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Abstract
A potent 5-hydroxytryptamine (5-HT)2A receptor inverse agonist and antagonist, ACP-103 [N-(4-
fluorophenylmethyl)-N-(1-methylpiperidin-4-yl)-N'-(4-(2-methylpropyloxy)phenylmethyl)
carbamide (2R,3R)-dihydroxybutanedioate (2:1, active:salt)], was evaluated for its ability to reduce
the primary motor symptom of tremor using tacrine-induced tremulous jaw movements in rats, which
is an animal model of parkinsonian tremor. Furthermore, ACP-103 was evaluated for its ability to
reduce levodopa-induced dyskinesias in monkeys rendered parkinsonian with MPTP [1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine]. ACP-103 reduced tacrine-induced tremulous jaw movements in
rats. In addition, ACP-103 administered in combination with levodopa caused a dose-related
reduction in dyskinesias in monkeys. These data suggest that ACP-103 may have the potential to
reduce tremor and levodopa-induced dyskinesias in Parkinson's disease.
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1. Introduction
Parkinson's disease results from a loss of dopaminergic neurons in the substantia nigra pars
compacta, and is characterized by a core set of neurological symptoms including tremor,
bradykinesia, rigidity, and balance or posture disturbances (Obeso et al., 2000; Olanow and
Koller, 1998). In addition to the primary motor disturbances, a significant percentage of
Parkinson's disease patients can develop the disabling side effect of dyskinesias in response to
chronic levodopa treatment (Brotchie, 2005; Jankovic, 2005). Intermittent, rather than
continuous, exposure to levodopa is thought to mediate alterations in the motor response, such
as wearing-off, on–off fluctuations, and involuntary movements (Chase and Oh, 2000).
Activation of the medium spiny neurons in the dorsolateral striatum that project to the
substantia nigra pars reticulata results in disinhibition of thalamocortical neurons and increased
motor activity (Borgkvist and Fisone, 2007; Obeso et al., 2000; Olanow and Koller,1998).
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Overactivity of this “direct” striatal pathway may contribute to the expression of dyskinesias
(Brotchie, 2005; Carta et al., 2005; Henry et al., 2003).

Serotonin (5-hyrdoxytryptamine; 5-HT) 5-HT2A receptors are localized in the lateral caudate–
putamen nucleus, suggesting a major role for 5-HT2A receptors in motor function (Rodriguez
et al., 1999). Interestingly, blockade of 5-HT2 family receptors, including 5-HT2A receptors,
has been shown to affect motor functions related to parkinsonism. The 5-HT2A/C receptor
antagonist mianserin was shown to be effective in reducing parkinsonian symptoms in
haloperidol-induced monkeys (Korsgaard and Friis, 1986), and in human parkinsonian patients
(Ikeguchi and Kuroda 1995). Ritanserin, another 5-HT2A receptor antagonist, improved motor
function in patients with tremor-dominant Parkinson's disease (Auff et al., 1987). The atypical
antipsychotic clozapine, which is known to bind to 5-HT2A receptors and act as an antagonist/
inverse agonist (Richelson and Souder, 2000; Weiner et al., 2001), was shown to be effective
at ameliorating tremor and other motor dysfunctions in patients with idiopathic Parkinson's
disease (Pakkenberg and Pakkenberg, 1986; Bernardi and Del Zompo, 1990; Fisher et al.,
1990; Friedman and Lannon, 1990; Arevalo and Gershanik, 1993; see review by Factor and
Friedman, 1997). Ritanserin (Meco et al., 1988) and low dose clozapine (Durif et al., 2004;
Pierelli et al., 1998) also reduced dyskinesias in patients with Parkinson's disease.

Levodopa-induced dyskinesias in MPTP-treated monkeys are a widely used animal model for
levodopa-induced dyskinesias in humans (Jenner, 2003). The atypical antipsychotics with
potent 5-HT2A receptor antagonism and inverse agonism (i.e., quetiapine and clozapine) have
been shown to reduce levodopa-induced dyskinesias in this model (Baron and Dalton, 2003;
Durif et al., 2004; Oh et al., 2002; Weiner et al., 2001). Tacrine-induced tremulous jaw
movements in rats can be used as an experimental model of parkinsonian tremor (Cousins et
al., 1997; Mayorga et al., 1997; Salamone et al., 1998,Salamone et al., 2005). The jaw
movements induced by the cholinesterase inhibitor are in the same 3–7 Hz frequency range as
the resting tremor common in Parkinson's disease (Mayorga et al., 1997; Cousins et al.,
1999). Tremulous jaw movements have been used as a rodent model for assessing
antiparkinsonian drugs with various pharmacological profiles, including dopamine agonists,
muscarinic antagonists, and adenosine A2A antagonists (Cousins et al., 1997; Correa et al.,
2004; Salamone et al.,1998,2005; Simola et al., 2004; Betz et al., 2007; Salamone et al.,
2008). Several studies have shown that serotonergic mechanisms are involved in the regulation
of tremulous jaw movements. 5-HT1A agonists have been shown to suppress tacrine-induced
tremulous jaw movements (Zazpe et al., 2006). Atypical antipsychotics that act on 5-HT
receptors, including clozapine, olanzapine and quetiapine, have all been reported to block
tremulous jaw movements induced by pilocarpine, physostigmine or tacrine (Chesler and
Salamone, 1996; Stewart et al., 1988; Trevitt et al., 1997,Trevitt et al., 1999; Betz et al.,
2005; Zazpe et al., 2006). Similarly, several 5-HT2 receptor family antagonists, including
seganserin, ritanserin and ketanserin, have been reported to decrease haloperidol-induced
vacuous chewing in rats (Naidu and Kulkarni, 2001).Systemic and intracranial injections of
the 5-HT2 receptor antagonist mianserin also were shown to reduce tacrine-induced tremulous
jaw movements (Carlson et al., 2003). Taken together, these data suggest that tacrine-induced
tremulous jaw movements are an appropriate animal model for the assessment of parkinsonian
tremor, and that this model is sensitive to pharmacological manipulation, including sensitivity
to 5-HT2 receptor family antagonism.

ACP-103 [N-(4-fluorophenylmethyl)-N-(1-methylpiperidin-4-yl)-N'-(4-(2-methylpropyloxy)
phenylmethyl)carbamide (2R,3R)-dihydroxybutanedioate (2:1)] is a potent 5-HT2A receptor
inverse agonist that can antagonize serotonin agonists at 5-HT2A receptors (Vanover et al.,
2006). Moreover, ACP-103 is highly selective for 5-HT2A receptors, lacking affinity for other
receptors in a broad profile screen including 65 different molecular targets; the only other
receptor for which ACP-103 demonstrates affinity is 5-HT2C, and ACP-103 is approximately
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30-fold selective for 5-HT2A receptors over 5-HT2C receptors depending on the assay (Vanover
et al., 2006). ACP-103 is being developed as a therapy for treatment-induced dysfunction in
Parkinson's disease and other neuropsychiatric disorders. The purpose of the present study was
to evaluate whether ACP-103 might improve tremor and levodopa-induced dyskinesias in
animal models.

2. Methods
2.1. Subjects

All experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals. Male Sprague–Dawley rats (Harlan Sprague Dawley, Indianapolis, Ind.,
USA; n=11) were used in the tremulous jaw movement (TJM) experiments. The rats weighed
290–350 g at the beginning of the experiment, and had ad libitum access to water and standard
lab chow. All rats were group housed in a colony maintained at approximately 23 °C, with a
12-h light/dark cycle. Five cynomolgus monkeys weighing between 3.5 and 7.5kg were used
for the dyskinesia experiment. These monkeys were housed individually, under stable room
conditions, with a 12-h light/dark cycle. All were fed a standard biscuit diet twice daily
supplemented with fruit and had ad libitum access to water.

2.2. Procedures
Observations of tremulous jaw movements in rats were made in a 27×17.5×17 cm clear
Plexiglas chamber with a wire mesh floor. Tremulous jaw movements were defined as rapid
vertical deflections of the lower jaw that resembled chewing but were not directed at any
particular stimulus (Salamone et al., 1998). Each individual deflection of the jaw was recorded
using a mechanical hand counter. Jaw movements were recorded by an observer who was
unaware of the experimental treatment conditions, and the observer was trained to demonstrate
inter-rater reliability with a second observer over a number of pilot test sessions (r=0.92;
P<0.05). To induce tremulous jaw movements, each rat received an i.p. injection of 5.0 mg/
kg of the anticholinesterase tacrine 10 min before testing. Rats were placed in the observation
chamber immediately after tacrine injection for a 10-min habituation period. The rats
subsequently were observed for tremulous jaw movements during a 5-min session. The effects
of ACP-103 (5.0–40.0 mg/kg, i.p., 20 min before tacrine; n = 11) on tacrine-induced tremulous
jaw movements were evaluated. Rats were tested once a week for 5 weeks, during the light
phase of the light/dark cycle. Over the course of the experiment, each rat received all treatments
in a randomly varied order. Consistent with earlier studies, vehicle levels of tremulous jaw
movement activity were consistent across the repeated weeks of the study.

For the dyskinesia experiment, each monkey was injected subcutaneously with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) once a week at a dose of 0.5–1 mg/kg until definite
parkinsonian features, including tremor, appeared (scores of 4–5 points on a Disability Scale
where the normal state extends from 0–2 points and maximum disability is 10 points) (Bibbiani
et al., 2001). The Disability Scale included observational assessments of posture, mobility,
climbing, gait, eating, social interactions, grooming, and tremor. Due to individual variability
in response, the average cumulative MPTP dose was calculated. The average cumulative MPTP
dose was 4.1 mg/kg (range 2.0–8.35) to induce parkinsonism. Following observation for two
additional months to ensure stable disability, monkeys that had equal parkinsonian severity
(disability score of 4.5 points) were selected for study.

Monkeys were treated with subcutaneous doses of levodopa until discernable dyskinesias
appeared; subsequently, a “dyskinetic” dose of levodopa was individually determined for each
animal (mean dose 22.6 mg/kg; range 17.1 mg/kg–29 mg/kg) and administered three times a
week to maintain dyskinesias. Levodopa was dissolved in saline together with the peripheral
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decarboxylase inhibitor benser-azide at a dose of 15 mg/kg (mean total dose 75.6 mg; range
48 mg–112.5). On test days, monkeys were transferred to an observation room and allowed to
habituate to their environment before testing. ACP-103 (0.6–1.8 mg/kg, s.c.) or vehicle was
administered to the monkeys and both the severity of dyskinesias and the parkinsonian
symptoms were scored using the Laval scales for motor disability and involuntary movements
(Bibbiani et al., 2001). Observations began immediately after injection of ACP-103 and
continued for 3 h or until there was a return to baseline dyskinesia scores. Doses of ACP-103
were administered to different monkeys in a mixed, pseudo-random order. Testing with
ACP-103 occurred no more than twice weekly with at least 3 days between tests. Monkeys
were only tested with ACP-103 when their levels of dyskinesias had returned to baseline levels.

2.3. Drugs
ACP-103 was synthesized by ACADIA Pharmaceuticals. For the tremor experiment, ACP-103
was dissolved in a mixture of 9:1 mixture of 0.9% saline and 10% Tween 80 (Fisher Scientific;
Hampton, NH), and this solution also served as the vehicle control. Tacrine (Sigma-Aldrich;
St. Louis, MO) was dissolved in 0.9% saline. For the dyskinesia experiment, ACP-103 was
dissolved in 0.9% saline,1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) HCl
(Research Biochemicals Intl.; Natick, MA) and levodopa (Sigma-Aldrich; St. Louis, MO) were
dissolved in 0.9% saline.

2.4. Data analysis
TJM data (i.e., total number of movements in the 5-min session) and dyskinesia data (i.e.,
severity score) were analyzed using repeated-measures analysis of variance (ANOVA), with
dose as the repeated measure. Planned comparisons using the overall error term from the
ANOVA were used to assess the differences between each combined drug condition versus
the tacrine plus vehicle control condition, keeping the total number of comparisons to the
number of conditions minus one (Keppel, 1991).

3. Results
3.1. Tremulous jaw movements in rats

As shown in Fig. 1, systemic injections of ACP-103 produced a significant overall reduction
of tacrine-induced tremulous jaw movements [n=11; F(4,40)=7.16, P<0.01; see Fig. 1].
Planned comparisons showed that the 20.0 and 40.0 mg/kg doses of ACP-103 co-administered
with tacrine significantly reduced tremulous jaw movements relative to the tacrine plus vehicle
control condition (20.0 mg/kg, F(1,40)=8.38, P<0.05; 40.0 mg/kg, F(1,40)=13.4, P<0.05).

3.2. Dyskinesia in monkeys
ACP-103 was administered alone and in combination with a dyskinetic dose of levodopa. In
combination with levodopa, ACP-103 caused a dose-related reduction in dyskinesias [F(3,19)
=14.50, P=0.0003; Fig. 2]. The low dose of ACP-103 (0.6 mg/kg) reduced levodopa-induced
dyskinesias by 12%, the intermediate dose (1.2 mg/kg) by 26% and the high dose (1.8 mg/kg)
by 36%. Doses of 1.2 and 1.8 mg/kg were statistically different from vehicle (P<0.01).
ACP-103 did not show any side effects, such as somnolence, ataxia, changes in demeanor, or
other overt behavioral signs at the selected doses. When given alone, no effect (less than a 2-
point average change on the Disability Scale) was noted on the parkinsonian symptoms as
assessed by total score on the Disability Scale assessing posture, mobility, climbing, gait,
eating, social interactions, grooming and tremor. When administered in combination of
levodopa, ACP-103 did not affect the antiparkinsonian response; ACP-103 caused less than a
2-point average change in levodopa-induced reduction in parkinsonian symptoms. Anything
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less than a 2-point change in the total Disability score is not considered clinically meaningful
(Bibbiani et al., 2001).

4. Discussion
The 5-HT2A receptor inverse agonist/antagonist ACP-103 reduced tacrine-induced tremulous
jaw movements in rats. This finding is consistent with previous studies showing that other
drugs that act as 5-HT2A receptor inverse agonist/antagonists, including clozapine, olanza-
pine, quetiapine and mianserin, also could reduce tacrine-induced tremulous jaw movements
(Chesler and Salamone, 1996; Trevitt et al., 1997,Trevitt et al., 1999; Carlson et al., 2003).
These data suggest that 5-HT2A receptor inverse agonists and antagonists may have potential
for reducing resting tremor, a common motor symptom in Parkinson's disease. ACP-103
reduced levodopa-induced dyskinesias in MPTP-treated monkeys, consistent with an anti-
dyskinetic efficacy in Parkinson's disease. It should be noted that a lack of effect on tremor
was observed in the primates. However, baseline levels of tremor were not optimized in
primates to be able to measure pharmacological change in this experiment, and the overall
Disability Scale included only a crude observational assessment of tremor as present or absent
in the context of 8 different disability features being measured. Additional experiments are
warranted to determine if ACP-103 reduces tremor in primates as is suggested by the rodent
tremulous jaw model.

ACP-103 exhibits effects similar to antipsychotic drugs in rodent models at lower doses
(Vanover et al., 2006) than those shown to have an anti-tremor effect in the present study. It
is unclear whether ACP-103 is more potent in producing effects similar to antipsychotic drugs
than in reducing tremor, or if the differing experimental conditions across these studies make
it difficult to permit direct potency comparisons. One hypothesis is that underlying
dopaminergic tone may influence potency of 5-HT2A receptor pharmacological manipulations
and the different experimental conditions may involve different levels of underlying
dopaminergic tone. Interestingly, Bishop et al. (2004) suggested that 5-HT2A receptor mediated
signaling in the striatum is stronger under conditions of dopamine depletion. Therefore,
dopaminergic tone may have influenced the potency of ACP-103 across experimental
conditions. If this is true across species, ACP-103 may exhibit different potencies in patients
with Parkinson's disease than in patients with other disorders, such as schizophrenia. On the
other hand, other differences in experimental conditions may explain differences in behavioral
potencies. For example, route of administration, pretreatment times, vehicles used for dilutions,
species and strain of animals, and housing conditions can influence behavioral results. In the
present experiment with the primates, the individually titrated levodopa doses may have been
more sensitive to pharmacological manipulation than other animal models that use a consistent
high dose that might require a higher dose to overcome. Lastly, ACP-103 is highly selective
for 5-HT2A receptors at low doses, but interactions at 5-HT2C receptors at high doses cannot
be excluded. Therefore, some behavioral effects that require higher doses of ACP-103 may
require some 5-HT2C receptor antagonism.

Striatal medium spiny neurons are thought to contribute to the pathogenesis of parkinsonism
and levodopa-induced dyskinesias (Chase and Oh, 2000). It has been shown that agonist action
at the pre-synaptic 5-HT1A autoreceptors can attenuate levodopa-stimulated dopaminergic
neurotransmission in the striatum (Kannari et al., 2001) and reduce dyskinesias in animal
models (Bibbiani et al., 2001) and in patients with Parkinson's disease (Bara-Jimenez et al.,
2005). The 5-HT1A receptor agonist, 8-OH-DPAT, has been reported to decrease haloperidol-
induced motoric behavioral effects such as tongue thrusts and head shakes in rats (Naidu and
Kulkarni, 2001). 5-HT1A receptors and 5-HT2A receptors can be highly co-localized and appear
to function in opposite directions, such that a post-synaptic 5-HT2A receptor antagonist can
have neurochemical and behavioral effects similar to pre-synaptic 5-HT1A receptor agonists
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(Amargós-Bosch et al., 2004; Fink and Göthert, 2007). Thus, it is reasonable to suggest that
post-synaptic or heterosynaptic antagonism of 5-HT2A receptors in the striatum may mediate
the reduction of dyskinesias by ACP-103. Consistent with this hypothesis, ACP-103 has been
shown to antagonize 5-HT2A receptor agonist induced behaviors, consistent with a post-
synaptic 5-HT2A receptor antagonist effect in vivo (Vanover et al., 2006).

Tremulous jaw movements (Salamone et al., 1998) and rhythmic motor output such as tremor
in Parkinson's disease (Buzsaki et al., 1990) are dependent upon striatal mechanisms, and also
upon substantia nigra pars reticulata, which is a critical basal ganglia output area. The rank
order binding potency of antipsychotics for blocking tremulous jaw movements (i.e.,
risperidone, olanzapine, clozapine, quetiapine, thioridazine; Trevitt et al., 1997,Trevitt et al.,
1999; Betz et al., 2005) is consistent with the rank order of affinity of these drugs for binding
to 5-HT2A receptors (Richelson and Souder, 2000; Seeman et al., 1997; Weiner et al., 2001),
suggesting that 5-HT2A receptors mediate this behavioral effect. This observation is consistent
with the present data showing that ACP-103 could suppress tacrine-induced tremulous jaw
movements. Furthermore, there is additional evidence for a role of serotonin in tremor; the 5-
HT2 receptor antagonist mianserin injected directly into the substantia nigra pars reticulata,
but not into the ventrolateral striatum, blocked tremulous jaw movements in rats (Carlson et
al., 2003). Given the high expression of 5-HT2A receptors in the dorsolateral caudate–putamen
and substantia nigra pars reticulata (Bubser et al., 2001; Cornea-Hebert et al., 1999; Dwivedi
and Pandey, 1998; Hamada et al., 1998; Rodriguez et al., 1999) and the role that these areas
play in mediating levodopa-induced dyskinesias (Brotchie, 2005) and cholinomimetic-
stimulated tremor (Carlson et al., 2003), it is possible that the anti-tremor and anti-dyskinetic
effects of ACP-103 involve actions upon one or both of these structures.
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Fig. 1.
Anti-tremor effect of ACP-103. The number of tremulous jaw movements is shown as a
function of ACP-103 dose in combination with tacrine. Mean (±SEM) number of tremulous
jaw movements (n =11) is shown. Statistical difference from tacrine alone (P<0.05) is indicated
by asterisks.
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Fig. 2.
Anti-dyskinetic effect of ACP-103. Dyskinesia severity score is shown as a function of
ACP-103 dose in combination with levodopa in MPTP-treated monkeys. The means and
standard errors of the means for each group (n=5) are shown. Statistical difference from vehicle
(P<0.01) is indicated by asterisks.
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