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ABSTRACT

Aripiprazole is the first next-generation atypical antipsychotic
with a mechanism of action that differs from currently marketed
typical and atypical antipsychotics. Aripiprazole displays prop-
erties of an agonist and antagonist in animal models of dopa-
minergic hypoactivity and hyperactivity, respectively. This
study examined the interactions of aripiprazole with a single
population of human D2 receptors to clarify further its pharma-
cologic properties. In membranes prepared from Chinese ham-
ster ovary cells that express recombinant D2L receptors, aripi-
prazole bound with high affinity to both the G protein-coupled
and uncoupled states of receptors. Aripiprazole potently acti-
vated D2 receptor-mediated inhibition of cAMP accumulation.
Partial receptor inactivation using the alkylating agent
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) sig-
nificantly reduced the maximum effect of aripiprazole on inhi-

bition of cAMP accumulation. This effect was seen with con-
centrations of EEDQ that did not alter the maximal inhibitory
effect of dopamine. Consistent with the expected effects of a
partial agonist, increasing concentrations of aripiprazole
blocked the action of dopamine with maximal blockade equal
to the agonist effect of aripiprazole alone. The efficacy of aripi-
prazole relative to that of dopamine varied from 25% in cells
that lacked spare receptors for dopamine to 90% in cells with
receptor reserve. These results, together with previous studies
demonstrating partial agonist activity at serotonin 5-hydroxy-
tryptamine (5-HT)1A receptors and antagonist activity at
5-HT2A receptors, support the identification of aripiprazole as a
dopamine-serotonin system stabilizer. The receptor activity
profile may underlie the unique activity of aripiprazole in ani-
mals and its antipsychotic activity in humans.

Aripiprazole, 7-{4-[4-(2,3-dichlorophenyl)-1-piperazinyl]-
butyloxy}-3,4-dihydro-2(1H)-quinolinone, is the first next-
generation atypical antipsychotic that is active against pos-
itive and negative symptoms of schizophrenia (Petrie et al.,
1997; Saha et al., 2001), has a low propensity for extrapyra-
midal side effects (Petrie et al., 1997; Saha et al., 2001),
causes minimal weight gain or sedation (Petrie at al., 1997;
Carson et al., 2002), and produces no elevation in serum
prolactin levels (Petrie et al., 1997; Saha et al., 2001) or
prolongation of QTc interval on ECG (Kane et al., 2000;
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Carson et al., 2002). The mechanism of action of aripiprazole
differs from that of currently marketed typical and atypical
antipsychotics. Previous preclinical studies have provided
evidence that aripiprazole is a dopamine-serotonin system
stabilizer with potent partial agonist activity at dopamine D2
and 5-HT1A receptors and antagonist activity at 5-HT2A
receptors (Inoue et al., 1996; Jordan et al., 2001; T. Kikuchi,
unpublished observations).

Like many antipsychotics, aripiprazole binds with high
affinity to members of the D2 family of dopamine receptors
(Kikuchi et al., 1995; Lawler et al., 1999). Whereas currently
marketed antipsychotics are believed to exert their effects
through antagonism of D2 (and possibly 5-HT2) receptors
(see Miyamoto et al., 2000 for a recent review), aripiprazole
may exert its effects through partial agonism at D2 receptors.
In multiple studies in vivo, aripiprazole has been shown to
have potent agonist activity at dopamine autoreceptors. For
example, aripiprazole decreases y-butyrolactone- and reser-

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine (serotonin); BSA, bovine serum albumin; CHO, Chinese hamster ovary; DMSO, dimethyl sulfoxide;
EEDQ, N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline; HEK, human embryonic kidney; ['2°1]7-OH-PIPAT, R-(+)-trans-7-hydroxy-2-(N-n-pro-
pyl-N-3'-iodo-2’-propenyl)aminotetralin; S(—)-3-PPP, S(—)-3-(3-hydroxyphenyl)-N-n-propylpiperidine, preclamol; GMP-PNP, 5’-guanylylimido-
diphosphate; OPC-4392, 7-(3-[4-(2,3-dimethylphenyl)piperazinyl]propoxy)-2-(1H)-quinolinone.
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pine-induced DOPA accumulation (Kikuchi et al., 1995), con-
sistent with a decrease in presynaptic tyrosine hydroxylase
activity. The inhibitory effect of aripiprazole on y-butyrolac-
tone-induced DOPA accumulation is blocked by the D2 re-
ceptor antagonist haloperidol. Administration of aripiprazole
to laboratory rats results in decreased extracellular levels of
dopamine in the striatum and frontal cortex suggestive of
decreased release of dopamine (Semba et al., 1995). Finally,
the ability of aripiprazole to decrease spontaneous firing of
dopaminergic neurons in the ventral tegmentum by activa-
tion of D2 autoreceptors was shown by extracellular record-
ing in vivo (Momiyama et al., 1996).

Whereas results of the above studies are consistent with
agonist activity of aripiprazole at D2 receptors, in other in vivo
studies, aripiprazole displays properties of a D2 receptor antag-
onist. For example, aripiprazole blocks apomorphine-induced
stereotypy and locomotor activity and does not produce stereo-
typy or increased locomotion when administered alone (Kikuchi
et al., 1995). Consistent with blockade of dopamine receptors
coupled to the inhibition of prolactin release, administration of
aripiprazole to male rats results in a 2-fold increase in levels of
serum prolactin (Inoue et al., 1996).

In vivo, partial agonists may act predominantly as agonists
or antagonists depending upon the level of endogenous re-
ceptor activation. Partial agonist activity of aripiprazole at
D2 receptors may explain its antagonist properties in animal
models of dopaminergic hyperactivity (e.g., blockade of apo-
morphine-induced stereotypy) and agonist activity in an an-
imal model of dopaminergic hypoactivity (blockade of in-
creased dopamine synthesis in reserpine-treated rats)
(Kikuchi et al., 1995). A variety of efficacy values for aripi-
prazole at D2-like receptors have been reported using differ-
ent in vitro preparations where endogenous dopaminergic
tone is eliminated. In slices of rat pituitary, aripiprazole
decreased spontaneous release of prolactin with an effect
approximately 50% that of talipexole, a D2 receptor agonist.
Consistent with a partial agonist effect, aripiprazole moder-
ately blocked the effect of talipexole (Inoue et al., 1996).
Likewise, in C6 cells that express recombinant rat D2L re-
ceptors linked to the inhibition of cAMP accumulation, aripi-
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prazole displayed modest agonist activity with a maximum
effect 30% that of dopamine (Lawler et al., 1999). In contrast,
in CHO cells that express transfected rat D2L receptors,
aripiprazole completely blocked the ability of dopamine to
inhibit forskolin-stimulated accumulation of cAMP while
having no efficacy alone, consistent with antagonist activity
at D2 receptors (Lawler et al., 1999). Similarly, in rat striatal
membranes, increased GTPase activity stimulated by the D2
receptor agonist quinpirole is completely blocked by aripipra-
zole. However, aripiprazole alone does not stimulate GTPase
activity (Inoue et al., 1997).

The purpose of this study was to clarify the functional
activity of aripiprazole at D2 receptors and to demonstrate
how partial agonism in conjunction with modulation of com-
ponents of the signal transduction pathway may explain the
range of activities of aripiprazole at D2 receptors.

Experimental Procedures

Materials. ['2°1]7-OH-PIPAT (2200 Ci/mmol) was purchased from
PerkinElmer Life Sciences (Boston, MA). [*H]Spiperone was pur-
chased from Amersham Biosciences (Piscataway, NJ). Haloperidol,
(+)-butaclamol hydrochloride, S(—)-PPP, terguride, quinpirole hy-
drochloride, Tris, EDTA, BSA, and polyethylenimine were purchased
from Sigma-Aldrich (St. Louis, MO). 5'-guanylylimidodiphosphate
was purchased from Calbiochem (San Diego, CA). Tissue culture
plates (100 X 20-mm) were purchased from Corning Glassworks
(Corning, NY). F-12 Nutrient Mixture (Ham), fetal bovine serum,
and G418 sulfate were purchased from Invitrogen (Carlsbad, CA).

Tissue Culture. CHO cells that express human recombinant D2L
receptors (CHO-D2L) have been previously described (Filtz et al.,
1993). Cells were grown at 37°C in 5% CO, as a monolayer in
medium consisting of F-12 supplemented with 10% fetal bovine
serum and G418 sulfate (500 pg/ml).

Radioligand Binding Assays. Cells were rinsed twice with
phosphate-buffered saline (155 mM NaCl, 3.3 mM Na,HPO,, and 1.1
mM KH,PO,, pH 7.4), and incubated for 5 to 10 min at 4°C in
hypotonic lysis buffer consisting of 10 mM Tris (pH 7.4) and 5 mM
EDTA. Cells were transferred from plates to polypropylene tubes
(16 X 100 mm), homogenized, and centrifuged at 32,000g for 20 min.
Pellets were resuspended in buffer consisting of 50 mM Tris (pH 7.7
at 26°C) and 1 mM EDTA, then stored at —80°C until needed. On the

HEK-293-D2L
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Fig. 1. Cells were incubated for 10 min with 10
uM forskolin and 100 M 3-isobutyl-1-methylxan-
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v S concentrations of dopamine or aripiprazole. cAMP
was measured using the Biotrak cAMP Direct
Screening Assay System (Amersham Biosciences).
Accumulation of cAMP stimulated by forskolin
ranged from 3 to 11 pmol/well. Data were fit to a
four-parameter logistic equation using GraphPad
Prism version 3.0 (GraphPad Software, San Di-
ego, CA). The data shown are the mean + S.E.M.,
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day of an experiment, homogenates were thawed, resuspended by
homogenization, and centrifuged at 32,000g for 20 min. Following
centrifugation, supernatants were discarded, and remaining pellets
were resuspended in buffers as detailed below. Binding of [*H]spip-
erone was carried out in buffer containing 50 mM Tris (pH 7.4 at
25°C), 100 uM GMP-PNP, and 1% DMSO. Homogenates (2-3 ug of
protein/tube) were incubated with [*H]spiperone (10—-1000 pM) for
90 min at 25°C. Binding of ['2°I]7-OH-PIPAT was carried out in
buffer consisting of 50 mM Tris (pH 7.7 at 25°C), 2 mM MgCl,, 0.1%
BSA, 0.025 mN HCI, and 1% DMSO. Homogenates (10 ug of protein/
tube) were incubated with [2°1]7-OH-PIPAT (200 pM) for 60 min at
37°C. Assays were stopped by addition of cold wash buffer (50 mM
Tris, [*Hlspiperone or 20 mM Tris, [?°1]7-OH-PIPAT). Filtration
over glass fiber filters (Whatman GF/B; Whatman, Clifton, NdJ) pre-
viously soaked in 0.05% polyethylenimine (for [*H]spiperone bind-
ing) or 20 mM Tris (for [*2°1]7-OH-PIPAT binding) was carried out
using a Brandel cell harvester (Brandel Inc., Gaithersburg, MD).
Nonspecific binding was defined with 2 uM (+)-butaclamol.

Maximum binding (B,,,,) and K, values were determined by un-
weighted linear regression analysis of transformed saturation bind-
ing data (Scatchard, 1949). Protein concentrations were determined
by the method of Bradford (1976) with BSA as a standard.

Accumulation of cAMP. Cells were harvested by successive
washing and centrifugation in Cell Dissociation Buffer (Invitrogen).
The final pellet was resuspended in phosphate-buffered saline con-
taining 0.9 mM CaCl,, 0.5 mM MgCl,, and 0.5% BSA. Approximately
6 X 10* cells were added to each well of a 96-well plate. Cells were
exposed to test compounds for 10 min at 37°C in the presence of 10
uM forskolin and 100 uM 3-isobutyl-1-methylxanthine. The reaction
was terminated by the addition of 0.15 N HCIl. Accumulation of
cAMP was measured using the cAMP SPA Direct Screening Assay
kit (Amersham Biosciences).

Receptor Inactivation Studies. Cells were collected in Cell
Dissociation Buffer and centrifuged at 100g for 5 min. Cells were
resuspended in F-12 media and divided equally into three separate
tubes containing either vehicle (0.1% DMSO) or 1 uM or 10 uM
EEDQ and incubated for 60 min at 37°C in 5% CO,. Following
treatment with EEDQ, cells were washed once by centrifugation and
resuspension in F-12 media. Cells were centrifuged, and the pellet
was resuspended in phosphate-buffered saline containing 0.9 mM
CaCl,, 0.5 mM MgCl,, and 0.5% BSA. Approximately 6 X 10* cells
were added to each well of a 96-well plate, and the effects of agonists
on forskolin-stimulated accumulation of cAMP were determined as
above.

Results

Binding of Agonists and Antagonists to D2 Recep-
tors. The affinity values of human D2L receptors for agonists

TABLE 1
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and antagonists were determined for receptors labeled with
the agonist ['2°I]7-OH-PIPAT and with the antagonist
[*H]spiperone under conditions that promote, respectively,
coupling or uncoupling of receptors to G proteins (Burris et
al., 1995). Butaclamol and haloperidol, D2 receptor antago-
nists, bound with slightly higher affinity to the antagonist-
labeled noncoupled state of D2L receptors than to the G
protein-coupled state labeled with [*2°1]7-OH-PIPAT (Table
1). In contrast, the agonists dopamine and quinpirole bound
with 34- to 67-fold higher affinity to the G protein-coupled
state of D2 receptors. The partial agonists S(—)-PPP, ter-
guride, and aripiprazole displayed higher affinity for the G
protein-coupled state of D2 receptors than for the noncoupled
state (Table 1). The ratio of affinities for the partial agonists
was intermediate between those for full agonists and antag-
onists.

Stimulation of D2 Receptors by Aripiprazole and
Other Agonists: Effects of Modulation of Receptor
Density. Slightly higher affinity for the G protein-coupled
state compared with the noncoupled state of D2 receptors
suggest that aripiprazole is a partial agonist at D2 receptors.
The ability of aripiprazole to stimulate D2 receptors was
examined directly in CHO cells that express human recom-
binant D2L receptors coupled to the inhibition of cAMP ac-
cumulation. The increase in cAMP accumulation induced by
exposure to 10 uM forskolin was potently inhibited by dopa-
mine (Fig. 1). Haloperidol (1 uM), a D2 receptor antagonist,
completely blocked the inhibition of cAMP accumulation by
dopamine (data not shown). Similar to the effects of dopa-
mine, increasing concentrations of aripiprazole potently in-
hibited the increase in cAMP accumulation stimulated by
forskolin (Fig. 1). Consistent with the activity of a partial
agonist, the maximum effect of aripiprazole was approxi-
mately 85% that of dopamine. The effect was not unique to
CHO cells, as similar results were obtained in HEK-293 cells
that express human recombinant D2L cells (Fig. 1, inset).

The relationship of the density of D2 receptors to the effi-
cacy of aripiprazole and other partial agonists was examined.
Exposure of CHO-D2L cells to increasing concentrations of
EEDQ resulted in a progressive decrease in the density of
receptors as determined by binding of [*H]spiperone (Fig. 2).
Exposure of cells to 1 uM EEDQ for 1 h resulted in a greater
than 50% decrease in the density of D2L receptors, whereas
exposure to 10 uM EEDQ resulted in a nearly 80% decrease

Affinity values of the G protein-coupled and noncoupled states of D2L receptors for agonists, partial agonists, and antagonists

K; values were determined by the method of Cheng and Prusoff (1973) using IC5, values determined by competition for the binding of the agonist ['?°1]-7-OH-PIPAT or the
antagonist [*H]spiperone to membranes prepared from CHO cells expressing human recombinant D2L receptors. Binding of [12°1]-7-OH-PIPAT was performed under
conditions favoring formation of the agonist-preferring G protein-coupled state of D2 receptors (K; high), whereas binding of [°H]spiperone was performed under conditions
promoting the noncoupled state of D2 receptors (K; low). IC;5, values were obtained by fitting data to a one-site competitive binding curve using GraphPad Prism version 3.0.

Data are the mean = S.E.M., n = 3 to 4 or the mean * range, n = 2 experiments.

K;, nM

['251]-7-OH-PIPAT

[H]-Spiperone K; Low/K; High

Agonists
Quinpirole 95+15
Dopamine 17 = 1.0
Partial agonists
S(—-)-PPP 56 = 4.5
Terguride 0.16 = 0.01
Aripiprizole 0.34 = 0.02
Antagonists
Butaclamol 0.43 = 0.09
Haloperidol 0.30 = 0.06

634 = 151 67
576 = 192 34
1034 *= 231 18
0.36 = 0.04 2
0.70 = 0.22 2
0.16 = 0.01 0.4
0.16 = 0.02 0.5

DOCKET

_ ARM

Find authenticated court documents without watermarks at docketalarm.com.

/TOZ ‘ST Afenige uo sjeulnor 134SY e Bio'sjeulnofiodse ad | woJy papeojumoq


https://www.docketalarm.com/

384 Burris et al.

N
o
1

Bound/Free
(fmol/mg/nM)
N
(3)]

®  Vehicle 35
1 uM EEDQ 28
v 10 uM EEDQ 31

Kp (pPM) B, (fmol/mg)

1907

891
406

0 T

0 500 1000

1500 2000

Bound (fmol/mg)

Fig. 2. The density of D2L receptors was determined by saturation binding of [*H]spiperone to washed membranes prepared from CHO-D2L cells
previously incubated in the absence or presence of EEDQ at 37°C for 60 min. Nonspecific binding was determined with 2 uM (+)-butaclamol. K, and
B, .« values were determined by fitting data to a one-site binding isotherm.

in the density of receptors (Fig. 2). The affinity of D2 recep-
tors for [*H]spiperone was not affected by exposure of cells to
EEDQ.

In cells exposed to 1 uM EEDQ, dopamine inhibited fors-
kolin-stimulated cAMP accumulation with a 2.5-fold lower
potency than in cells exposed to vehicle (Fig. 3A). There was
no significant change in the maximum effect of dopamine,
consistent with the presence of receptor reserve. The potency
of dopamine was further reduced in cells exposed to 10 uM
EEDQ (Fig. 3A). Exposure of cells to 10 uM EEDQ resulted in
a small decrease in efficacy. The apparent dissociation con-
stant (K,) of dopamine was calculated from a double-recip-
rocal plot of equieffective concentrations of dopamine deter-
mined in cells incubated in the presence and absence of 10
uM EEDQ, according to the method of Furchgott and Bursz-
tyn (1967). The K, value for dopamine was 178 nM (Fig. 3A,
inset). In contrast to effects seen with dopamine, the maxi-
mum effect of aripiprazole was significantly reduced in cells
exposed to 1 uM EEDQ (Fig. 3B). In cells exposed to 10 uM
EEDQ, the maximum effect of aripiprazole was further re-
duced. The efficacy of aripiprazole relative to dopamine was
reduced from nearly 90 to 25% upon partial inactivation of
D2 receptors with 10 uM EEDQ (Fig. 3, A and B). A double-
reciprocal plot of equieffective concentrations of aripiprazole
determined in cells incubated in the presence and absence of
1 uM EEDQ yielded a K, of 28 nM (Fig. 3B, inset). As seen
with aripiprazole, the maximum effects of S(—)-PPP and
terguride were progressively reduced in cells exposed to in-
creasing concentrations of EEDQ (Fig. 4A,B). The K, values
of S(—)-PPP and terguride were 129 and 3.6 nM, respectively
(Fig. 4, A and B, inset).

K, values for dopamine, aripiprazole, S(—)-PPP, and ter-
guride were used to compare the relative efficacy of agonists
as a function of occupancy of receptors. A steep hyperbolic
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occupancy-effect relationship was seen for dopamine (Fig. 5).
The response to dopamine was nearly maximal at 20% occu-
pancy of D2 receptors. Inhibition of cAMP accumulation by
50% was achieved with occupancy by dopamine of only 2% of
the receptors. Greater levels of occupancy of receptors by
terguride, S(—)-PPP, and aripiprazole were required for the
same response (Fig. 5).

Given the partial agonist effect in cells exposed to 10 uM
EEDQ, the ability of aripiprazole to antagonize the effect of
dopamine was examined. Dopamine (100 nM) inhibited
cAMP accumulation by approximately 60% (Fig. 6). Consis-
tent with the action of a partial agonist, increasing concen-
trations of aripiprazole blocked the effect of dopamine up to
the maximum agonist effect seen with aripiprazole alone
(Fig. 6).

Discussion

A range of efficacy values for aripiprazole at D2 receptors
has been reported in different cell lines and tissues. The
present study examined the efficacy of aripiprazole at a sin-
gle population of human D2 receptors. Multiple factors, in-
cluding intrinsic activity, receptor density, and coupling effi-
ciency in the signal transduction cascade, contribute to the
activity of an agonist in a given system (Kenakin 1997).
Agonists with low intrinsic activity may show agonist or
antagonist activity depending upon the sensitivity of the
method used for detection, the level of basal or endogenous
receptor activation, and the molecular properties of the sig-
naling event under investigation (Hoyer and Boddeke, 1993).
Given the level of complexity, current techniques cannot
unambiguously determine the intrinsic efficacy of an agonist
at a receptor (Clarke and Bond, 1998; Kenakin, 1999). One
approach that may avoid the variables associated with the
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Fig. 3. CHO-D2L cells were incubated in the absence or presence of increasing concentrations of EEDQ at 37°C for 60 min. Inhibition of
forskolin-stimulated cAMP accumulation by dopamine (A) and aripiprazole (B) was determined in washed cells as in Fig. 1. Accumulation of cAMP
stimulated by forskolin ranged from 3 to 15 pmol/well. In cells exposed to 1 and 10 uM EEDQ, the mean * S.D. level of cAMP accumulation stimulated
by forskolin was 105 + 17 and 115 * 13%, respectively, of that seen with cells exposed to vehicle. The data shown are the mean + SEM., n = 7
experiments. Inset, the apparent K, values for dopamine and aripiprazole were determined from a plot of the reciprocals of equieffective concentra-

tions of drugs from cells incubated in the absence (1/[A]) and presence (1/[A’]) of 1 uM EEDQ using the equation: K, =

(Furchgott and Bursztyn, 1967).

signal transduction cascade involves calculation of the ratio
of affinity values of agonists for coupled and noncoupled
states of D2 receptors (Lahti et al., 1992). D2 receptors exist
in multiple states having high and low affinity for agonists
(Zahniser and Molinoff, 1978; DeLean et al., 1982). The ag-
onist-preferring high-affinity state of D2 receptors is thought
to reflect the active state of receptors and involves the for-
mation of a ternary complex of agonist, receptor, and G
protein (Wregget and DeLean, 1984). Whereas antagonists
bind with equally high affinity to noncoupled and G protein-
coupled states of D2 receptors, agonists typically display
higher affinity for the G protein-coupled state.
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(slope — 1)/y — intercept

Comparisons of affinity values were used to predict the
efficacy of aripiprazole and some known agonists, partial
agonists, and antagonists at D2 receptors. In CHO cells ex-
pressing human D2L receptors, the full agonists dopamine
and quinpirole bound with greater than 30-fold higher affin-
ity to the G protein-coupled state of D2 receptors than to the
noncoupled state. The partial agonists, terguride and S(—)-
PPP, although displaying less of a difference between affinity
values for the different states, had higher affinity for the G
protein-coupled state of D2 receptors. In contrast, the antag-
onists butaclamol and haloperidol bound with higher affinity
to the noncoupled state. Consistent with the properties of a
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