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The novel antipsychotic aripiprazole requires high (>90%) striatal D, receptor occupancy (D,RO) to be clinically active, but despite its
high D,RO it does not show extrapyramidal symptoms. While most antipsychotics are active at nearly 65% D,RO, they show motor side
effects when D,RO exceeds 80%. We investigated this discrepancy between D,RO, S5HT, receptor occupancy (5-HT,RO) and in vivo
functional activity of aripiprazole in comparison to haloperidol (typical) and risperidone (atypical) in animal models. All three drugs
showed dose-dependent D,RO. While risperidone clearly showed higher 5-HT,RO than D,RO, aripiprazole and haloperidol showed
higher D,RO than 5-HT,RO at all doses. Haloperidol and risperidone induced catalepsy at doses producing >80% D,RO, while
aripiprazole despite higher D,RO (>90%) induced no catalepsy. Haloperidol and risperidone’s EDs values for inhibition of conditioned
avoidance response (CAR) and amphetamine-induced locomotor activity (AIL) corresponded to ~ 60% D,RO. In contrast, aripiprazole
showed a significant dissociation; while it blocked AlL at similar D,RO, a 23-fold higher dose (86% D,RO) was required to inhibit CAR.
FOS expression in shell region of the nucleus accumbens was significant for all drugs at D,ROs that were effective in CAR. However, in
the core region of the nucleus accumbens and dorsolateral striatum, aripiprazole differed from the others in that despite high D,RO it
induced low FOS. Haloperidol and risperidone showed dose/occupancy-dependent prolactin elevations, while aripiprazole did not.
Across models, haloperidol and risperidone show similar occupancy-functional antagonism of the D, system, while aripiprazole shows a
clear dissociation. Partial agonism of aripiprazole offers a good explanation for this dissociation and provides a framework for

INTRODUCTION

The clinical effect of many antipsychotics emerge when 60-
70% of striatal dopamine D, receptors are blocked, and
motor side effects become prominent when the receptor
blockade exceeds 80% (Farde et al, 1988; Kapur et al,
2000a). This pattern of relationship between striatal D,
receptor occupancy (D,RO) and clinical efficacy has also
been shown in animal occupancy studies using conditioned
avoidance response (CAR) as a surrogate for antipsychotic
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efficacy and catalepsy (CAT) as a surrogate for motor side
effects (Wadenberg et al, 2000). Similar to human subjects,
CAT was observed in animals receiving haloperidol,
risperidone, and olanzapine at doses that exceed 80%
D,RO while they were effective in inhibiting CAR at lower
D,RO (Wadenberg et al, 2001b).

These relationships between D,RO and functional effects
have been derived from antipsychotics that are antagonists
at the dopamine D, receptor. In this context, the introduc-
tion of aripiprazole is of interest because while clinically it
has all the features of an atypical antipsychotic (anti-
psychotic effect with very low motor side effects) (Kane
et al, 2002; Potkin et al, 2003), it differs from all other
antipsychotics in that it is a partial D, receptor agonist
(Burris et al, 2002). Aripiprazole has been demonstrated to
be a partial D, agonist in vitro as it acts like an antagonist in
the presence of dopamine, while in dopamine’s absence
it increases dopamine transmission in several cell lines



expressing cloned human dopamine D,; receptors (Lawler
et al, 1999; Burris et al, 2002; Shapiro et al, 2003). However,
the degree of aripiprazole’s partial agonism seems to be
dependent upon the cell-line and assay conditions used and
in certain assays it shows no intrinsic efficacy (Lawler et al,
1999). So while an absolute number of its intrinsic efficacy
cannot be deduced based on in vitro assays, the inability of
aripiprazole in vivo to increase locomotion in a hypodopa-
minergic condition (reserpinized rats) suggests weak partial
agonism (Kikuchi et al, 1995). The functional effects of
aripiprazole are further complicated by the fact that it
shows preferential activity at the presynaptic dopamine
autoreceptors (which would decrease dopamine levels),
while showing partial agonism at the postsynaptic dopami-
nergic transmission (which could, in theory increase or
decrease transmission depending upon the endogenous
tone) (Kikuchi et al, 1995). Further, it has been suggested
that the overall effect of aripiprazole’s partial agonism is
dependent upon the ‘receptor reserve’ within the system
(Burris et al, 2002), although it remains unclear how much
receptor reserve exists in the dopamine D,-relevant
systems. These complexities make it impossible, based
on in vitro considerations alone, to predict the net effect
of aripiprazole’s D,RO on functions dependent upon D,
transmission.

The clinical PET data on aripiprazole are intriguing. In a
study of aripiprazole, healthy volunteers treated for 2 weeks
with a dose of 2 mg/day showed D,RO between 70 and 80%
of dopamine receptors in the putamen, while a dose of
30 mg/day showed an occupancy of nearly 95% with an
incidence of extrapyramidal symptoms (EPS) no higher
than with placebo (Yokoi et al, 2002). Two important facts
emerge. First, unlike other antipsychotics, which lead to
clinical efficacy at 60-65% D,RO, aripiprazole seems to be
effective only at doses which occupy >90% receptors
(doses of 15-30 mg/day). Second, despite >90% occupancy,
the incidence of EPS in normal volunteers and patients does
not exceed that of placebo (Kane et al, 2002; Potkin et al,
2003). Thus, there appears to be a dissociation between the
degree to which receptors are blocked (occupancy) and
expression of functional antagonism (antipsychotic effects
and extrapyramidal side effects) when compared to existing
antipsychotic agents.

Finally, aripiprazole has affinity not only to D, receptors
but also to the serotonin 5-HT, receptors. With the
exception of amisulpride, all widely used atypical anti-
psychotics show a higher affinity for 5-HT, than D,
receptors, and this has been suggested to play a key role
in their atypical antipsychotic action (Meltzer, 1999).
Aripiprazole is unique in this regard as its D, affinity
exceeds its 5-HT, affinity (Lawler et al, 1999). However its
relative 5-HT,/D, occupancies have not been investigated
in vivo in animals or humans. At present, it is unknown
if aripiprazole shows a high 5-HT,RO in vivo, or like
amisulpride, it is an atypical antipsychotic with low 5-
HT,RO.

To resolve some of these issues, the objective of the
present study was to examine aripiprazole’s relationship
(and possible dissociation) between in vivo receptor
occupancy (D, as well as 5-HT,) and functional antagonism
in a series of convergent animal models commonly used to
asses and predict antipsychotic, motor, and neuroendocrine
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effects. We chose the following models/indices: (a) CAR,
AIL, spontaneous motor activity, and FOS induction in the
shell of the nucleus accumbens as markers/predictors of
antipsychotic effect (Deutch et al, 1992; Arnt et al, 1997); (b)
CAT and FOS expression in the core of the nucleus
accumbens and dorsolateral striatum as markers/predictors
of motor liability (Robertson et al, 1994; Hoffman and
Donovan, 1995; Deutch et al, 1992); and (c) plasma
prolactin levels as an endocrine marker. To put these
findings in a comparative context, we compared aripipra-
zole to two widely used and clinically studied antipsycho-
tics: haloperidol, a classical typical antipsychotic agent, and
risperidone, one of the most widely used atypical agents
(Miyamoto et al, 2005).

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats weighing 250-275g were
procured from Charles River Laboratories, Montreal,
Canada. They were housed under reversed lighting condi-
tions (12 h reverse light/dark cycle—lights off at 0800), with
access to food and water ad libitum. The animals were
allowed to acclimatize to the vivarium for a minimum of
5 days before being used for experimentation. All experi-
ments were approved by the institute’s animal care
committee.

Drugs

Haloperidol (Sabex Inc., Boucherville, QC, Canada), risper-
idone (Sigma-Aldrich, St Louis, MO, USA), and aripiprazole
(a gift from Eli Lilly, Indianapolis, IN, USA) were used in
the study. Aripiprazole was dissolved in 30% dimethyl-
formamide (in physiological saline), while the other drugs
were dissolved in 1-2% glacial acetic acid and made up to
volume with physiological saline. d-Amphetamine sulfate
was obtained from US Pharmacopoeia and dissolved in
physiological saline. All drugs were administered subcuta-
neously (s.c.) in a volume of 1ml/kg of body weight.
[PH]raclopride and [’H]ketanserin (Perkin Elmer Life
Sciences, Boston, MA, USA), used as radiotracers in the
occupancy studies, were administered intravenously.

D,/5-HT, Occupancy Experiments

Haloperidol (0.025-5 mg/kg), risperidone (0.005-2 mg/kg),
and aripiprazole (0.1-30 mg/kg) were administered to rats
to obtain a dose response of D,/5-HT, occupancy levels.
Animals were randomly assigned (minimum of four) to
each dose level of drug testing. Animals were killed by
decapitation 1h after injection. The animals received
7.5 uCi/rat of [3H]raclopride (D,RO) or [*H]ketanserin (5-
HT,RO), diluted in saline in a constant volume of 0.4 ml, 30
or 45 min before being killed. The timing of the experiment
was based on previous experiments where the striatal (for
D,RO) or prefrontal (for 5-HT,RO) vs cerebellar uptake
ratio for [3H]rac10pride or [*H]ketanserin reached a state of
equilibrium (Sumiyoshi et al, 1995; Wadenberg et al, 2000).
Striatum or prefrontal cortex and cerebellum were rapidly
dissected and dissolved overnight using 2ml Solvable®™
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(Canberra Packard, Canada) and counted using liquid
scintillation spectrometry by addition of 5 ml of scintillation
fluid (Aquasure® Canberra Packard, Canada) (Wadenberg
et al, 2000). To obtain an index of the binding potential (BP)
of dopamine D, receptors, the ratio of striatum minus
cerebellum (index of specific binding)/cerebellum (index of
free and nonspecific binding) was used. In the case of 5-
HT,RO, prefrontal cortex was used. This method is based
on clinical occupancy experimentation and has been
validated in experimental animals (Farde et al, 1988; Kapur
et al, 1999; Wadenberg et al, 2000). The occupancy induced
by the drug was calculated using the formula: %Occupan-
cy= 100 X (chontrols_BPdrug/BPcontrols); where BPcontrols is
the pooled D, or 5-HT, binding potential of all the control
animals and BP g, is the D, or 5-HT, binding potential of a
drug-treated animal. Occupancy curves and the EDsq values
(dose at which 50% receptors are occupied) were deter-
mined using the nonlinear regression equation representing
a rectangular hyperbola (y = ax/(b+ x)) using Sigma Plot™
software.

CAT

Animals used for the occupancy experiment were also used
to measure CAT. At 10 min before being killed, animals
were placed on an inclined grid (60°) and the time the
animals remained immobile (excluding the first 30s) was
used as an index of CAT (on a scale 0-5 in which time was
a square root transformation: 0=0-0.08, 1=0.09-0.35,
2=0.36-0.80, 3=0.81-1.42, 4=1.43-2.24, 5= >2.24 min)
(Ahlenius and Hillegaart, 1986; Wadenberg et al, 2000). An
animal was considered cataleptic with a score >2. Raters
were blind to drug treatment and the ED;, values were
evaluated using probit analysis (Finney, 1971).

CAR

Rats were trained and tested in a two-way active avoidance
(shuttle boxes) apparatus (Med Associates, Vermount,
USA) set in a ventilated, sound and light attenuating, outer
compartment. The shuttle boxes were enabled with a tilting
grid floor and microswitch detection. Foot shocks were
delivered to the grid floor by a current source set at 0.8 mA
intensity. The boxes were divided into two compartments of
equal size by a partition with an opening of 9 cm wide and
8cm high. The opening was 6cm above the grid floor.
During the experimental sessions, two lights mounted in
the top back corners of the outer compartment provided
the illumination. A shielded house light also was set in the
center at top right-hand corner of the shuttle box. A 80dB
white-noise served as a conditioned stimulus which was
followed 10's later by a 0.6 mA shock as the unconditioned
stimulus in a computer-assisted two-way active avoidance
task (shuttlebox). Animals that moved to the other side of
the box within the period of the conditioned stimulus only
(10s) were noted as having made an ‘avoidance’ response.
Those who escaped the shock in the next 10s were termed
as having ‘escaped’, and those not escaping within the total
20s were termed as ‘escape failures’ (Wadenberg et al,
2001b). Rats were trained for 5 days before drug testing.
While the training phase consisted of 40 trials each day
(in one session), the testing phase consisted of 20 trials
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each session (one session at each of the time points). A
performance criterion of greater than 80% avoidance after
the 5-day training served as the basis for selecting rats that
were used for drug testing. The entire protocol as well as
recording of the animal’s performance was administered by
programs running on a computer. The EDs, for CAR was
the dose required to produce 50% inhibition of avoidance,
and was calculated using probit analysis at the 90 min time
point after drug administration (Finney, 1971). Haloperidol
was tested at 0.02, 0.05, and 0.15mg/kg in eight subjects;
risperidone was tested at doses of 0.1, 0.3, and 1 mg/kg in 10
subjects; while aripiprazole was tested at 3, 10, and 30 mg/kg
in eight subjects. Animals of each drug group served as their
own controls in a within-subject design. The sequence of
drug administration was balanced as far as possible.
Animals were tested at 0, 20, 90, 240 min, and 24 h after
drug administration with an interval of at least 2 days
between experiments.

Locomotor Activity

The locomotor activity boxes were clear plexiglas housing
cages (27 x 48 x 20 cm) equipped with a row of six photocell
beams placed 3 cm above the floor of the cage. A computer
was used to detect and record the number of photobeam
interruptions. For investigating the effects of haloperidol
(0.01-0.5 mg/kg), risperidone (0.1-0.5mg/kg), and aripri-
prazole (0.3-10 mg/kg) on AIL, rats were first injected with
the appropriate antipsychotic or vehicle and placed in
the locomotor activity boxes for a period of 30 min. Then,
d-amphetamine (1.5mg/kg/s.c.) was administered and
locomotor activity was monitored for a period of 60 min.
The EDs5, value was the dose that was required to inhibit
50% of locomotor activity counts recorded over the period
of 60min with respect to vehicle-treated amphetamine-
administered animals. Inhibition of spontaneous locomotor
activity was evaluated by administering the drug and
monitoring locomotor activity for a period of 1h. Each
group contained a minimum of six subjects at each dose
level tested. The EDs, values were calculated using non-
linear regression using Sigma Plot"™ software.

FOS Immunohistochemistry

Haloperidol (0.01-1 mg/kg), risperidone (0.1-5 mg/kg), and
aripiprazole (3-100 mg/kg) were evaluated for their ability
to induce FOS in brain regions associated with antipsycho-
tic action. The animals were deeply anaesthetized with
sodium pentobarbital (100mg/kg ip.), 2h after drug
administration, and perfused transcardially with saline
followed by 4% paraformaldehyde. The brains were
removed, postfixed in 4% paraformaldehyde, transferred
to sucrose solutions (10% for 2h, 20% for 12 h, and 30% for
24h) and then dried and stored at —80°C until processing.
Immunostaining was performed on free-floating, 40 um
cryostat sections with a polyclonal primary antiserum
raised in rabbit against the FOS peptide (4-17 amino acids
of human FOS; Oncogene Research Products, Cambridge,
Mass., USA), diluted 1:12 500 and incubated for 48 h at 4°C.
The tissue sections were then exposed to biotinylated goat
anti-rabbit secondary antibody (1: 600, Vector Laboratories,
Burlingame, California, USA), which was followed by



incubation with horseradish peroxidase avidin-biotin com-
plex (Vector Laboratories, Burlingame, California, USA) to
visualize the FOS staining. FOS-immunoreactive nuclei
were counted within a 400 x 400 pm grid at a magnification
of x 100 in the nucleus accumbens (shell and core) and
dorsolateral striatum (bregma 1.70-1.00) (Paxinos and
Watson, 1986; Robertson et al, 1994) using an MCID M5
imaging and software system (Imaging Research, St
Catherines, Ontario, Canada). Cell counts were obtained
from at least three separate brain sections for each brain
obtained from at least four subjects per group, by an
observer who was blind to treatment conditions.

Plasma Prolactin Measurements

Prolactin levels were measured using plasma collected from
rats killed for the occupancy experiment. Plasma samples
were stored in —80°C until they were assayed. The prolactin
levels (ng/ml) were measured using a rat prolactin enzyme
immunoassay kit (ALPCO Diagnostics®, Windham, New
Hampshire, USA). Increase in prolactin value (percentage
from baseline) was calculated using nonlinear regression
with Sigma Plot™ software.

RESULTS

Occupancy and CAT

The results showed a dose-dependent D,RO for all the three
antipsychotic agents (Figure 1, Table 1). Haloperidol in a
dose range of 0.025-1mg/kg showed a dose-dependent
increase in striatal D,RO from 31 to 94% with an EDs, of
0.02mg/kg (CI 95%: 0.012-0.028). Doses of haloperidol
(=0.1 mg/kg, ie >5 times EDs) that exceeded ~80% D,RO
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showed CAT. Risperidone on the other hand showed a
D,RO of 26-91% in a dose range from 0.05 to 2mg/kg
with an EDs, of 0.14mg/kg (CI 95%: 0.12-0.16). CAT
was observed when occupancies exceeded ~80% D,RO
(>1mg/kg, ie >5 times EDs,). Aripiprazole showed a dose-
dependent D,RO of 15-90% when tested at a dose range
from 0.3 to 30 mg/kg with an EDs, of 0.7 mg/kg (CI 95%:
0.52-0.88). In the case of aripiprazole, CAT was not
observed even at a dose of 30 mg/kg (ie >50 times EDs)
that gave rise to occupancies of >85% (Figure 2).

In the case of 5-HT, receptors, haloperidol and risperidone
showed significant and dose-dependent in vivo receptor
occupancy, while aripiprazole showed very low 5-HT,RO
(Figure 1, Table 1). Haloperidol’s EDs, was 0.96 mg/kg (CI
95%: 0.44-1.48) when tested in a dose range of 0.05-5 mg/kg.
Risperidone’s EDs, value was determined to be 0.01 mg/kg
(CI 95%: 0.0002-0.012), when tested in a dose range of
0.005-0.5 mg/kg. Aripiprazole was tested over a dose range of
0.1-30 mg/kg and an EDs could not be determined as 5-HT,
receptor occupancies did not exceed 50%.

CAR Inhibition

All of the antipsychotics inhibited CAR in a dose-dependent
manner (Figure 3, Table 1). Haloperidol’s EDs, at 90 min
was 0.03 mg/kg (CI 95%: 0.01-0.05). Risperidone treatment
resulted in an EDsy (90 min) of 0.7 mg/kg (CI 95%: 0.5-1).
Aripiprazole’s EDsy (90min) was 12.6 mg/kg (CI 95%:
6-24). Haloperidol and risperidone were effective (EDs,
values) at doses producing >60% D,RO, while aripiprazole
on the other hand blocked CAR effectively only at doses that
led to >85% D,RO. All drug-treated animals returned to
their baseline 24 h after drug administration. There were no
escape failures throughout the trials.
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Relationship between drug dose and receptor occupancy (D, and 5-HT,) | h after single subcutaneous administration of haloperidol (n=5 for

each dose), risperidone (n=4 for the D,RO and n=>5 for the 5-HT,RO), and aripiprazole (n=5). The percentage occupancy values are expressed as
Mean+SD. The curves were generated using nonlinear regression equation representing a rectangular hyperbola (y=ax/(b+x)) using Sigma Plot®

software.

Table | Relationship between D,/5HT, Receptor Occupancy and Functional Antagonism Among Antipsychotics

D,RO 5-HT,RO CAR AIL Ratio Ratio
Drug EDso ED;O ED;O EDso CAR EDsolDzRo EDso CAR EDsoIAIL EDso
Haloperidol 002 096 003 0.04 1.5 075
Risperidone 0.14 0.01 0.7 0.38 5 1.8
Aripiprazole 0.7 n.d. 12.6 0.55 18 23

n.d., not determined.
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Figure 2 The figure shows percentage D,RO of individual animals | h after single subcutaneous administration of haloperidol (n=5 for each dose),
risperidone (n=4), and aripiprazole (n=15). Animals showing CAT are represented as filled symbols. Also, percentage of animals showing CAT among

those whose D,RO values exceeded 80% has been depicted.
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Figure 3 Effect of haloperidol (n=8), risperidone (n=10), and
aripiprazole (n=8) (mg/kg) on the performance of conditioned avoidance
response in rats 90min after single subcutaneous administration. The
animals served as their own controls using a within-subject design. Values of
percentage inhibition of avoidance are expressed as Mean+SEM. The
avoidance values were analyzed in an repeated measures analysis of
variance with dose (vehicle, three drug doses) as a within-subjects factor for
each drug separately. The sphericity assumption was met and the main
effect of dose was significant for all the three drugs (haloperidol
F (3,21)=19.52, P<00005 5} 074 risperidone F (3,27)=2136,
P<0.0005 #3 0.7; aripiprazole F (3,21)=29.11, P<0.0005, #? 0.8). Post
hoc comparisons were performed using the Bonferroni adjustment for
multiple comparisons and the level of significance indicated in the figure is
that with respect to vehicle treatment (**P < 0.05) and all statistical analysis
were carried out using SPSS® software.

Locomotor Activity

All three antipsychotic agents antagonized AIL (Figure 4,
Table 1). The EDs, values for haloperidol and risperidone
were 0.04 mg/kg (CI 95%: 0.02-0.06) and 0.38 mg/kg (CI
95%: 0.002-0.74), respectively. Haloperidol and risperidone
were effective (EDsq values) at doses that produced ~60%
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Figure 4 The effects of haloperidol (n=6), risperidone (n=6), and
aripiprazole (n=26) (mg/kg) on locomotor activity measured for |h
duration after amphetamine or saline administration and expressed as
Mean+SEM. The drugs were administered by a single subcutaneous
administration 30 min prior to amphetamine or saline administration.
**P<0.001, *P<0.005 One-way ANOVA F(12,69)=3238; post hoc
Dunnett (two-sided) with respect to amphetamine treatment using SPSS®™
software.

D,RO; the effective doses were in the same range as those
that produced impaired CAR (EDs, values). In the case of
aripiprazole, the EDs, obtained to inhibit AIL was 0.55 mg/
kg (0.19-0.91) (slightly lower than 50% D,RO), which is
several fold lower than that required to inhibit CAR. The
EDsy values for inhibition of spontaneous locomotor
activity was determined as 0.09 mg/kg (CI 95%: 0.03-0.15)
for haloperidol, 0.26 mg/kg (CI 95%: 0.23-0.29) for risper-
idone, and 0.4 mg/kg (CI 95%: 0.38-0.42) for aripiprazole.
The EDs, values for inhibiting spontaneous locomotor
activity for haloperidol and risperidone were ~70% D,RO,
while it was lower than 50% D,RO for aripiprazole.



FOS Induction

Induction of FOS was measured over different doses along
the D,RO curve in the nucleus accumbens (shell and core)
as well as the dorsolateral striatum (Figure 5). The results
clearly showed a dose-related increase in FOS induction in
the shell of nucleus accumbens for all three antipsychotics.
For haloperidol and risperidone, significant FOS induction
in the nucleus accumbens shell emerged when occupancies
exceeded 60% D,RO. The dose of aripiprazole 3 mg/kg,
which gave rise to 72% D,RO occupancy, did not produce a
discernable FOS signal in the nucleus accumbens shell. FOS
expression for aripiprazole in the accumbens shell became
observable only at occupancies exceeding 80% D,RO
(Figure 5). Doses of risperidone (1 and 5mg/kg) and
haloperidol (0.5 and 1 mg/kg) that have the propensity for
inducing CAT (D,RO>80%) clearly showed high levels of
FOS induction in the core region of nucleus accumbens
(greater than 40 counts in a 400 x 400 pm area) as well
as in the dorsolateral striatum (greater than 30 counts).
While there was a statistically significant increase in
FOS expression in the nucleus accumbens core as well
as dorsolateral striatum at higher doses of aripiprazole
(D,RO>80%), the extent of FOS expression did not
translate into motor side effects as evaluated by CAT
(Figure 5). This suggests that FOS expression exceeding 40
counts in the nucleus accumbens core region as well as 30
counts (in a 400 x 400 um area) in the dorsolateral striatum
may be a molecular marker of a threshold for the induction
of CAT wunder these conditions. Figure 6 shows the
differential expression of FOS in the dorsolateral striatum
for the three drugs.

Prolactin Levels

Haloperidol and risperidone showed dose-related prolactin
induction (Figure 7). In the haloperidol group, one rat in
the 0.05mg/kg treatment group was a significant outlier
(prolactin value of 140 ng/ml; Grubbs test Z=1.71, P<0.05)
and was excluded from the calculations and one sample in
the 1 mg/kg group was lost due to contamination. In the
case of aripiprazole, only at the dose of 10 mg/kg, a small
increase was obtained and the increase was not present at a
higher dose (30 mg/kg). In the case of risperidone, a dose of
0.05 mg/kg correlating to its central D,RO of 27%, induced
significant prolactin levels.

However, in the case of haloperidol, 27% D,RO correlated
to a dose of 0.008 mg/kg and extrapolating for prolactin
levels resulted in a value similar to the mean value of
vehicle-treated animals, while a dose of 0.05mg/kg (66%
D,RO) resulted in significant prolactin elevation. Aripipra-
zole did not show prolactin elevation at D,RO exceeding
80% (30 mg/kg). The results clearly dissociate the relation-
ship between central D,RO and prolactin elevation even
within the D, antagonist class of drugs (risperidone vs
haloperidol), while aripiprazole does not have the expected
antagonistic effect despite very high D,RO.

DISCUSSION

The clinical efficacy of aripiprazole, a partial agonist at the
dopamine D, receptor, has demonstrated that drugs other
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Figure 5 The effect of (a) haloperidol (n=4 for each dose), (b)
risperidone (n=4), and (c) aripiprazole (n=4) mg/kg on FOS expression in
the nucleus accumbens (shell and core) and dorsolateral striatum in rats. Rats
were killed 2h after drug administration and FOS-immunoreactive nuclei
counted within a 400 x 400 um grid in the specific brain regions are expressed
as Mean+SEM. #*P<0.005 One-way ANOVA F(13,50)=262; post hoc
Dunnett (two-sided) with respect to the pooled vehicle control of nucleus
accumbens (shell). "P<0.005 One-way ANOVA F(I3,50) = 23.28; post hoc
Dunnett (two—sided2 with respect to the pooled vehicle control of nucleus
accumbens (core). 'P<0.05 One-way ANOVA F(13,50)= 15.08; post hoc
Dunnett (two-sided) with respect to pooled vehicle treatment of dorsolateral
striatum. Al statistical analysis were performed using SPSS™ software.

than neutral antagonists or inverse agonists can act as
antipsychotics (Akam and Strange, 2004). With this clinical
breakthrough comes the opportunity to re-examine many of

Neuropsychopharmacology



@

In vivo occupancy and functional effects of aripiprazole
S Natesan et al

1860

FOS Immunocytochemistry
Region: Dorso-lateral CPU

Vehicle &

..

| Haloperidol 0.5 mg / kg .

Aripiprazole 30-mg/ kg

*

.Risperidone 1 mg / kg

‘Aripiprazole 100 mg / kg ,

‘Risperidone 5 mg / kg

Figure 6 Effects of acute treatment with haloperidol, risperidone, and aripiprazole on FOS induction in the dorsolateral striatum in rats. Asterisks indicate
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with respect to the pooled vehicle control using SPSS™ software.

the tenets associated with previous antipsychotics, a major
one being the relationship between D,RO and different
aspects of efficacy and side effects. The results of this study
clearly demonstrate that aripiprazole shows a different
relationship between D,RO and functional antagonism in
animal models of CAR, AIL, spontaneous locomotion, CAT,
and FOS induction as compared to typical and atypical D,
antagonist antipsychotics. We discuss the implications
below.

It is commonly observed that motor side effects become
prominent in patients when the dopamine D, receptor
blockade exceeds 80% (Farde et al, 1988; Kapur et al,
2000b). CAT is a valid model of these motor side effects and
its expression is usually associated with >80% blockade of
the dopamine D, receptors (Wadenberg et al, 2001b). In the
present study, both haloperidol and risperidone gave rise to
CAT, while aripiprazole did not. In the animals tested with
aripiprazole, D,RO exceeded 80% in 13 out of 25 animals

Neuropsychopharmacology

and there was no evidence of CAT (Figure 2). These results
concur with a study in normal volunteers where no
functional impact of D, blockade was observed on motor
function despite occupancies exceeding 80% D,RO (Yokoi
et al, 2002). Aripiprazole’s characterization as a partial
agonist could explain these findings. If one assumes its
functional in vivo intrinsic efficacy as an agonist to be
slightly greater than 20%, then 100% D,RO would lead to
less than 80% functional antagonism of dopamine transmis-
sion. This could prevent the emergence of CAT despite a
high level of D,RO (> 80%).

Inhibition of CAR is another test that shows very high
mechanistic, construct, and predictive validity for anti-
psychotic efficacy (Wadenberg and Hicks, 1999). Haloper-
idol and risperidone were effective at doses producing
>60% D,RO, while aripiprazole was effective at doses that
gave rise to occupancies of >85%. This finding replicates
the dissociation observed in clinical studies; while haloper-



idol and risperidone are clinically active from ~60% D,RO,
aripiprazole is effective only at doses >85% D,RO (Farde
et al, 1992; Kapur et al, 1995; Kapur et al, 1996; Kane et al,
2002; Yokoi et al, 2002; Marder et al, 2003). This finding can
also be understood using the same assumption of functional
in vivo intrinsic efficacy of aripiprazole as a partial agonist
made earlier to explain lack of motor side effects. Data from
haloperidol and risperidone suggest that one requires
blockade of >60% dopamine transmission to obtain
inhibition of CAR. Aripiprazole as a partial agonist,
assuming >20% intrinsic efficacy as an agonist, would
increase the threshold for CAR inhibition above 60 plus
20% occupancy of D, receptors, and this seems to be the
case.

The data from AIL and CAR models provide further
evidence for a divergent relationship between occupancy
and functional antagonism with aripiprazole. AIL activity
represents a model for hyperdopaminergia and this
model has been often used to predict antipsychotic efficacy
(Arnt et al, 1997). Under the standard use of this paradigm,
amphetamine releases dopamine and antipsychotics
exert their effects in this model by competing for
postsynaptic dopamine D, receptors in the mesolimbic
striatum (Pijnenburg et al, 1975). Both haloperidol and
risperidone were effective in this model in reducing the
effects of amphetamine (by 50%) at doses that gave rise to
D,RO of ~60%. Aripiprazole was equally effective at doses,
if anything gave rise to a slightly lower level of D,
occupancy of ~50%.

When seen from the perspective of its D,RO, aripiprazole
shows antagonism of AIL at roughly equal levels of
occupancy as that of haloperidol and risperidone, but
requires a 23-fold higher dose (and occupancy) to block
CAR (Table 1). An explanation for this dissociation could be
attributed to the presence or absence of receptor reserves
for dopamine-mediated actions in some behavioral/
functional attributes that have been reporter earlier (Meller
et al, 1989; Cox and Waszczak, 1990; Enz et al, 1990;
Meller et al, 1991). It has been demonstrated in in vitro
systems that agonistic efficacy of aripiprazole, relative
to that of dopamine, varied from 25% in cells that lacked
spare receptors for dopamine to 90% in cells with receptor
reserve (Burris et al, 2002). So, in the presence of spare
receptors, the agonist efficacy of a partial agonist increases
relative to systems/behaviors having sparse spare receptors.
So in the case of AIL, a pharmacological condition resulting
from supranormal stimulation of dopamine D, receptors,
little or no receptor reserve may be present. Under
these conditions, a partial agonist with weak intrinsic
activity may look similar to a neutral antagonist. Whereas in
CAR, unlike the AIL model, there is no supranormal
stimulation. The existing receptor reserve would lead to
aripiprazole expressing its agonist action and thereby
necessitating a higher level of D,RO to block dopamine
transmission.

To understand the emerging dissociation between occu-
pancy and functional antagonism of aripiprazole at the
molecular level, the ability of antipsychotics to induce FOS
protein, a product of immediate-early genes in response to
acute antipsychotic administration, was examined. It has
been shown that all effective antipsychotics induce FOS in
nucleus accumbens shell, while FOS induction in the core
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region of the nucleus accumbens as well as dorsolateral
striatum is an indicator of EPS liability (Deutch et al, 1992;
Dragunow et al, 1990; Oka et al, 2004; Robertson et al, 1994;
Robertson and Fibiger, 1996). All three antipsychotics in
our study induced FOS in the shell of the nucleus
accumbens. Haloperidol and risperidone increased FOS
expression (>20 counts in a 400 x 400 pm area) in the
nucleus accumbens shell at doses that were in the CAR
effective dose range (>60% D,RO). For aripiprazole, the
doses needed to induce equivalent FOS increases (ie >20
counts) required D,RO in excess of 80%. With respect to the
nucleus accumbens core (>40 counts) and the dorsolateral
striatum (>30 counts), there seems to be a distinct
threshold beyond which CAT is observed and it corre-
sponds to doses of haloperidol and risperidone that result in
>80% D,RO (Figure 5). Aripiprazole’s FOS counts in the
nucleus accumbens core and the dorsolateral striatum did
not exceed these threshold levels even at doses that resulted
in very high striatal D,RO. Since FOS induction is a
functional marker of postsynaptic D, antagonism, these
findings confirm the dissociation between occupancy and
antagonism at a postsynaptic level.

In the past, both motor side effects and prolactin
elevation have been related to D, receptor blockade, but
the mechanism behind these functions differ significantly.
While EPS is related to functional blockade of the striatal D,
receptors, prolactin secretion is understood to be related to
D, receptor antagonism mainly at the anterior pituitary,
where dopamine exerts a tonically inhibitory effect. A 250%
increase in prolactin levels from baseline for risperidone
corresponds to 27% D,RO, while for haloperidol it
corresponds to a D,RO of 80%. Aripiprazole showed no
(with exception of one intermediate dose) propensity for
prolactin elevation. The intermediate dose at which an
elevation was observed could reflect the biphasic nature of
aripiprazole in this system or just an aberration in
measurement. Thus two dissociations emerge. First, risper-
idone gives rise to higher prolactin at lower D,ROs
compared to haloperidol. The other dissociation is that
aripiprazole does not give rise to prolactin elevation despite
very high D,RO. The first one probably is an issue of drugs
or their active metabolites poorly crossing the blood-brain
barrier, such that there is a preferential occupancy of
peripheral (pituitary) vs central D, receptors (Kapur et al,
2002). In the case of aripiprazole, it is most likely its partial
agonist effect (Inoue et al, 1996).

5-HT, receptors have been implicated in the potentiation
of antipsychotic effect in CAR (Wadenberg et al, 1998,
2001a) and could have influenced our findings with respect
to aripiprazole. However, in the present study, aripiprazole
did not seem to occupy 5-HT, receptors in a significant
manner to influence antipsychotic behavior. This was
somewhat surprising given aripiprazole’s 5-HT, in vitro
affinity (Shapiro et al, 2003). For haloperidol and risper-
idone, 5-HT, receptor occupancy followed very orderly
within-experiment dose-occupancy relationships and were
consistent with previously reported values by others (Zhang
and Bymaster, 1999). This makes its unlikely that our failure
to observe 5-HT, occupancy is a methodological or
technical effect, and questions whether 5-HT, receptors in
this species makes a major contribution to the pharmaco-
logical effects of aripiprazole in CAR and CAT models on
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acute administration. Our findings with respect to aripi-
prazole’s 5-HT, receptor occupancy are also supported by
the fact that in an in vivo model of 5-HT, antagonism
(MDMT-induced head twitches in mice), aripiprazole
exhibited weak inhibition at comparable doses (Hirose
et al, 2004). The divergence between in vitro vs in vivo D,/5-
HT, ratios could be often explained by the presence of
active metabolites which in turn have different receptor
affinity profiles. DM-1451, a major metabolite found in
rodents as well as in humans, has comparable affinity to the
D, receptors as that of aripiprazole; however, its affinity at
the 5-HT, site is not known (Lawler et al, 1999). If it were
the case that this, or some other metabolite, had a different
profile of 5-HT,/D, affinity than the parent compound, it
could explain the results. Aripiprazole also has moderately
high affinity for the 5-HT;, receptor (Jordan et al, 2002)
and this could have influenced the induction of CAT or
inhibition of CAR in rodents (Wadenberg et al, 1994;
Andersen and Kilpatrick, 1996). However, in a recent study,
pretreatment with the 5-HT,;, selective antagonist WAY
100635 did not precipitate CAT in aripiprazole-treated rats
(at comparable doses with the present study), unlike other
D, antagonists (ziprasidone) or partial agonists (SLV313,
bifeprunox, and sarizotan) that also have 5-HT;, receptor
affinity (Kleven et al, 2005). The role played by 5-HT,/5-
HT, 5 receptors in aripiprazole’s clinical actions will have to
await data in humans for a final conclusion.

This study replicates two aspects of aripiprazole that are
suggested by clinical data, a very high level of D,RO
required for response (> 80% vs the usual of >60%) and no
EPS despite high occupancy. Our data and the clinical
findings are consistent with aripiprazole’s expression of
partial D, agonistic activity. This would explain the absence
of CAT or FOS induction in the dorsolateral striatum for
aripiprazole, despite high D,RO, as some D, transmission is
maintained. Also, partial agonism explains why relatively
high D,RO is needed for suppression of CAR and
expression of FOS in the nucleus accumbens. It also
explains the need for very divergent doses between
antagonizing AIL and CAR. Beyond illuminating the
mechanism of aripiprazole, the study underscores how
occupancy-function relationships obtained with antagonists
would not translate to partial agonists. This is a particularly
relevant finding as a number of new D, partial agonists have
clinically failed in the past (Tamminga, 2002) and a number
of new ones are in development (Hertel et al, 2005). Thus
while measuring occupancy is still going to be a very
relevant construct, one cannot borrow the occupancy-
function correlation of previously known antagonists. The
present data allows us to hypothesize that the occupancy-
functional antagonism relationship of partial D, agonists
will be a function of their degree of intrinsic efficacy—a
hypothesis we are now in the process of testing.
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