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Typical antipsychotics exhibit inverse agonist activity at rat dopamine
D1-like receptors expressed in Sf9 cells
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Abstract

Ž .The baculovirus system has been used to express the rat dopamine D1 receptors in Spodoptera frugiperda Sf9 cells. A panel of
typical antipsychotics including, a-flupenthixol, fluphenazine and thioridizine were found to inhibit dopamine-dependent stimulation of
adenylyl cyclase. However, these compounds were also found to inhibit adenylyl cyclase activity in the absence of agonist in Sf9 cells
expressing dopamine D1-like receptors. Therefore, these nonselective dopamine receptor compounds displayed negative intrinsic or
inverse agonist activity. None of the compounds tested were neutral antagonists. q 2001 Published by Elsevier Science B.V.
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1. Introduction

There are two major pharmacologic classes of dopamine
Žreceptors, D1-like and D2-like receptors Lachowicz and

.Sibley, 1997 . Agonist stimulation of the dopamine D1-like
Ž .receptors D1 and D5 receptors causes an increase in

Žadenylyl cyclase activity Tiberi et al., 1991; Tiberi and
. q Ž .Caron, 1994 , stimulates K efflux Laitinen, 1993 and

2q Žreduces N- and P-type Ca currents Surmeier et al.,
.1995 . Agonist activation of the dopamine D2-like recep-
Ž .tors D2, D3 and D4 inhibits adenylyl cyclase, stimulates

Ž .arachadonic release Chio et al., 1994a,b , increases phos-
phatidylinositol hydrolysis, enhances Ca2q mobilization
Ž . q ŽVallar et al., 1990 and regulates K channels Liu et al.,

.1996 .
There are multiple neurological and neuropsychiatric

disorders that appear to involve disturbances of dopamine
neurotransmission, including Parkinson’s disease,
Tourette’s syndrome, tardive dyskinesia, schizophrenia and

Ž .schizoaffective disorders Nestler, 1994 . Dopamine recep-
Žtor activation has been implicated in vision Djamgoz and

.Wagner, 1992 , renal vasodilator and sodium excretion,
Ž . Ž .Aperia, 1994 and thermoregulation Salmi, 1998 . Stud-
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ies in non-human primates and humans have implicated
the dopamine D1-like receptors located in the prefrontal

Žcortex in working memory Williams and Goldman-Rakic,
.1996 .

In addition, studies on the molecular mechanisms of the
reward system associated with drugs of abuse have shown
that agonists at dopamine D1-like receptors can substitute
for psychostimulants in self-administered behavioral

Ž .paradigms Self and Stein, 1992 . Antagonists at both
dopamine D1-like and D2-like receptors have been found
to decrease the reinforcing effects of cocaine in both rats

Žand monkeys Woolverton and Virus, 1989; Bergman et
.al., 1990; Ward et al., 1996 . Furthermore, gene Aknock-

outB studies in mice have implicated dopamine D1-like
Žreceptors in cocaine-dependent hypermotor activity Xu et

.al., 1994 . Therefore, understanding the mechanisms asso-
ciated with dopamine receptor subtype expression and
regulation has important clinical ramifications.

Although dopamine D1-like receptor selective antago-
nists do not appear to have antipsychotic activity, the role
of dopamine D1-like receptors in neuropsychiatric illness
is suggested by the observation of a worsening of symp-
toms in some patients with schizophrenia following admin-

Žistration of a dopamine D1-like selective antagonist Karls-
.son et al., 1995 . Furthermore, studies by Swartz et al.

suggest that developmental expression of the dopamine D3
receptor may be dependent upon dopamine D1-like recep-
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tor tone. Stimulation of co-expressed dopamine D1 and D3
receptors can lead to opposite effects, which is consistent
with the opposite effect of the dopamine D1 and D3
receptors on cAMP formation. However, stimulation of
dopamine D1 and D3 receptors in the shell of the nucleus
accumbens results in synergistic effects. Several pieces of
evidence point to the dopamine D3 receptor subtype as
being pivotal in the clinical efficacy of both typical and
atypical antipsychotics, while alterations in the expression
andror sensitivity of dopamine D2 receptors have been
implicated in the irreversible motor dysfunction associated

Žwith typical antipsychotics Sokoloff et al., 1990; Schwartz
.et al., 1998 .

A hypothesis of an opposing interaction between
dopamine D1-like and D2-like receptors in neuropsychi-
atric illness is supported by the studies of Goldman-Rakic
et al. who found a 30% to 60% downregulation of dopamine
D1 and D5 receptor mRNA in the prefrontal cortex of
rhesus monkeys chronically treated with various antipsy-

Žchotic drugs Lidow and Goldman-Rakic, 1994; Lidow et
.al., 1997 . Surprisingly, although cortical dopamine D1-like

receptors and mRNA were found to be downregulated,
there appeared to be no change in dopamine D1-like
receptors expressed in the caudate. These authors hypothe-
sized that modulation of cortical dopamine D1-like recep-
tor expression following administration of antipsychotics
might be an important component of the therapeutic utility
of antipsychotic drugs.

We have used the baculovirus system to express the rat
dopamine D1 and D5 receptors in Spodoptera frugiperda
Ž . Ž .Sf9 cells Summers and Smith, 1987 . The typical an-
tipsychotics, flupenthixol, fluphenazine and thioridazine,
inhibit both basal and dopamine-dependent stimulation of
adenylyl cyclase. Therefore, these compounds were found
to have negative intrinsic activity at dopamine D1-like
receptors.

2. Materials and methods

2.1. Materials

DNA clones for the rat dopamine D1 and D5 receptors
were generously provided by Dr. Marc Caron of Duke

Ž . Ž .University Tiberi et al., 1991 . Haloperidol, q -
butaclamol, a-cis-flupenthixol, fluphenazine, thioridazine,
and 3-isobutylmethylxanthine were from Research Bio-

Ž .chemical Natick, MA .

2.2. Cell culture and construction of recombinant Õiral
stocks

Ž .The coding region 1373 bp for the dopamine D1
receptor was excised at BamHI sites, purified by agarose
electrophoresis and subcloned into the pVL1392 vector
Ž .Invitrogen . The orientation of the insert was verified by

digesting the plasmid with EcoRI, which is a unique
restriction site within the clone and the pGEM polylinker.

Ž .The coding region 1400 bp for the rat dopamine D5
receptor was excised by digesting with EcoRI and XbaI,
purified and the insert was ligated into pVL1392. Sub-
clones were verified by digestion using these enzymes.

The pVL1392 plasmids containing genes coding for the
rat dopamine D1 or D5 receptors were used to obtain
recombinant baculovirus stocks capable of directing the

Žsynthesis of the receptors in Sf9 cells American Type
.Culture Collection, CRL 1711 . Sf9 cells were grown in

ŽTNM-FH medium complete Graces insect medium sup-
plemented with yeastolate, lactalbumin hydrolysate, and

. Ž .10% HI-FBS at 27–288C Summers and Smith, 1987 .
Monolayers of cells were transfected with each of the

Ž .pVL1392-receptor gene constructs 500 ng DNA mixed
Žwith 100 ng of linearized BacPak6 Autographica califor-

.nica nuclear polyhedrosis virus; AcMNPV viral DNA
Ž . Ž .Clontech and 5 mg Lipofectin reagent GibcorBRL

Ž .using a transfection protocol Summers and Smith, 1987 .
A plaque assay was used to select recombinant virus.

w3 xRadioligand binding of H SCH 23390 to cell membrane
preparations was used to identify recombinant viral stocks
capable of directing the expression of dopamine D1-like
receptors. Viral stocks were propagated in suspension cul-
tures of Sf9 cells, tittered by a plaque assay, and stored in

Ž .the dark at 48C Luedtke et al., 1999 .

2.3. Membrane preparation

Sf9 cell was harvested from suspension cultures by
centrifugation at 6000=g for 10 min. The cell pellet was

Ž . Žresuspended in cold 48C homogenization buffer 50 mM
.NaHEPES, pH 7.4, 0.1 mM EDTA, 1 mM dithiothreitol

by vigorous vortexing and then homogenized with a Poly-
Ž .tron Brinkmann Instruments, Westbury, NY . The ho-

mogenate was centrifuged at 40,000=g for 10 min, 48C
and the resulting crude membrane pellet was resuspended
in homogenization buffer by polytron and centrifuged. For
adenylyl cyclase assays, the resulting washed membrane
pellet was resuspended in homogenization buffer contain-

Ž .ing 5 mM MgCl approximately 1 mg proteinrml and2

assayed immediately. For ligand binding assays, mem-
brane pellets were resuspended in 50 mM Tris–HClr150

ŽmM NaClr1.0 mM EDTA buffer, pH 7.5 0.1–0.5 mg
.proteinrml immediately prior to assay.

2.4. Radioligand binding assays

Membranes were diluted with 50 mM Tris–HClr 150
ŽmM NaClr1 mM EDTA, pH 7.5 buffer 5–25 mg pro-

.teinr 50 ml and incubated in a total volume of 150 ml
w3 x Ž .with H SCH 23390 Dupont-NEN at 378C for 60 min.

w3 xThe concentration of H SCH 23390 ranged from 100 pM
to 10 nM for direct radioligand binding experiments and
from 0.5 to 1 nM for competitive displacement experi-
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ments. Nonspecific binding was defined as filter-bound
Ž .radioactivity measured in the presence of 10 mM q -

butaclamol. The reactions were terminated by the addition
Žof cold wash buffer 10 mM Tris–HCl, 150 mM NaCl, pH

.7.5 at 48C and rapid filtration over glass fiber filters
Ž .Schleicher and Schuell No. 30 . Filters were washed with
10 ml of wash buffer and the bound radioactivity quanti-
tated at a counting efficiency of 50% after overnight
incubation of samples in scintillation fluid. The protein
concentration of the membranes was determined using a

Ž .BCA reagent Pierce and bovine serum albumin as the
protein standard.

Ž .Estimates of the equilibrium dissociation constant Kd
Ž .and maximum number of binding sites B were ob-max

tained using unweighted nonlinear regression analysis of
data modeled according to the equation describing mass
action binding to one or more independent populations of

Ž .binding sites n
n

w x w x w xB s B = L r L qKŽ .Ž .Ý max d ii
is1

w xwhere B is the concentration of radioligand bound at any
w x Žgiven radioligand concentration L McGonigle et al.,

.1984 . Nonlinear fitting procedures utilize Jandel Scientific
Tablecurvee software and a nonlinear fitting algorithm
Ž .Magar, 1972 . Initial estimates of K and B wered max

obtained using unweighted linear regression analysis of
Ž .data transformed by the method of Scatchard 1949 .

Data from competitive inhibition experiments were
Ž .modeled using nonlinear regression analysis Magar, 1972

to determine the concentration of inhibitor that inhibits
Ž50% of the specific binding of the radioligand IC50

.value . The competition curves were modeled for a single
site using the following equation:

B0
Bs qBns1q LrICŽ .50

where B is the amount of ligand bound to tissue, B is the0

amount of ligand bound in the absence of competitive
inhibitor, L is the concentration of the competitive in-
hibitor, B is the nonspecific binding of the radioligandns
Ždefined using a high concentration of a structurally dis-

.similar competitive inhibitor and IC is the concentration50

of competitive inhibitor that inhibits 50% of the total
specific binding. The values for B and B were con-ns 0

strained using experimentally derived values.

2.5. Adenylyl cyclase assay

Adenylyl cyclase activity was determined by the method
Ž .of Salomon et al. 1974 . Assays were initiated by the

Ž .addition of 20 ml of membranes 20–50 mg protein to a
Žsolution containing the following reagents final concentra-

. Žtions in an assay volume of 100 ml: 50 mM HEPES pH
.7.4 , 5 mM MgCl , 1 mM dithiothreitol, 0.1 mgrml2

bovine serum albumin, 0.1 mM EGTA, 0.1 mM 3-iso-
butylmethylxanthine, 0.05 mM cyclic AMP, 0.1 mM ATP,

6 w32 x2.0=10 cpm of P -ATP, 0–100 mM GTP, 50 unitsrml
creatine phosphokinase and 5 mM phosphocreatine.
Dopamine and water-soluble agonists and antagonists were

Ž .dissolved in 0.1% wrv ascorbic acid. Water-insoluble
X Ž .drugs were dissolved in N, N -dimethylformamide DMF

Ž .or dimethylsulfoxide DMSO . Experiments were per-
formed to verify that the amount of solvent had no effect
on adenylyl cyclase assay. Under standard conditions, the
production of cyclic AMP was linear for at least 30 min.
Reactions were terminated by the addition of 100 ml of a
solution containing 2% SDS, 4.5 mM ATP, 1 mM cyclic

Ž . w3 x ŽAMP and 50 mM Tris pH 7.5 with H cyclic AMP 50
.ml, 10,000 cpm . Membranes were solubilized in a boiling

water bath for 3 min and the contents of each tube were
Žapplied to a Dowex AG50 W-X4 Bio Rad, Richmond,

q .CA; 200–400 mesh, H form cation exchange resin. The
remaining ATP and cyclic AMP were eluted onto neutral

Žalumina columns ICN Nutritional Biochemical, Cleve-
.land, OH with H O. The cyclic AMP was then eluted2

with 100 mM imidazole–HCl buffer, pH 8.0. The eluate
Žwas dissolved in 10 ml of scintillation fluid Ecolume,

.ICN with a counting efficiency of approximately 35% for
w32 x w3 xtritium and 80% for P . Recoveries of H cAMP were

w32 xapproximately 70% and P -cAMP accumulation was
corrected for recovery.

The dose–response curves of adenylyl cyclase activity
Žwere fit to a four-parameter logistic equation DeLean et

.al., 1980 by nonlinear least-squares regression analysis
according to the method of Marquardt and Levenberg
Ž .Magar, 1972 using the following equation:

aydŽ .
Ys qdb1q xrcŽ .

In this equation, Y is the level of enzyme activity, d is
the maximal level of enzyme activity, x is the concentra-
tion of agonist and c is the concentration of agonist that

Ž .causes a half-maximal effect EC , a is the enzyme50
Ž .activity in the absence of agonist basal and b is the slope

of the curve. Curve fitting was done using Jandel Scientific
Tablecurvee software. The EC values obtained from50

dose–response curves measured, in the absence and pres-
ence of increasing concentrations of antagonists, were used

Ž .to construct Schild plots Arunlakshana and Schild, 1959 .
The data were fit to the equation:

log AXrAy1 sylog K q log BŽ . i

In this equation, AX and A are the EC values deter-50

mined in the presence and absence of antagonist, respec-
tively, K is the equilibrium dissociation constant of thei

antagonist-receptor complex and B is the concentration of
antagonist. Estimates of K were obtained using un-i

weighted linear regression analysis of the transformed
data.
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3. Results

3.1. Expression and pharmacologic characterization of
dopamine D1 and D5 receptors in Sf9 cells using the
baculoÕirus expression system

The inserts from genomic clones coding for the rat
Ž . Ž .dopamine D1 in pGEM 3Z and D5 in pGEM 4Z

Ž .receptors Tiberi et al., 1991; Tiberi and Caron, 1994
were subcloned into the pVL vector for the preparation of
recombinant baculoviruses capable of directing the expres-
sion of either rat dopamine D1 or D5 receptors in Sf9
cells. Direct radioligand binding studies indicated that
w3 xH SCH 23390 bound to the rat dopamine D1 and D5

Žreceptors expressed in Sf9 cells with high affinity 0.8"
0.1 and 2.5"0.1 nM for dopamine D1 and D5 receptors,

.respectively . The level of expression of rat dopamine D1
and D5 receptors in Sf9 cells can be varied by varying
either the multiplicity of infection andror the post-infec-
tion time at which the infected Sf9 cells are harvested
Ž .data not shown . Competitive radioligand binding studies
confirm that the pharmacologic properties of rat dopamine

Ž .D1 and D5 receptors are similar Table 1 . Fluphenazine
and a-flupenthixol, which are nonselective antagonists at
dopamine D1 and D2 receptors, were potent inhibitors of
w3 xH SCH 23390 binding. Stereoselectivity of the binding

Ž . Ž .of q -butaclamol and y -butaclamol isomers was ob-
served. Low potency of inhibition was observed for
dopamine D2-like receptor selective antagonists haloperi-
dol, sulpiride and eticlopride, as well as the serotonin

Ž .receptor antagonist ketanserin data not shown . As noted
in previous studies, dopamine receptor antagonists tend to

Table 1
Comparison of the affinities of compounds for rat dopamine D1-like
receptors expressed in Sf9 cells

Ž .Compound Dissociation constants nM Ratio
D1rD5D1 receptor D5 receptor

aSCH 23390 0.8"0.1 2.5"0.1 0.32
a-Flupenthixol 0.7"0.4 6.6"2.8 0.11
SCH 23390 1.1"0.3 6.6"0.7 0.17
Ž .q -Butaclamol 2.3"0.7 9.3"1.2 0.25
Fluphenazine 2.3"1.0 25"6.7 0.10
Thiothixene 37"14 118"103 0.31
Thioridizine 64"25 397"178 0.16
Haloperidol 157"65 407"21 0.39
Ž .y -Butaclamol )10,000 )10,000 –

The baculovirus expression system was used to direct the expression of
w3 xdopamine receptors in Sf9 cells. H SCH 23390 was used to label

dopamine receptors.
a Dissociation constants obtained using a Scatchard analysis of direct

Ž .radioligand binding experiments K values were obtained usingd
w3 xH SCH 23390 and were used for the calculation of the equilibrium

Ž .dissociation constants for the competitive inhibitors K values using thei
Ž .equation of Cheng and Prussoff 1973 . Mean K values were calculatedi

using data from at least three competitive radioligand binding experi-
ments"the standard error of the mean.

Fig. 1. Agonist stimulation of adenylyl cyclase activity in Sf9 cell
membranes expressing rat dopamine D1-like receptors. Dopamine-stimu-
lated adenylyl cyclase activity in membranes from Sf9 cells expressing

Ž . Ž . Ž 5dopamine D1 v or D5 ` receptors. Sf9 cells 50 ml, 5=10
.cellsrml were infected at multiplicity of infections2 with a recombi-

nant baculovirus. Cells were harvested at 48 h and membranes were
w3 xprepared. The receptor density was measured by H SCH 23390 binding

Ž .assays 2.1 and 2.3 pmolrmg protein for D1 and D5, respectively .
Adenylyl cyclase assays were performed in the presence of 100 mM

Ž .GTP. Adenylyl cyclase activity pmolrminrmg protein was determined
as a function of increasing concentration of dopamine. Each point repre-
sents the mean and range of duplicate determinations.

have slightly higher affinity at dopamine D1 receptors
Ž .Table 1 but the selectivity for dopamine D1 verses D5

Žreceptor subtypes only ranges from 1- to 10-fold Sunahara
.et al., 1991; Tiberi and Caron, 1994; Luedtke et al., 1999 .

3.2. Modulation of adenylyl cyclase actiÕity in Sf9 cells by
dopamine D1-like receptors

Both rat dopamine D1 and D5 receptors appear to
couple to endogenous Sf9 cell G protein since a dose-de-
pendent stimulation of adenylyl cyclase activity by
dopamine was observed. The EC values for dopamine-50

dependent adenylyl cyclase stimulation were in the micro-
molar range, which is consistent with previous studies on

Ž .dopamine D1-like receptors Fig. 1 . Dopamine has no
effect on adenylyl cyclase system in uninfected Sf9 cells.
Generally, a 2- to 2.5-fold stimulation of adenylyl cyclase
active above basal activity was observed with dopamine at

y5 Ž .a final concentration of 10 M Fig. 1, Table 2 . To
further verify that the dopamine-dependent increase in
adenylyl cyclase activity was mediated through the
dopamine D1-like receptors, experiments were performed
to determine if dopamine receptor antagonists could atten-
uate the observed dopamine-dependent stimulation of
adenylyl cyclase. At a concentration of 10y6 M,
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Table 2
Inhibition of dopamine-dependent stimulation of adenylyl cyclase in Sf9
cells expressing dopamine D1-like receptors

Treatment Adenylyl cyclase activity
Ž .pmolrminrmg protein

D1 receptor D5 receptor

Ž .1 Basal 18.5"2.3 17.1"3.4
Ž . Ž .2 Dopamine 10 mM 45.1"3.8 40.3"3.9
Ž . Ž .3 Dopamine 10 mM 23.7"4.9 22.7"3.5

Ž .qFluphenazine 1 mM

Data shown are the means"S.E.M. of five dopamine D1 receptor and
three dopamine D5 receptor experiments with different Sf9 cell mem-
brane preparations assayed in triplicate. The receptor density of these
membrane preparations ranged from 1.8 to 4.9 pmol of receptorrmg
protein.

fluphenazine decreased the effect of a maximally effective
Ž y5 .concentration of dopamine 10 M on adenylyl cyclase

Ž .stimulation Table 2 . SCH 23390 at a concentration of
10y6 M, only partially decreased dopamine dependent
cyclase activity. Further studies demonstrated that SCH
23390 was a partial agonist at both dopamine D1 and D5

Ž .receptors expressed in Sf9 cells data not shown .

3.3. NegatiÕe intrinsic actiÕity of classic dopamine recep-
tor ligands

A panel of dopamine receptor antagonists were tested
for their effect on dopamine-dependent and basal adenylyl
cyclase activity. Three drugs used clinically as typical
antipsychotics were selected for study, a-flupenthixol,
fluphenazine and thioridazine. Each of these compounds
was found to decrease basal cyclase activity in Sf9 cells

Žexpressing either rat dopamine D1 or D5 receptors Fig.
.2 . This decrease appeared to be receptor mediated because

there was essentially no change in adenylyl cyclase activ-
ity when these compounds were tested for effect on the
basal adenylyl cyclase activity using uninfected Sf9 cells.
The mean change in basal adenylyl cyclase activity of
uninfected Sf9 cells for two independent experiments us-

Ž .ing haloperidol, q -butaclamol, a-cis-flupenthixol,
fluphenazine and thioridazine was within 5% of the mean

Ž .basal value Fig. 2 . The mean decrease in adenylyl cy-
clase activity of Sf9 cells expressing either dopamine D1
Ž . Ž . Ž .ns9 or D5 ns4 receptors using haloperidol, q -
butaclamol, a-cis-flupenthixol, fluphenazine and thiorida-

Ž .zine was )35% of the mean basal value Fig. 2 .
Each of these typical antipsychotics inhibited

dopamine-dependent stimulation of adenylyl cyclase in a
concentration-dependent manner and with a rank order of
potency consistent with their affinity at dopamine D1-like

Ž .receptors Fig. 3, Table 1 . All three of these antipsy-
chotics appeared to have negative intrinsic activity at both
rat dopamine D1 and D5 receptors expressed in Sf9 cells
because at high concentrations dopamine-dependent ade-

nylyl cyclase activity was inhibited below basal levels
Ž .Fig. 3 .

Fig. 2. The effect of dopamine and classical dopamine receptor ligands on
adenylyl cyclase activity in Sf9 cell membranes expressing rat dopamine

Ž 5 .D1-like receptors. Sf9 cells 5=10 cellsrml were infected with recom-
binant baculovirus containing the gene coding for the rat dopamine D1
Ž . Ž .Top Panel or the rat dopamine D5 Middle panel receptor at a
multiplicity of infection equal to 2 for 48 h. Membrane preparations of
the infected cells were assayed for adenylyl cyclase activity in the
presence of dopamine or classical dopamine receptor antagonists. The
data for the dopamine D1 receptor is the mean"S.E.M. of nine indepen-
dent experiments and the data for the dopamine D5 receptor is the
mean"S.E.M. of four independent experiments. Studies using uninfected

Ž .Sf9 cells are also shown Bottom panel as the mean"S.E.M. of the
triplicates of two independent experiments. The adenylyl cyclase activity
was corrected for protein concentration and plotted as the percent change
in enzyme activity relative to samples which were incubated in the

Žpresence of 100 mM GTP but in the absence of drug i.e., percent of
.basal activity . All of the drugs were tested at a final concentration of

10y6 M except dopamine, thioridazine and haloperidol, which were
tested at 10y5 M. AlF was included in the experiments using uninfected4

Sf9 cells as a positive control to verify the activity of adenylyl cyclase in
membranes from uninfected Sf9 cells.
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Fig. 3. Inhibition of dopamine-stimulated adenylyl cyclase activity by
Ž . Ž .dopamine receptor compounds a-flupenthixol ' , fluphenazine B and

Ž .thioridazine v is shown. Sf9 cells were infected with the recombinant
baculovirus capable of directing the expression of rat dopamine D1
receptors at a multiplicity of infection equal to 2 and cells were harvested
46 h after infection. Sf9 cell membranes were assayed in the presence of

Ž . y5100 mM GTP and in the absence Basal or presence of 10 M
Ž .dopamine Dopamine . Each sample contained GTP, dopamine and the

indicated concentrations of competitive inhibitor. The mean and range of
duplicate determinations are shown for one of three similar experiments.

Radioligand binding studies indicated that these drugs
bind to dopamine D1-like receptors with high affinity.
However, the apparent potency of these compounds for the
inhibition of dopamine-dependent stimulation of adenylyl
cyclase activity appeared to be less that of the estimated

Ž .equilibrium dissociation constants Fig. 3 . This was likely
Ž y5 .due to the high concentrations of dopamine 10 M

required to achieve maximal stimulation of adenylyl cy-
clase activity. A more precise estimate of the potency of
these compounds for dopamine D1-like receptors was ob-
tained by a Schild analysis of their inhibitory effect on
dopamine-stimulated adenylyl cyclase activity. Fig. 4
shows the concentration–response curves for the activation
of adenylyl cyclase by dopamine in the absence and
presence of increasing concentrations of a-flupenthixol
Ž .Fig. 4 . As expected for competitive inhibition, a right-
ward shift of the concentration–response curve was ob-
served as a function of increasing concentration of a-
flupenthixol. Similar results were obtained using

Ž .fluphenazine and thioridazine data not shown . Consistent
with the data presented in Figs. 2 and 3, the basal adenylyl
cyclase activity also was observed to decrease with in-

Ž .creased a-flupenthixol concentration Fig. 4 .

Schild analysis of the effect of a-flupenthixol, flu-
phenazine and thioridazine on dopamine-dependent stimu-
lation of adenylyl cyclase activity in Sf9 cells expressing

Ž .dopamine D1 receptors Fig. 5 was used to estimate the
Ž .affinity of these drugs at dopamine D1 receptors Table 3 .

Ž .The dissociation constants K values obtained from thei

Schild analysis were in the same rank order of potency as
the K values calculated from competitive radioligandi

w3 xbinding studies using H SCH 23390 and Sf9 cell mem-
Ž .branes expressing dopamine D1 receptors Table 1 .

We sought to investigate the dose–effect relationship
between the negative intrinsic activities of a-flupenthixol,
fluphenazine and thioridazine at dopamine D1-like recep-
tors. Experiments were performed to determine the effect
of these drugs on basal adenylyl cyclase activity as a

Ž .function of inhibitor concentration Fig. 6 . Increasing
concentration of these drugs resulted in a dose-dependent
decrease of basal adenylyl cyclase activity. At the highest

Ž y4 .concentration tested 10 M , there was a 40% to 50%
decrease in the observed basal activity. To maximize the
concentration of the inhibitors, compounds were initially
dissolved in N, N X-dimethylformamide. Solvent controls
were performed to verify that the solvent in assay was not
responsible for the observed decrease in basal activity.
Even at the highest concentration of drug, residual basal
activity was observed. The rank order of potency observed
for these three antipsychotics was the same observed for

Fig. 4. Inhibition of dopamine-stimulated adenylyl cyclase activity of
dopamine D1 receptors expressed in Sf9 cells by a-flupenthixol is shown.
Sf9 cell membranes expressing dopamine D1 receptors were assayed for
adenylyl cyclase activity with the indicated concentrations of dopamine

Ž . Ž . Ž .and in the absence v or presence of 10 nM B , 31.6 nM ' , or 100
Ž .nM l a-flupenthixol.
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Fig. 5. Schild regression analysis of the inhibition of dopamine-dependent
stimulation of dopamine D1 receptors expressed in Sf9 cells by flu-
penthixol, fluphenazine and thioridazine. Concentration–response curves
for dopamine-dependent stimulation of adenylyl cyclase activity in mem-
branes from Sf9 cells expressing rat dopamine D1 receptors were per-
formed as shown in Fig. 4 at the indicated concentrations of a-flupenthixol
Ž . Ž . Ž .v , fluphenazine ' or thioridazine B . The data is shown as Schild
regression plots. Individual data points represent the mean"S.E.M. for

Žmultiple independent experiments a-flupenthixol, ns7; fluphenazine,
.ns3; thioridazine; ns3 .

the inhibition of dopamine-dependent adenylyl cyclase up
to inhibitor concentration of approximately 10y7 to 10y6

M. However, at the higher concentrations of inhibitor the
rank order of potency of the drugs is less clear. Since no
clear plateau was observed at the high concentration por-
tion of the dose–response curve, an ambiguity was intro-
duced in determining the most appropriate estimation of an
IC value for the inhibition of basal cyclase activity. The50

dose–response curves for the inhibition of basal adenylyl
cyclase activity of membranes expressing dopamine D1

Ž .receptors Fig. 6 appear visually to be biphasic. This is
particularly true for the curve for flupenthixol.

Even though the Sf9 cells used in this study express a
high level of dopamine D1 receptors, not all of the basal
adenylyl cyclase activity would be due to constitutive
dopamine D1-like receptor activation. Adenylyl cyclase
activity measured in the presence of GTP was two- to

Table 3
The estimated affinity of typical antipsychotics at rat dopamine D1
receptors from Schild analysis
Data shown are the mean values for experiments conducted using
dopamine D1 receptors expressed in different Sf9 cell membrane prepara-
tions. In this table, n represents the number of independent experiments.
Each experimental data point was assayed in triplicate.

Ž .Compound K nM ni

a-Flupenthixol 8 7
Fluphenazine 48 3
Thioridazine 200 3

Fig. 6. Inhibition of basal adenylyl cyclase activity in uninfected Sf9 cells
or Sf9 cells expressing rat dopamine D1 receptors by flupenthixol,
fluphenazine and thioridazine. Adenylyl cyclase activity was measured

Ž .using membranes from either uninfected Sf9 cells open symbols or Sf9
Ž .cells expressing rat dopamine D1 receptors closed symbols . All assays

were performed in the presence of 100 mM GTP with the indicated
Ž . Žconcentrations of compounds a-flupenthixol v, ` , fluphenazine ',

. Ž .^ or thioridazine B, I . The data has been normalized to show the
percent inhibition of basal enzyme activity in each membrane preparation.
Each point represents the mean"S.E.M. of results from three indepen-
dent experiments. The insert shows a comparison of the absolute basal

Ž .adenylyl cyclase activity pmolrminrmg protein measured in uninfected
Ž .Sf9 cell membranes Sf9 and Sf9 cells membranes expressing the rat
Ž .dopamine D1 receptor D1 .

threefold higher in membranes from Sf9 cells expressing
either dopamine D1 or D5 receptors than the activity

Ž .measured in uninfected cells Fig. 6 insert . Therefore, the
effect of the three antipsychotics on basal adenylyl cyclase
of membranes from uninfected Sf9 cells was also exam-
ined. Essentially, no inhibition was observed in a dose
range from 10y9 to 10y6 M. At higher concentration of
the drugs, a 0% to 15% inhibition of enzyme activity was

Ž .observed Fig. 6 . This data suggests that at low concentra-
tions of drug, inhibition of basal activity is primarily
receptor mediated, whereas at higher drug concentrations
the mechanism of action of basal activity inhibition might
be more complex. If 30% to 35% of the basal adenylyl
cyclase activity were due to constitutive receptor activity,
then the potency of the drugs tested would be in the nM
range, which is consistent with an inhibition of this en-
zyme activity by a receptor mediated mechanism.

4. Discussion

In this communication, we report the use the bac-
ulovirus expression system to express the rat dopamine D1
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and the rat dopamine D5 receptors in Sf9 cells and to
investigate the intrinsic activity of a panel of antipsy-
chotics, including a-flupenthixol, fluphenazine and thiori-
dazine. Rat dopamine D1-like receptors expressed in Sf9
cells retain their pharmacologic properties. These receptor
subtypes appear to be coupled to endogenous Sf9 cell G
protein since a dose-dependent stimulation of adenylyl
cyclase activity can be achieved using dopamine. The
ability to express dopamine D1-like receptors at a high
receptor density in Sf9 cells has enabled us to study the
effect of dopamine receptor compounds at D1-like recep-
tors. The high receptor density increases the level of basal
activity, thereby allowing us to identify compounds with
negative intrinsic activity.

Studies from various laboratories have observed inhibi-
tion of basal second messenger systems by receptor antag-
onist selective for 5-HT , b -adrenoceptor and d-opioid2c 2

Ž .receptors Chidiac et al., 1994; Costa and Herz, 1989 .
Drugs possessing the ability to inhibit basal activity have
been referred to as negative antagonists or inverse ago-
nists. A modification of the original ternary complex model
of G protein coupled receptors proposes a spontaneous,

Ž .agonist-independent isomerization between the inactive R
Ž ) . Žand the active R conformation of a receptor Samana et

.al., 1993 . Agonist binding would favor the stabilization of
R) , inverse agonist binding would favor stabilization of R
and the binding of a neutral antagonist binding would not
favor either conformation. This model predicts that in the
absence of an agonist the total amount of R) per cell

Ž . Ž .would depend upon 1 a constant J describing the
equilibrium between the agonist-independent active and

Ž .inactive receptor conformations and 2 receptor density.
Assuming J is independent of receptor density, the high
levels of expression achieved using the baculovirus poten-
tates the presence of both R and R). This model, there-
fore, predicts an increase in basal adenylyl cyclase activity
as a function of receptor density for receptors coupled to
the activation of adenylyl cyclase. This phenomenon has

Žbeen documented for both b -adrenoceptor Chidiac et al.,2
. Ž1994 and dopamine D1-like receptors Tiberi and Caron,

.1994; Cai et al., 1999 . Since the binding of an inverse
agonist would favor the R conformation, basal adenylyl
cyclase would be predicted to decrease as a function of
increased inverse agonist concentration.

For the system described in this report, the antipsy-
chotics fluphenazine, a-cis-flupenthixol, thioridazine and
haloperidol were found to be inverse agonists at both rat

Ždopamine D1 and D5 receptors expressed in Sf9 cells Fig.
.2 . The observed inhibition of basal adenylyl cyclase activ-

Ž .ity by fluphenazine, q -butaclamol, a-cis-flupenthixol,
thioridazine and haloperidol suggests that both dopamine
D1 and D5 receptors expressed in Sf9 cells assume the R)

active conformation in the absence of agonist. This active
receptor conformation appears to be destabilized when the
neurotransmitter binding site is occupied with an antipsy-
chotic drug. There are several observations in this report

which support the hypothesis that a portion of basal adeny-
lyl cyclase activity is mediated by dopamine D1-like re-
ceptors. First, a decrease in basal adenylyl cyclase activity
was not observed when uninfected Sf9 cells were evalu-
ated. Second, the adenylyl cyclase basal activity is greater
in Sf9 cells expressing dopamine D1-like receptors than in

Ž . )uninfected Sf9 cells Fig. 6 insert . If there was no R
conformation, then the basal activity of infected and unin-
fected Sf9 cells should be essentially the same. Finally, the
high potency and the rank order of potency observed for
the inhibition of basal adenylyl cyclase with fluphenazine,

Ž .a-cis-flupenthixol and thioridazine Fig. 6 , seen at the
Ž y9 y6 .lower drug concentrations 10 to 10 M , is consistent

with the pharmacologic properties of dopamine D1-like
receptors.

The rank order of potency for the antipsychotics
fluphenazine, a-cis-flupenthixol and thioridazine appeared

Ž y6 y4 .to be lost at the high-dose portions 10 to 10 M of
the basal adenylyl cyclase inhibition curves shown in Fig.
6. At these high concentrations, the inhibition of adenylyl
cyclase activity may not be receptor mediated. When
similar studies were performed using membranes from Sf9
cell lacking the dopamine D1 receptor, significant inhibi-
tion of basal adenylyl cyclase activity was also observed,

Ž y6 y4but only at the higher drug concentrations 10 to 10
.M . This data suggests that at high concentrations, these

drugs inhibit enzyme activity in a receptor-independent
manner. This non-receptor mediated inhibition of basal
activity at the high concentrations of drug is likely respon-

Žsible for the biphasic nature of the inhibition curves Fig.
.6 . However, if it is assumed that the initial portion of the

Žbasal inhibition curves is receptor mediated 30% to 35%
.inhibition , then the IC values for these three antipsy-50

chotics would be in a nanomolar range. The rank order of
these values would be consistent with K values obtainedi

from both radioligand binding studies and Schild analysis.
Therefore, the inhibition of basal activity observed at drug
concentrations ranging from 10y9 to 10y6 M would be
consistent with a receptor mediated phenomenon, where
the R conformation is stabilized by occupation of the
binding site with the inverse agonist.

Our studies are consistent with the work of Cai et al.
Ž .1999 who expressed rat dopamine D1 receptors in PC2
cells. They also observed inverse agonist activity of classic
dopamine receptor antagonists at D1 receptors. In their
studies, SCH 23390 was found to be a neutral antagonist,
whereas we often found that SCH 23390 was a partial

Ž .agonist data not shown . In addition, we have documented
that while at low concentrations several of the compounds
that we tested appeared to inhibit adenylyl cyclase in a
receptor-dependent manner, at higher concentrations the
attenuation of adenylyl cyclase activity appeared to be
receptor independent.

The studies presented in this communication present
evidence that antipsychotics are not simply neutral antago-
nists at dopamine receptors. On the contrary, they have
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intrinsic activity by virtue of their ability to attenuate an
agonist-independent, receptor-mediated, G protein-linked
second messenger signal. The intrinsic activity of antipsy-
chotics at dopamine D1-like receptors, coupled with their
ability to regulate the expression of dopamine D1-like
receptors in the cortex of primates, may contribute to their
clinical efficacy in the treatment of neuropsychiatric ill-
nesses.
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