inhibition of cAMP accu-
mulation by dopamine (10 nM) was determined using
duplicate wells for each drug condition. Drug incuba-
tions proceeded for 5 min. Following this incubation,
the cells were washed with assay buffer and then lysed
with 500 pl of ice-cold 0.1 N HCI. After 10 min, cells
were scraped and collected in 1.7-ml microcentrifuge vi-
als. The wells were washed twice with an additional 500
pl of 0.1 N HCI that was added to the first lysate. The ly-
sates were pelleted in a Beckman microcentrifuge
(Model B), and 5 pl of the supernatant was used in the
radioimmunoassay for cAMP. The cAMP determina-
tions in duplicate wells were averaged.

Synthesis of cAMP in CHO cells was measured as
described by Zhang et al. (1994). CHO cells were har-
vested and washed as described for radioligand bind-
ing assays, except the cells were resuspended in a final
buffer containing 250 mM sucrose, 75 mM Tris, pH 7.4
at 4°C, 12.5 mM MgCl,, 1.5 mM dithiothreitol, 0.2 mM
sodium metabisulfite, with 100 pM of the phosphodi-
esterase inhibitor RO-20-1724. Cells (50 pl membrane
suspension containing 250,000 cells), added to triplicate
assay tubes, were preincubated for 30 min at 37°C, fol-
lowed by a 5-min incubation with 10 pl of drugs or
buffer. The reaction was terminated by placing the as-
say tubes in boiling water for 3 min. cAMP was quanti-
fied with a competitive binding assay.

Radioimmunoassay (RIA) of cAMP

The concentration of cCAMP in each sample from experi-
ments conducted in C-6 cells was determined with an
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RIA of acetylated cAMP, modified from that previously
described (Harper and Brooker 1975). Iodination of
cAMP was performed using a method described previ-
ously (Patel and Linden 1988). Assay buffer was 50-mM
sodium acetate buffer with 0.1% sodium azide (pH
4.75). Standard curves of cAMP were prepared in buffer
at concentrations of 2 to 500 fmol/assay tube. To im-
prove assay sensitivity, all samples and standards were
acetylated with 10 pl of a 2:1 solution of triethyl-
amine:acetic anhydride. Samples were assayed in du-
plicate. Each assay tube contained 5 pl of each sample,
95 pl of buffer, 100 wl of primary antibody (sheep, anti-
cAMP, 1:160,000 dilution with 1% BSA in buffer) and
100 wl of [**°I]-cAMP (50,000 dpm/100 pl of buffer); total
assay volume was 310 pl. Tubes were vortexed and
stored at 4°C overnight (~18 h). Antibody-bound radio-
activity was then separated by the addition of 25 .l of
BioMag rabbit, anti-goat IgG (Advanced Magnetics, Cam-
bridge, MA), followed by vortexing and further incuba-
tion at 4°C for 1 h. To these samples, 1 ml of 12% poly-
ethylene glycol/50 mM sodium acetate buffer (pH 6.75)
was added, and all tubes were centrifuged at 1700 X g
for 10 min. Supernatants were aspirated, and radioac-
tivity in the resulting pellet was determined using an
LKB Wallac gamma counter (Gaithersburg, MD).

Competition Binding Assay to Quantify
cAMP Concentrations

The concentration of cAMP in each sample from experi-
ments conducted in CHO cells was determined by the
competition of [PH]JcAMP and unlabeled cAMP to a
cAMP binding protein. Free [’H]JcAMP was removed by
charcoal/bovine serum albumin treatment, and the re-
maining bound [*H]cAMP was quantified by liquid scin-
tillation spectroscopy. The concentration of unlabeled
cAMP present in samples was determined by compari-
son to a standard curve (1-30 pmol cAMP/assay tube).

RESULTS

Affinity of OPC-14597 for Dopamine Receptors
in Rat Striatum

The affinity of OPC-14597 for dopamine receptors in rat
striatum was ascertained first. As is shown in Figure 2
and Table 1, OPC-14957 and its metabolite DM-1451
bound with high affinity to dopamine D,-like receptors
(Ky5 ca. 4 nM). Their affinities were from four- to 20-
fold lower than the reference high affinity antagonists
examined (i.e., spiperone, haloperidol, eticlopride and
chlorpromazine). Relative to OPC-14597, the affinity of
OPC-4392 was 20-fold lower. The binding curves of
OPC-14597 to D,-like receptors in the rat striatum were
steeper than the standard D, antagonists and this is re-
flected in indirect Hill slopes (ny) that were somewhat
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Figure 2. Affinity of OPC-14597 and selected reference
compounds for dopamine D,-like receptors in rat striatal
membranes. Dopamine D, receptors were labeled with 0.07
nM [*H]-spiperone in the presence of 50 nM ketanserin to
mask 5-HT, sites. Nonspecific binding was defined by 1 uM
chlorpromazine (CPZ). For each compound, at least three
independent assays were conducted on separate days. The
curves shown are from representative experiments. Means
and standard errors are shown in Table 1.

greater than one. In contrast, the curves for OPC-4392
and DM-1451 were of normal steepness. The three quin-
olinone compounds had negligible affinity for D;-like
receptors (Ky5 > 1 pM; data not shown).

Molecular Subtype Selectivity of OPC-14597

Affinity of OPC-14597 for Cloned Dopamine Receptors
in CHO Cells. The unusual functional profile reported
previously for OPC-14597 in brain (Amano et al. 1995;
Kikuchi et al. 1995; Momiyama et al. 1996) could in-
volve selectivity for one of the isoforms of dopamine re-
ceptors. For this reason, the binding of OPC-14597 was
examined in CHO cell lines, each transfected with a sin-
gle molecular subtype of dopamine receptor. Represen-

Table 1. Affinity of OPC-14597 and Selected Reference
Compounds for Dopamine D,-like Receptors in Rat Striatal
Membranes*

Drug K5 (nM) n,

OPC-14597 47 = 1.1(9) 1.27 £ 0.09
OPC-4392 88 = 32 (6) 1.03 = 0.12
DM-1451 41+0.7?) 1.04 = 0.12
Sulpiride 340 =81 (3) 0.87 = 0.03
Chlorpromazine 1.2 +0.2(13) 0.93 = 0.06
Spiperone 0.26 = 0.06 (7) 0.95 = 0.07
Eticlopride 0.79 = 0.13 (4) 0.84 = 0.07
Haloperidol 0.41 = 0.06 (4) 0.82 = 0.06
Quinpirole 47 =15 (3) 0.74 = 0.06
7-OH-DPAT 94 +15(3) 0.69 = 0.01

"Dopamine D, receptors were labeled with 0.07 nM [*H]spiperone in
the presence of 40 nM ketanserin to mask 5-HT, sites. Nonspecific bind-
ing was defined by 1 uM chlorpromazine. Parameter values represent
means and standard errors obtained from nonlinear regression of com-
petition curves using a sigmoid algorithm. The number of independent
assays for each compound is indicated in parentheses. Representative
curves are displayed in Figure 2.
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tative data are shown in Figure 3 and summarized in Ta-
bles 2 and 3. Consistent with the studies in rat striatum,
OPC-14597 had little affinity for either the D; or Dj re-
ceptor (Kys = 410 and 1200 nM, respectively). OPC-
14597 had relatively high affinity for both the D,g and
D,; receptors in this cell line (K5 < 1.0 nM) relative to
that of the reference antagonist spiperone (0.07 nM).
OPC-14597 had 15-fold lower affinity for the D; receptor
(Kos = 9 nM). The D,;:D; receptor selectivity ratio of
OPC-14597 was similar to that of eticlopride and greater
than that of spiperone, sulpiride, or chlorpromazine.
OPC-14597 bound with only moderate affinity to the D,
receptor. The affinity of OPC-14597 for the D, receptor
was approximately 10-fold lower than that of clozapine.

The receptor binding profile of the metabolite DM-
1451 was similar to that of OPC-14597 for D,, Dy, D;,
and D, receptor subtypes and markedly lower for Ds.
The affinity of OPC-4392 was lower than that of OPC-
14597 for all dopamine receptor subtypes examined. For
example, OPC-4392 had six-fold lower affinity for D,
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Figure 3. Affinity of OPC-14597 for cloned D,-like dopam-
ine receptors in CHO cells. Membranes were prepared from
CHO cells stably transfected with dopamine D,;, Dy, D;, or
D, receptors. Receptors were labeled with 0.2 nM [*H]-meth-
ylspiperone. Nonspecific binding was defined by 1 uM (+)-
butaclamol. For each compound, at least three independent
assays were conducted on separate days. The curves shown
are from a single representative experiment. Means and stan-
dard errors for receptor affinities (K, 5) are shown in Table 2.
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Table 2. Affinity of OPC-14597 and Selected Reference
Compounds for Dopamine D;-like Receptors Expressed in
CHO Cells*

CHO D, CHO D,
Drug Ky5 (nM) Kys (mM)
OPC-14597 410 = 10 (4) 1,200 =+ 60 (3)
OPC-4392 >10 uM >10 uM
DM-1451 460 = 20 (3) >10 uM
SCH23390 0.37 0.47

"Membranes were prepared from CHO cells stably transfected with
individual dopamine receptor subtypes. Receptors were labeled with 0.5
nM [PH]SCH23390 for D;, and Ds receptors. Nonspecific binding was
defined by 1 uM (+) butaclamol. Values represent means and standard
errors for receptor affinities (K 5) obtained from nonlinear regression of
competition curves using a sigmoidal equation. The number of indepen-
dent assays for each compound is indicated in parentheses. Representa-
tive curves are displayed in Figure 3.

receptors and at least ten-fold lower affinity for D, or D5
receptors compared to OPC-14597. The affinities of
OPC-14597 and OPC-4392 for D, receptors were similar,
however. The overall differences in D, receptor subtype
affinities observed between OPC-14597 and OPC-4392
are in agreement with the results obtained when these
compounds were evaluated in competition studies us-
ing [*H]-spiperone in rat striatum (Figure 2 and Table 1).

Affinity of OPC-14597 for Cloned Dopamine Receptors
in C-6 Cells. Because the affinity of drugs can be in-
fluenced by the cell line in which a receptor is ex-
pressed, these compounds were studied in another cell
line (C-6 glioma cells) transfected with two D,-like iso-
forms for which OPC-14597 had high affinity, the Dy
and D;. As shown in Table 4 and Figure 4, the affinity of
OPC-14597 for D, receptors was somewhat lower in
C-6 vs. CHO cells; whereas, the D; receptor affinities
observed were comparable in the two cell lines. The re-
sult was a decreased D,:D; selectivity ratio of OPC-
14597 in C-6 cells (ratio of 4) vs. CHO cells (ratio of 15).
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The indirect Hill slope for OPC-14597 was slightly
greater than one, similar to that observed in rat striatum.

The affinities of the two benzamide reference antag-
onists, sulpiride and eticlopride, and the aminotetralin
7-OH-DPAT at D, receptors were also somewhat
lower when assessed in C-6 vs. CHO cells. In contrast,
there was little effect of cell expression system on bind-
ing affinity of the reference compounds for the D; re-
ceptor, with the exception of sulpiride, which exhibited
significantly greater D; receptor affinity in CHO cells.

Of all the compounds examined, the binding profiles
of OPC-4392 at D, receptors displayed the most
marked differences between cell lines. The affinity of
OPC-4392 for D, receptors expressed in C-6 cells was
25-fold lower than was observed in CHO cells. More-
over, there was no D,;:D; selectivity for this compound
in C-6 cells, in contrast to the moderate D,; :D; selectiv-
ity demonstrated in CHO cells. The D,; receptor affinity
observed for DM-1451 was also somewhat lower in C-6
cells (0.96 nM) vs. CHO cells (0.21 nM); whereas, the re-
verse was true for Dj; receptor affinities. As was ob-
served for the other quinolinones, the D,;:Dj; selectivity
ratio of DM-1451 was markedly lower in C-6 cells (ratio
of less than two) relative to CHO cells (ratio of twenty).
The indirect Hill slope for DM-1451 was greater than
one in C-6 Dy cells, in contrast to the normal steepness
exhibited for this compound in rat striatum. Despite the
noted differences between cell lines, a comparison of
Table 3 and Table 4 indicates that the same rank order
of affinity of the three compounds (DM-1451 > OPC-
14597 > OPC-4392) at D,; and D; receptors was demon-
strated in both cell lines.

Affinity of OPC-4392 for D,; Receptors in the
Presence and Absence of NaCl

The large difference observed in the binding affinity of
OPC-4392 for D, receptors expressed in CHO vs. C-6

Table 3. Affinity of OPC-14597 and Selected Reference Compounds for Dopamine D,-like

Receptors Expressed in CHO Cells”

CHO-D,g CHO-D,, CHO-D, CHO-D,
Drug Ky 5 (nM) Ky 5 (nM) Ky 5 (nM) Ky5 (mM)
OPC-14597 0.59 = 0.13 (3) 0.52 = 0.16 (3) 9.1+2.0(3) 260 =+ 20 (3)
OPC-4392 n.d. 3.5+0.7(3) 18 = 0.3 (3) 280 =+ 60 (3)
DM-1451 n.d. 0.21 = 0.1 (3) 45+ 1.1(3) 120 = 15 (3)
Spiperone 0.07 0.07 0.6 n.d.
Sulpiride n.d. 0.21 = 0.05 (3) 0.71 = 0.08 n.d.
Chlorpromazine n.d. 2.67 = 1.64 (3) 8.94 = 5.74 (3) n.d.
Eticlopride n.d. 0.076 = 0.001 (3) 0.36 = 0.02 (3) 64
Clozapine n.d. n.d. n.d. 29
7-OH-DPAT n.d. 69.9 = 20.7 (3) 1.3+0.7(3) nd.

“Membranes were prepared from CHO cells stably transfected with individual dopamine receptor sub-
types. Receptors were labeled with 0.2 nM [PH]methylspiperone. Nonspecific binding was defined by 1 pM
(+)butaclamol. Values represent means and standard errors for receptor affinities (K;s) obtained from non-
linear regression of competition curves using a sigmoidal equation. The number of independent assays for
each compound is indicated in parentheses. Representative curves are displayed in Figure 3.
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Table 4. Competition for [*H]Spiperone-labeled D; and D, Receptors in C-6 Glioma Cell
Membranes*

C-6 Dy C-6 D,

Drug Kys (mM) n, K, 5 (nM) n,

OPC-14597 1.71 = 0.32 (10) 1.23 = 0.08 6.06 = 1.10 (11) 1.09 = 0.05
OPC-4392 90.9 £ 18 (8) 0.94 = 0.08 81.68 £ 24 (8) 1.00 = 0.07
DM-1451 0.96 = 0.22 (8) 1.19 = 0.13 1.63 = 0.18 (9) 1.48 = 0.17
Sulpiride 78.0 5.0 (3) 0.90 £ 0.12 21.0 £5.8(3) 0.91 = 0.09
Chlorpromazine 4.37 = 1.62 (3) 1.10 = 0.09 2.51 £ 0.29 (3) 1.04 = 0.15
Eticlopride 0.22 = 0.01 4) 0.85 = 0.12 0.14 = 0.04 (4) 1.20 = 0.21
7-OH-DPAT 380 £90 (7) 0.77 = 0.06 3.86 = 0.37 (7) 0.80 = 0.04

“Dopamine receptors were labeled with 0.07 (D,) or 0.14 (Ds) nM [*H]spiperone. Nonspecific binding was
defined by 1 uM chlorpromazine. Parameter estimates were obtained by nonlinear regression using a sig-
moidal equation. K5 and n,; values shown for each compound represent means and their standard errors.
The number of independent assays performed is indicated in parentheses. Representative curves are shown
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in Figure 4.
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Figure 4. Affinity of OPC-14597 for dopamine D,; and D,
receptors in C-6 glioma cells. Membranes were prepared
from C-6 glioma cells stably transfected with dopamine D,
or D; receptors. Dopamine receptors were labeled with 0.07
(Dy1) or 0.14 (D;) nM [*H]-spiperone. Nonspecific binding
was defined by 1 uM chlorpromazine. Parameter estimates
were obtained by nonlinear regression using a sigmoidal
equation. Mean values for K5 and ny are shown in Table 4.
The curves shown are from representative experiments.

cells prompted an investigation of possible method-
ological considerations that may have accounted for
this difference. The most obvious factor was the pres-
ence of sodium in the binding buffer for CHO but not
C-6 cells, because this has been shown to modulate the
affinity of dopamine D, receptor agonists and antago-
nists (see Neve 1991; Neve et al. 1990). The higher affin-
ity of the benzamide reference compounds sulpiride
and eticlopride in CHO cells vs. C-6 cells (see Tables 3
and 4) is consistent with the effect of sodium on binding
affinity of this class of compounds. To assess the impor-
tance of this factor to the binding profile of OPC-4392,
we conducted binding experiments with this com-
pound in the presence or absence of 120 mM sodium in
C-6 cells. As shown in Figure 5, there was no effect of
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Figure 5. Affinity of OPC-4392 for D, receptors in C-6
glioma cells in the presence and absence of sodium. Dopa-
mine receptors were labeled with 0.07 nM [*H]-spiperone. The
binding buffer was 50 mM Tris HCl, pH 7.4 at 22°C, 1 mM
EDTA, 5 mM KCl], 1.5 mM CaCl,, 4 mM MgCl,, and either 0
or 120 mM NaCl. Nonspecific binding was defined by 1 pM
chlorpromazine. Curves were fit by nonlinear regression
using a sigmoidal equation. The curves shown are from a
representative experiment conducted in duplicate.
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sodium on the binding of OPC-4392. Similar results
were obtained in rat striatal tissues (data not shown).

Functional Effects of OPC-14597 at Cloned
Dopamine Receptors

Previous studies have provided evidence that OPC-14597,
at least in the intact nervous system, might have both
agonist or antagonist properties, depending upon the
function tested (Kikuchi et al. 1995). To study this further,
functional studies were performed in the same cell lines
in which the receptor binding affinities were evaluated.

Functional Effects of OPC-14597 in CHO Cells Express-
ing D, and D,; Receptors. In the CHO cell line, the
transfected D,g and D, receptors are coupled to the in-
hibition of cAMP synthesis. To evaluate possible ago-
nist or antagonist actions of OPC-14597, we measured
its ability to inhibit forskolin-stimulated levels of cAMP
and to block the inhibition produced by dopamine. As
shown in Figure 6, a maximal concentration of OPC-
14597 (10 uM) did not inhibit cAMP synthesis induced
by forskolin in either D, or Dy receptor transfected
cells; whereas, dopamine produced a 50% inhibition.
When combined with dopamine, OPC-14597 com-
pletely blocked the inhibitory effects of dopamine in
both D,; and D, receptor transfected cells.

Functional Effects of OPC-4392 and DM-1451 in CHO
Cells Expressing D,; Receptors. Additional functional
studies were performed with OPC-4392 and DM-1451 in
CHO cells transfected with D, receptors. In this cell line,

E] DZL

D
100 BD;

;S
Q
I

w
(==}
T

[
[
T

Forskolin-stimulated cAMP
production ( % of control)

(=]

Forskolin Forskolin
+ DA

+OPC-14597

Figure 6. Functional effects of OPC-14597 in CHO cells
transfected with D, or D, receptors. Intact cells were
exposed to 10 uM forskolin, which produced a 10-fold
increase over basal levels of cAMP. OPC-14597 (10 pM) was
added alone or together with 10 uM dopamine to assess pos-
sible agonist and antagonist actions. cAMP production was
measured as described in Methods. Data shown represent
means and standard errors (from three experiments) and are
expressed as a percent of the stimulation produced by for-
skolin alone to allow comparisons between the two cell lines.
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Figure 7. Functional effects of DM-1451 in CHO cells trans-
fected with D, receptors. Whole cells were exposed to 10
puM forskolin, which produced a 15-fold increase over basal
levels of cAMP. DM-1451 (10 uM) was added alone or
together with 10 uM dopamine (DA), to assess possible ago-
nist and antagonist actions. cAMP production was measured
as described in Methods. Data shown represent means and
standard errors from three experiments and are expressed as
a percent of the stimulation produced by forskolin alone.

DM-1451 behaved as an antagonist, similar to OPC-14597.
That is, DM-1451 produced no inhibition of forskolin
when applied alone, but fully antagonized the inhibi-
tion produced by dopamine (Figure 7). In contrast to the
antagonist actions of OPC-14597 and DM-1451, the related
quinolinone derivative OPC-4392 acted as a potent full
agonist in CHO cells expressing D,; receptors. As shown
in Figure 8, OPC-4392 produced full inhibition of forsko-
lin-stimulated cAMP synthesis, with a potency (IC50 =
ca. 0.1 nM) five-fold greater than that of dopamine.
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Figure 8. Functional effects of OPC-4392 in CHO cells
transfected with D, receptors. Whole cells were exposed to
10 pM forskolin, which produced a seven-fold increase over
basal levels of cAMP. Concentration-response data for OPC-
4392 and dopamine were collected to assess the ability of
these compounds to inhibit cAMP synthesis. cAMP was
measured as described in Methods. Data shown represent
means and standard errors obtained from three experi-
ments. Curves were fit by nonlinear regression using a sig-
moidal equation.
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Figure 9. Partial agonist effects of OPC 14597 and derivative compounds in C-6 cells transfected with D, receptors. Cells
were grown to confluence in 24-well culture plates and incubated for 10 min at 37°C with 1 pM isoproterenol, which pro-
duced a 10-fold increase over basal levels of cAMP. Under these conditions, the application of 10 uM dopamine reduced
cAMP levels by more than 80%. In some assays, coincubation of test compounds (1 uM of OPC4392 or OPC-14597 or 10 pM
dopamine) with 10 uM of the D, receptor antagonist eticlopride (right panel) was used to determine the receptor mediation
of the effects observed. After the incubation period with test compounds, cells were rinsed and lysed, and intracellular
cAMP was measured by RIA. Data represent means and standard errors from at least three independent experiments. Val-
ues are expressed as a percent of the stimulation produced by isoproterenol alone.

Functional Effects of OPC-14597 and Derivatives in
C-6 Glioma Cells Expressing Dy; Receptors. We exam-
ined the functional actions of OPC-14597 and its deriva-
tives in C-6 cells transfected with D,; receptors to pro-
vide a comparison to results obtained from studies in
the CHO cells. As in the CHO cells, the D, receptor ex-
pressed in C-6 cells is coupled to inhibition of cAMP
synthesis. Isoproterenol was used to stimulate cAMP
accumulation. Figure 9 shows that dopamine (10 wM)
caused a maximal 90% inhibition of the isoproterenol-
induced increase in cAMP synthesis, with a potency of
ca. 30 nM. In marked contrast to the results obtained in
CHO cells, both OPC-14597 and OPC-4392 produced
dose-dependent partial inhibition of cAMP synthesis,
with maximal inhibition of 30 and 50%, respectively;
whereas, DM-1451 produced little or no inhibition even
at high concentrations (see left panel of Figure 9). The
functional effects of OPC-14597 and OPC-4392 were
blocked by the dopamine D, receptor antagonist eticlo-
pride (see right panel of Figure 9).

Next we examined the ability of OPC-14597, OPC-
4392 and three reference D, antagonists to block the
functional effects of dopamine. As shown in Figure 10,
dopamine alone produced an 80% inhibition of isopro-
terenol-stimulated cAMP accumulation. The inhibitory
actions of dopamine were blocked completely by the D,
receptor antagonists haloperidol, chlorpromazine, and
eticlopride. None of these D, antagonists produced in-
hibition when tested alone, indicating an absence of
intrinsic activity. In contrast, both OPC-14597 and OPC-
4392 alone produced partial inhibition of cAMP accu-
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Figure 10. Comparison of functional effects of OPC 14597
and derivatives with those of known D, receptor antagonists
in C-6 cells transfected with D, receptors. Cells were grown
to confluence in 24-well culture plates and incubated for 10
minutes at 37°C with either isoproterenol (1 pM) or various
test compounds, alone or in combination. Isoproterenol
alone produced a 10-fold increase over basal levels of cAMP.
The concentration of dopamine used was 10 pM. All other
compounds were tested at 1 pM. After the incubation period
with test compounds, cells were rinsed and lysed, and intra-
cellular cAMP was measured by RIA. Data represent means
and standard errors from at least three independent experi-
ments. Values are expressed as a percent of the stimulation
produced by isoproterenol alone.
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Table 5. Affinity of OPC-14597 and Related Compounds
for Serotonin Receptor Subtypes Expressed in HEK Cells”

Receptor OPC-14597 OPC-4392 DM-1451
Isoform Ky5 (mM) Ky 5 (mM) Ky5 (nM)
5-HT, 161 =17 (3) 680 = 157 (3) 320 + 40 (3)
5-HT, 14.5 £ 2.5 (3) 22 £2.6(3) 220 *+ 40 (3)

*5-HT4 and 5-HT), receptor subtypes were stably transfected in HEK-293
cells. Receptors were labeled with [°HJ-LSD (1 nM) and nonspecific bind-
ing was defined by 10 uM serotonin. Parameter estimates were obtained
by nonlinear regression using a sigmoidal equation. K, 5 values shown for
each compound represent means and their standard errors. The numbers
of independent assays performed is indicated in parentheses.

mulation and, when incubated with dopamine, yielded
a partial reversal of dopamine’s inhibitory effects, ac-
tions consistent with partial agonist characteristics.

Affinity of OPC-14597 for Cloned
Serotonin Receptors

Previous studies have shown that OPC-14597 and cloz-
apine bind with similar affinity to the 5-HT), receptors
that are believed to be important in the actions of psy-
chotomimetics (unpublished data). In addition, both
the 5-HT4 and 5-HT; receptors have been implicated as
target sites for neuroleptics (Roth et al. 1994), thus the
binding of OPC-14597 was tested at these sites. As
shown in Table 5, OPC-14597 bound to 5-HT; receptors
with affinity similar to what has been reported for cloz-
apine (Boess and Martin 1994). In contrast, the affinity
of OPC-14597 for 5-HT, receptors was moderately
lower (four-fold) than that of clozapine. Functional
studies performed in HEK-293 cells demonstrated that
OPC-14597 exhibits antagonist activity at both the 5-HTj
and 5-HT; receptors (data not shown).

DISCUSSION

The past decade has seen the development of antipsy-
chotic drugs that seem truly atypical in terms of their
clinical profile (i.e., effective antipsychotic action with-
out neurological and possibly endocrine side effects) in
comparison with typical drugs such as chlorpromazine
or haloperidol. Despite this, it is unclear what molecu-
lar mechanism(s) might make a drug atypical (see Arnt
and Skarsfeldt 1998). Some of the more generally ac-
cepted mechanisms include concomitant D,/5-HT, re-
ceptor antagonist activity (Meltzer 1991) or selectivity
for the D; or D, receptor (Sokoloff et al. 1990; Van Tol et
al. 1991). In addition, it has been hypothesized that ef-
fective antipsychotic action may be caused by occupa-
tion of one of several types of noradrenergic receptors,
although this is less well understood (Cohen and Lipin-
ski 1986; Van Kammen et al. 1990). More recently, indi-
rect actions at NMDA or purine receptors have been

NEUROPSYCHOPHARMACOLOGY 1999—VOL. 20, NO. 6

implicated as sites for antipsychotic actions (Deutsch et
al. 1989; Kafka and Corbett 1996; Inoue 1996).

Although such molecular hypotheses abound, the use
of animal models is still critical in the selection of new
antipsychotic drug candidates. In fact, OPC-14597 was
first selected for clinical testing because, unlike haloperi-
dol or chlorpromazine, OPC-14597 caused inhibition of
apomorphine-induced stereotyped behavior at doses far
lower than those that induced catalepsy (Kikuchi et al.
1995). The initial screening of this compound also sug-
gested that it had relatively high affinity for brain dopa-
mine D,-like receptors, and little for D; receptors. Al-
though OPC-14597 was also found to have modest affinity
for 5-HT, receptors and was able to antagonize the 5-HT-
agonist-induced head twitch in mice, its D,:5HT, recep-
tor affinity ratio was over 15 (personal communication,
T. Kikuchi), a profile different from the majority of atypi-
cal antipsychotics (Arnt and Skarsfeldt 1998). Kikuchi et
al. (1995) hypothesized that OPC-14597 was an antago-
nist of postsynaptically located D,-like receptors, but
not at presynaptic D,-like receptors. Because the major-
ity of functional effects they studied are believed to be
mediated by D, receptors, there was no ready mecha-
nism that could explain these unusual functional effects.
A broad-based receptor screening did not provide any
other mechanism of action that might explain these early
data (personal communication, T. Kikuchi), prompting
a more detailed examination of the mechanism(s) by
which OPC-14597 interacts with dopamine receptors.

Consistent with the available data (Kikuchi et al.
1995), the present studies demonstrated that OPC-
14597 had little affinity for brain dopamine D;-like re-
ceptors labeled with [PH]SCH23390 or for D, or Dj re-
ceptors expressed in clonal cells. Moreover, as was
shown by Kikuchi et al. (1995), OPC-14597 had high af-
finity for D,-like dopamine receptors in rat striatum.
The affinity of the metabolite DM-1451 was likewise high,
a finding indicating that its role as an active metabolite
must be considered when interpreting the effects of
OPC-14597 in rodents. The present study and that of
Kikuchi et al. both demonstrate that OPC-14597 binds
with 20-fold higher affinity to D,-like receptors as com-
pared to the purported autoreceptor agonist OPC-4392.

A finding of considerable interest is that, in our stud-
ies in rat striatum and C-6 glioma cells, OPC-14597 dif-
fered from traditional D, antagonists by exhibiting a
competition curve with a steep slope (ny > 1.0). The
metabolite DM-1451 also exhibited an indirect Hill
slope of greater than one in D, -transfected C-6 cells.
Such findings are usually ascribed to such phenomena
as “positive cooperativity,” but it is unclear why OPC-
14597 or DM-1451 causes such “steep” kinetics. Studies
to determine whether this phenomenon is affected by
guanine nucleotides or ions may shed light on such
mechanisms. It should be noted that the existence of D,
receptor dimers has been hypothesized (Ng et al. 1996).
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Although this concept is a controversial one, it could
provide a way to explain the positive cooperativity ex-
hibited by OPC-14597.

In addition to confirming and extending the results re-
ported previously for OPC-14597 and OPC-4392 in rat
brain, the present study provided important new infor-
mation concerning the molecular subtype selectivity of
OPC-14597, DM-1451, and OPC-4392. This information is
of special relevance for the interpretation of the unusual
functional properties of these compounds in vivo. Of the
D,-like receptors examined in CHO cells, OPC-14597 and
DM-1451 bound with highest affinity to D, and D, re-
ceptors and exhibited selectivity of at least 15-fold for
these receptors relative to D; receptors expressed in this
cell line. Both compounds exhibited ca. 500-fold lower af-
finity for D, receptors. The high D,:D, receptor selectivity
ratio for OPC-14597 is of significant interest in light of its
atypical clinical profile. Although the actions of the pro-
totypical atypical antipsychotic clozapine have been as-
cribed to D, receptor occupation (Van Tol et al. 1991; See-
man et al. 1997), the present data, coupled with the
recent disappointing clinical trials with novel D,-selec-
tive antagonists (Kramer et al. 1997), imply that atypical-
ity may not be related to this receptor subtype.

The receptor binding profile of OPC-14597 and deriv-
atives at D,-like receptors differed somewhat when as-
sessed in two distinct cell lines, although the same recep-
tor isoform was expressed in both lines (i.e., rat D, ). For
OPC-14597 and DM-1451, the D,; receptor affinities were
somewhat higher, and the D; receptor affinities lower,
in C-6 relative to CHO cells. This produced a marked
decrease in the D,;:D; selectivity ratio in C-6 cells. For ex-
ample, the D, :D; receptor selectivity of OPC-14597 was
15-fold and three-fold in CHO vs. C-6 cells, respectively.
For the purported autoreceptor agonist OPC-4392, five-
fold Dy, :D; selectivity was demonstrated in CHO cells;
whereas, no selectivity was apparent in C-6 cells. This
interaction between receptor binding affinity and cell type
is intriguing, but not unexpected, because there is in-
creasing recognition that the characteristics of the local
membrane environment and cellular milieu may have
an impact on both receptor recognition and functional
characteristics (e.g., Vallar et al. 1990; Raymond 1995;
Tang et al. 1994). Although these effects, at least for
G-protein-coupled receptors, are seen most often with
agonists (e.g., Watts et al. 1995), they may occur with an-
tagonists as well. For example, the selectivity of the dopa-
mine receptor antagonist clozapine for D,:D,; or D,g has
been reported to vary considerably depending upon
both the cell lines and the laboratories conducting the
experiments (c.f. Lahti et al. 1993; Van Tol et al. 1991).

The differences in the functional properties of OPC-
14597 and OPC-4392 in CHO and C-6 cells expressing
D,; receptors add further support to the importance of
the characteristics of the expression system used in de-
fining pharmacological properties of drugs. Although
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both cell lines expressed the rat form of the D, recep-
tor, myriad other factors may be important. The D, re-
ceptor density was three-to four-fold higher in CHO
than in C-6 cells (1600 vs. 450 fmol/mg protein). If we
ignore other possible differences between the cell lines,
this fact alone would suggest the presence of a higher
receptor reserve in CHO vs. C-6 cells. It is well known
that the presence of spare receptors can markedly influ-
ence assessments of functional activity, particularly
with agonists of low intrinsic efficacies (Kenakin 1993;
Watts et al. 1995). The greater potency of dopamine and
the higher efficacy of OPC-4392 in CHO vs. C-6 cells are
consistent with differences in receptor reserve. This ex-
planation seems at odds with the profile observed for
OPC-14597, however, because this compound had
lower efficacy in the cell line (CHO) with the presumed
greater receptor reserve. This difference in the direction
of efficacy change observed for OPC-4392 and OPC-
14597 in the two cell lines is indicative of factors other
than, or in addition to, receptor reserve.

One factor that varied systematically between assays
conducted in the two cell lines was the method of stim-
ulating cAMP. The presence of B-adrenergic receptors
in C-6 cells makes it possible to use isoproterenol as an
agent for increasing cAMP levels. Unfortunately, no
suitable receptor is available for this purpose in the
CHO cells; thus, forskolin was used as the stimulating
agent. To assess the effects of the stimulating agent on
the results obtained, we have recently conducted a
number of experiments with OPC-14597 and its deriva-
tives in C-6 cells using forskolin, and our results were
comparable to those obtained using isoproterenol.
Thus, it seems unlikely that this aspect of our methodol-
ogy can account for the differing functional profiles of
the OPC compounds observed in the two cell lines.
Myriad other factors may be relevant, however, includ-
ing potential differences in the complement of G-pro-
tein and adenylyl cyclase isoforms in the two cell lines.

The molecular pharmacology data obtained for
OPC-14597 in the present study have important impli-
cations for the interpretation of a recent study reported
by Amano et al. (1995), who studied the physiological
actions of OPC-14597 on neuronal activities of the nu-
cleus accumbens using a microiontophoretic method in
rats anesthetized with chloral hydrate. Spikes elicited
by glutamate or by stimulation of the parafascicular nu-
cleus of the thalamus were inhibited by iontophoretic
application of dopamine, SKF38393 or quinpirole in a
dose-dependent manner. Conversely, microiontophoretic
application of OPC-14597 had no effect alone, yet inhib-
ited the actions of dopamine, SKF38393, or quinpirole.
Amano et al. suggested that OPC-14597 blocks dopam-
inergic inhibition of the accumbens neurons receiving
input from the parafascicular nucleus by acting on both
D; and D, receptors located on the neurons. However,
our data in rat brain and in molecular expression sys-
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tems clearly indicate that OPC-14597 has affinity for D,-
like receptors, but little affinity for D;-like receptors. Al-
though Amano et al. concluded that OPC-14597 antago-
nized the effects of SKF38393 via D, receptors, it is well
known that iontophoresis cannot control concentra-
tions. In fact, SKF38393 is only 50 to 100-fold selective
for D; vs. D, receptors (e.g., Brewster et al. 1990). Thus,
our data suggest that Amano et al. (1995) may have ac-
tivated D, receptors with SKF38393, and this was the
site of antagonism by OPC-14597.

Our data also bear on the question of what mecha-
nism(s) make OPC-14597 a postsynaptic, but not pre-
synaptic, antagonist at D,-like receptors. There is a tra-
ditional view that relates the higher sensitivity of
presynaptic receptors to a large receptor reserve, acti-
vated by low concentrations of agonists or by agonists
with weak partial efficacy (Clark et al. 1985a, 1985b).
The modest agonist actions of OPC-14597 observed in
C-6 cells expressing D, receptors imply weak partial
efficacy; thus, it might be expected to activate highly
sensitive presynaptic receptors, yet to antagonize the
actions of dopamine at less sensitive postsynaptic re-
ceptors. Although this idea is an appealing one, it is im-
portant to note that OPC-14597 behaves differently
from other partial agonists when endogenous dopamine
tone is removed by reserpine, or when postsynaptic re-
ceptors are in a supersensitive state because of perma-
nent denervation of dopamine fibers with the neurotox-
icant 6-OHDA. These conditions tend to reveal agonist
properties of compounds with weak partial efficacy;
however, OPC-14597 maintains a clear antagonist pro-
file at postsynaptic receptors in these circumstances. Al-
though it might be hypothesized that OPC-14597 has
extremely low intrinsic efficacy which does not allow
stimulation of postsynaptic receptors even under favor-
able circumstances, this explanation is somewhat unsat-
isfactory when we consider the robust agonism dis-
played by OPC-14597 at presynaptic receptors.

Inasmuch as invoking partial D, receptor agonism
does not provide a wholly satisfactory account of the
functional effects of OPC-14597, additional factors should
be considered. For example, its effects at nondopamine
receptors or via nonreceptor-mediated actions may be
important. The actions of OPC-14597 at 5-HT receptors
clearly merit consideration, although available data in
mice (i.e., antagonism of 5-methoxy-N,N-dimethyl-
tryptamine) indicate that 5-HT antagonism by OPC-
14597 occurs at greater than 15-fold higher doses than
its dopamine antagonist actions (personal communica-
tion, T. Kikuchi). A role for 5-HT; receptors cannot be
excluded, however, because the present data indicate
that OPC-14597 binds with high affinity to this novel
5-HT receptor isoform. It should be noted, however, that
there does not seem to be a reliable association between
various clinical or preclinical measures of atypicality of
an antipsychotic compound and its affinity for either
5HT, or 5HT;, receptors (Arnt and Skarsfeldt 1998).
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Another general hypothesis to account for the unusual
functional profile of OPC-14597 is that D,-like receptors
expressed on pre- vs. postsynaptic membranes have dis-
tinct ligand recognition characteristics for OPC-14597.
For example, an exclusive localization of one dopamine
molecular receptor subtype on pre- vs. postsynaptic
membranes, coupled with a differential affinity of OPC-
14597 for these subtypes, might be evoked to explain the
unusual functional profile. Our data indicate, however,
that OPC-14597 binds with highest affinity to D,; or Dayg
receptors, and it is known that this receptor type is ex-
pressed as both autoreceptors on dopamine cells and as
postsynaptic receptors on target cells (Giros et al. 1989;
Rao et al. 1990; Snyder et al. 1991). Although the involve-
ment of D; receptors cannot be ruled out at present, they
also do not seem to have an exclusive pre- or postsynap-
tic localization (Sokoloff et al. 1990; Diaz et al. 1995). Not
enough is known of their functional properties in native
tissues to allow speculation concerning their role in the
unusual functional effects of OPC-14597.

In addition to these obvious hypotheses, another
possibility is suggested by recent speculation concern-
ing the ability of certain atypical ligands of G-protein
coupled receptors to produce selective activation of
specific effector pathways (Kenakin 1995; Leff et al.
1997; Mailman et al. 1997). Central to these ideas is the
notion that different ligands acting at the same molecu-
lar receptor can either select or induce different confor-
mational states that are differentially coupled to specific
G-proteins and downstream effectors. From this point of
view, the postsynaptic antagonist selectivity of OPC-
14597 may be attributable not to its selectivity for a par-
ticular molecular receptor subtype, but rather to the par-
ticular conformational changes it causes when binding.

How might the ability of different compounds to in-
duce distinct conformational changes upon binding to a
given receptor subtype be related to the functional phe-
nomena observed with OPC-145977 It is well estab-
lished that dopamine D, receptors can couple to multi-
ple G-proteins to achieve their diverse effects. Although
typical dopamine agonists may induce a conformation
capable of conferring activation to all G-protein isoforms,
certain atypical drugs such as OPC-14597 may induce a
conformation that is sufficient for activation of only a
subset of G-proteins. This would produce an apparent
functional selectivity of a ligand, in the absence of sub-
type selectivity for a receptor. Such functional selectiv-
ity may be expressed at any number of levels (e.g., ana-
tomical selectivity of compounds for striatal vs. nucleus
accumbens D, receptors, selectivity for D, receptors on
dopamine neurons vs. postsynaptic targets of dopamine
axon terminals) depending upon differences in the com-
plement of G-proteins available to interact with the
dopamine receptor. Thus, a single drug, acting on a sin-
gle receptor isoform may have effects as extreme as full
agonist or pure antagonist depending upon such fac-
tors as the local G-protein complement. Although this



NEUROPSYCHOPHARMACOLOGY 1999—VOL. 20, NO. 6

notion is a novel one, we have demonstrated apparent
functional selectivity of the dopamine agonist dihy-
drexidine at D, receptors (Mottola et al. 1992; Kilts et al.
1996, 1997; Smith et al. 1996). Moreover, the idea of ligand-
induced selectivity has begun to gather support in a va-
riety of other receptor systems (Eason et al. 1994; Gettys
et al. 1994; Gurwitz et al. 1994; Spengler et al. 1993).

In summary, the present data indicate that OPC-
14597 has characteristics different from other typical or
atypical antipsychotic drugs. In addition to theoretical
importance, the difference(s) between the dual agonist/
antagonist actions of OPC-14597 and those of other par-
tial D, agonists are likely to have significant clinical im-
plications. There has been interest in the use of partial
dopamine D, receptor agonists for the treatment of
schizophrenia, based on their presumed selective ago-
nist actions at presynaptic receptors controlling dopa-
mine synthesis, release, and cell firing. A recent study of
Lahti et al. (1998) reported modest effectiveness of the
partial agonist (-)-3-PPP against both positive and nega-
tive symptoms in individuals with schizophrenia. Un-
fortunately, the positive clinical effects were apparent
only during the first week. Lahti et al. (1998) suggest
that receptor desensitization of presynaptic Dy-like re-
ceptors by the agonist actions of (-)3-PPP was responsi-
ble for the short-lived beneficial effects. It is of interest
that the preliminary data with OPC-14597 indicate a
sustained clinical benefit, despite the clear evidence of
presynaptic agonist actions in preclinical studies (Toru
et al. 1994 and unpublished data).

As importantly, the receptor binding profile of OPC-
14597 suggests that clinical atypicality can occur with
drugs that are selective for D,; and D,g rather than D; or
D, receptor subtypes. The marked differences in func-
tional effects of OPC-14597 in two different cell lines
underscore other recent data indicating the importance
of the local cellular environment in determining the
pharmacological responses elicited by drugs acting at a
single receptor isoform. One implication of the binding
and functional data presented in the present study is
that the unusual functional profile reported for OPC-
14597 in vivo (presynaptic agonist and postsynaptic an-
tagonist) may not involve actions at D; or D, receptors,
but rather the ability of certain atypical drugs to pro-
duce different effects at the same molecular isoform of
dopamine receptor when expressed in different locales.
These data are certainly consistent with the atypical clin-
ical actions of this candidate antipsychotic drug.
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