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Abstract

Several lines of evidence demonstrate that the striatal enkephalinergic system may be involved in
the development of LIDs. Preproenkephalin-B (PPE-B) transcript levels are elevated with L1Ds and
there are also declines in k- and other opioid receptors in different regions of the basal ganglia. If
reduced k-opioid receptors are linked to LIDs, it is possible that drugs that stimulate this subtype
may decrease dyskinesias. We therefore initiated experiments to investigate the effect of x-opioid
receptor activation on LIDs. We first tested the selective k-agonist U50,488 in rats with unilateral
lesions of the nigrostriatal pathway. Chronic L-dopa treatment induced abnormal involuntary
movements, including axial, orolingual and forelimb dyskinesias contralateral to the lesion. U50,488
administration prior to L-dopa treatment reduced these movements by 70%, suggesting that U50,488
has potential as an anti-dyskinetic treatment. We next tested its effect in a parkinsonian nonhuman
primate model, which offers the advantage that parkinsonism and LI1Ds can clearly be differentiated
and that the dyskinesias are similar to those in parkinsonian patients. 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-lesioned monkeys were treated with L-dopa (5 mg/kg, p.o.) twice daily
for 3 weeks to induce dyskinesias. As in the rodent model, U50,488 (0.1-1.0 mg/kg, i.m.) decreased
LIDs in a dose-dependent fashion. However the anti-parkinsonian effect of L-dopa was similarly
reduced, and side effects developed, including sedation and vomiting. These data suggest that «-
opioid agonists such as U50,488 may not be clinically useful antidyskinetic agents because they also
reverse the anti-parkinsonian effect of L-dopa.
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Introduction

The pathophysiology of L-dopa-induced dyskinesias (LIDs) is still unclear most likely because
multiple neurotransmitter systems are involved in their etiology (Bezard et al.,
2001,Linazasoro, 2005). This includes the opioid system, which is widespread throughout the
basal ganglia. Extensive studies have shown that the enkephalinergic system is altered both
with nigrostriatal damage and subsequent treatments to alleviate the functional consequences
of dopaminergic denervation, such as L-dopa administration. For instance, nigrostriatal
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degeneration increases preproenkephalin-A (PPE-A) mRNA levels in the indirect pathway,
that is, striatal neurons projecting to the external globus pallidus; this contrasts with effects on
PPE-B mRNA levels that are decreased in striatal outputs to the internal globus pallidus, or
the direct pathway (Morissette et al., 1997,Cenci et al., 1998,Duty et al., 1998,Henry et al.,
1999,Quik et al., 2002, Tel et al., 2002,Henry et al., 2003,Aubert et al., 2006). LIDs, on the
other hand, are linked to increases in PPE-B transcript levels, while changes in PPE-A do not
correlate well with the development of dyskinesias (Cenci et al., 1998,Duty et al., 1998,Henry
et al., 1999,Quik et al., 2002, Tel et al., 2002,Henry et al., 2003,Aubert et al., 2006).

The products of PPE expression, that is, endogenous opioid compounds such as the enkephalin
pentapeptides and dynorphin, exert their effects by interacting with opioid receptors of which
there are three primary subtypes, p-, 3- and k-opioid receptors (Gouarderes et al., 1993,Meng
et al., 1993,Kaneko et al., 1995,Satoh and Minami, 1995). These receptors are present
throughout the basal ganglia and are modulated both by nigrostriatal damage and L-dopa
treatments in various basal ganglia regions (Johansson et al., 2001,Aubert et al., 2006), with a
decline in k- and/or p-opioid receptor binding in different basal ganglia regions with LIDs
(Johanssonetal., 2001,Aubertetal., 2006). The lower receptor levels may indicate that function
is not optimal at these opioid receptor subtypes, and that their stimulation may lead to a
reduction in LIDs. Indeed, studies in rodents showed that the U50,488 modulates L-dopa-
induced motor alterations in parkinsonian rats, suggesting that k-opioid agonists might be of
clinical benefit in Parkinson’s disease (Marin et al., 2003).

The objective of this study was to extend these studies and determine the effectiveness of a
select k-opioid agonist U50,488 on LIDs in parkinsonian primates. This model offers the
advantage that L-dopa-induced effects on parkinsonism and dyskinesias are easily
recognizable, with behavioral features closely resembling those in Parkinson’s disease patients.

Rodent Studies

Nigrostriatal lesioning and drug treatments—Male Sprague-Dawley rats (200 — 250
g) were purchased from Charles River Laboratories, Wilmington, MA, USA. After 1 — 2 weeks
acclimatization, they were anesthetized with pentobarbital (50 mg/kg, i.p.) and placed in a
stereotaxic apparatus (David Kopf Instruments, Tujunga, California, USA). They were then
lesioned with 6-hydroxydopamine (Sigma, St. Louis, MO, USA) at two sites within the right
ascending dopamine fiber bundle, as described (Cenci et al., 1998), at the following coordinates
relative to the Bregma and the dural surface: (i) anteroposterior —4.4; lateral, +1.2; ventral,
—7.8; tooth bar at —2.4 and (ii) anteroposterior —4.0; lateral, +0.75; ventral, —8.0; tooth bar at
+3.4 (Paxinos and Watson, 1986). A 10 ul Hamilton syringe was used to inject 3 pl of 6-
hydroxydopamine (2 pg/ul) slowly into each target site. All procedures conformed to the
National Institute of Health’s Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee.

Two weeks later, rotational behavior was tested following apomorphine (0.5 mg/kg, s.c.) inan
automated behavioral measurement apparatus (ROTOMAX, AccuScan Instruments Inc.
Columbus, Ohio, USA) (Cenci et al., 1998). Rats with >100 contralateral turns within 1 h were
used for further experiments. Six weeks post-lesioning, L-dopa was administered daily (i.p.)
for 21 days (6 mg/kg L-dopa methyl ester hydrochloride with 12 mg/kg benserazide
hydrochloride, Sigma), and dyskinetic-like movements were rated using an established rodent
AlMs scale (Cenci et al., 1998).

Rats (n = 4) were injected i.p. with L-dopa/benserazide at a dose of 6 to 8 mg/kg L-dopa/12
(to 16) mg/kg benserazide once daily 5 days a week for 2 weeks to obtain consistent dyskinesias,
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as previously described (Cenci et al., 1998). We used a blinded crossover design over a two
week period to investigate the effects of U50,488 on dyskinetic-like movements. On
Wednesday and Thursday of week one, two of the rats were injected with U50,488 (3 mg/kg,
s.c., Sigma), while the other two rats were injected with vehicle (saline, s.c.) 25 min prior to
L-dopa. During the second week, the two rats injected with U50,488 in week one were injected
with saline, while the two that had been injected with saline were now injected with U50,488.
The dose of U50,488 (3 mg/kg) was within the range previously used to evaluate effects on L-
dopa-induced motor effects in rats (Marin et al., 2003). Solutions of L-dopa with benserazide
and U50,488 were prepared immediately prior to administration.

Behavioral Assessment—An experienced blinded rater evaluated behavior using the
AlIMs rating scale (Cenci et al., 1998). Rats were placed in a Rotomax test chamber (50 cm
height x 34 cm diameter). The animals were scored from “0” (no abnormal movements) to
“4” (severe, continuous abnormal movements) in four categories. These included axial
dystonia, consisting of twisting posturing of the head and neck; orolingual dyskinesia, with
stereotyped jaw movements and contralateral tongue protrusion; forelimb movements, with
dystonic movements of the contralateral forelimb; and locomotive dyskinesia, increased
locomotion with contralateral side bias. Although locomotive dyskinesia was rated, it was not
included in the total because the interpretation of this motor response is not clear (Papa et al.,
1994,Cenci et al., 1998). Locomotive dyskinesias are distinct from turning behavior, which
was not measured in this study. Rats were observed every 20 min for 3 h following injections,
and the dyskinesia rating from each session was totaled over three hours to yield a final
dyskinesia score. Rats were designated as “dyskinetic” if the cumulative score was > 20 (n =
4).

Non-human Primate Studies

Nigrostriatal lesioning and drug treatments—Four female adult squirrel monkeys
(Saimiri sciureus), weighing 675 — 750 g, were purchased from Osage Research Primates
(Osage Beach, MO, USA). They were individually housed with a 13 h light, 11 h dark cycle.
Water was available ad libitum, and food (monkey chow pellets and fruits) provided once daily
in the morning. During treatment, monkeys received fruit (no protein) in the morning (to allow
for consistent absorption of L-dopa) and a full meal (monkey chow and fruit) 4 h after the last
drug treatment. The monkeys were injected five to six times with 1.8 to 2.1 mg/kg s.c. 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to induce nigrostriatal lesions, with a
cumulative dose of 9.3 — 12.0 mg/kg. The lesioned monkeys were used in previous studies to
test antidyskinetic drugs. A 2-month washout was allowed between treatment regimens, during
which time only L-dopa was administered to ensure consistent dyskinesias. L-dopa (5 mg/kg)/
carbidopa (1.25 mg/kg) was given twice daily 4 h apart by orogastric gavage (5 days on, 2 days
off cycle). Monkeys were administered U50,488 (i.m. in saline) immediately prior to L-dopa.
On day 1, they received 1.0 mg/kg U50,488; on day 2, 0.1 mg/kg U50,488; on day 3, 0.25 mg/
kg U50,488; on day 4, 0.15 mg/kg U50,488; and on day 5, 0.15 mg/kg U50,488. These doses
of U50,488 (0.1 — 1 mg/kg) were within the range previously administered to squirrel monkeys
(0.1 to 5.6 mg/kg) (Jones and Holtzman, 1994,Pitts et al., 1998). The half-life of the drug is ~
8hinrats (Tortella et al., 1986), therefore no washout was used between doses on the different
days. Solutions of L-dopa from Sinemet® CR tablets (DuPont Pharma, Wilmington, DE, USA)
and U50,488 were prepared immediately before administration. All work conformed to the
National Institute of Health’s Guide for the Care and Use of Laboratory Animals and was
approved by the Institutional Animal Care and Use Committee.

Behavioral Assessment—Monkeys were monitored by videotape for 9 h daily. This

includes 1 h of baseline taping followed by 4 h of taping after the first drug administration (~
9:00 h) and 4 h following the second drug administration (~ 13:00 h). Dyskinetic movements
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(Tanetal., 2002) and parkinsonism (Hsu et al., 2004) were rated for 2 min at 30 min intervals
over the 9 h period using established rating scales for nonhuman primates. Briefly, dyskinesias
were rated as follows (Tan et al., 2002): 0 — normal behavior; 1 — subtle dyskinesias that are
not sustained; 2 — mild dyskinesias that are sustained; 3 — moderate dyskinesias that impair the
ability to remain stationary; and 4 — severe dyskinesias that are generalized and incapacitating.
Parkinsonism was evaluated as follows: bradykinesia (0O — normal movement, 1 — slightly
slowed movement giving it a deliberate appearance, 2 — clearly slowed movement, 3 — severely
slowed movement that appeared to require great effort, and 4 — an animal that was essentially
akinetic); posture (0 — 3, 1 point each for parkinsonian postures of the head, trunk/legs, and
arms), and tremor (0 — 2, 1 point each for tremor in the legs and arms). Locomotor activity was
also monitored in the home cage environment using a computerized webcam system to provide
an objective measure of motor activity (Togasaki et al., 2005). Webcam activity counts were
defined as the number of pixel changes per treatment period throughout the course of a day
(Togasaki et al., 2005).

Statistical Analysis—All statistical analyses were preformed using GraphPad Prism (San
Diego, CA, USA), with all values expressed as the mean + SEM (n = 4). Significance (P <
0.05) was determined by ANOVA followed by Bonferroni multiple comparison post hoc tests.
Area under the curve, peak scores, webcam activity, and rat AIMs were analyzed by one-way
ANOVA (within group factor was L-dopa + U50,488) and two-way ANOVA to evaluate the
time course data.

Rodent studies

Unilaterally 6-hydroxydopamine-lesioned rats chronically treated with L-dopa once daily
developed AlMs, in agreement with previous work (Cenci et al., 1998). Administration of the
k—opioid receptor agonist U50,488 (3 mg/kg, s.c.) delivered 25 min prior to L-dopa, decreased
dyskinetic-like movements by ~70%. The total AIM scores in saline-treated rats was 32.9 +
4.9 and in U50,488-treated rats was 12.0 + 4.5. LIDs were significantly (P < 0.001) reduced
with U50,488 treatment compared to saline administration (Fig. 1).

Non-human primate studies

Monkeys were treated with the k-opioid receptor agonist U50,488 i.m. immediately before oral
gavage of 5 mg/kg of L-dopa, a dose that yielded mild to moderate dyskinesias (Figs. 2—4).
Experiments were first done to evaluate the effect of varying doses (0.10 — 1.0 mg/kg i.m.) of
U50,488 on peak LIDs. The results in Fig. 2A show that injection of the k-opioid receptor
agonist led to significant decreases in peak dyskinesias at the 0.15 mg/kg (P < 0.05), 0.25 (P
<0.001) and 1.0 mg/kg (P < 0.001) dose. However, the U50,488-induced decline in peak
dyskinesias was associated with a statistically significant (P < 0.001) reversal of the
antiparkinsonian action of L-dopa at the 0.25 mg/kg and 1.0 mg/kg, although not the 0.15 mg/
kg dose. Thus, parkinsonism worsened at the higher doses of the k-opioid receptor agonist
(Fig. 2B), as assessed by peak parkinsonian scores.

To determine whether U50,488 affected the overall dyskinetic response, we assessed changes
in both peak and duration of dyskinetic movements by evaluating area under the curve (AUC)
of the time course of LIDs (Fig. 3A). U50,488 treatment significantly (P < 0.01) reduced the
AUC at both the 0.25 and 1.0 mg/kg doses. However, the same doses of U50,488 also
significantly (P < 0.05) increased the parkinsonian score (AUC of the time course for
parkinsonism after L-dopa administration) compared to animals not receiving the agonist (Fig.
3B). In addition, the effect of U50,488 was evaluated on the overall motor activity of the
monkeys using a computerized Webcam monitoring system. There was an overall significant
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decrease in generalized motor activity in animals treated with L-dopa plus U50,488 compared
to those treated with L-dopa alone (F(4,15) = 3.277, P < 0.04) (Fig. 3C).

We then further analyzed the time course of the effect of the 0.15 and 0.25 mg/kg doses of
U50,488 on LIDs and parkinsonian scores. L-dopa treatment alone resulted in LIDs that
reached a maximum between 60 — 90 min, after which time they declined. At the 0.15 mg/kg
U50,488 dose (Fig. 4A), there was a significant (P < 0.05) reduction in LIDs only in the
afternoon at the 30 and 60 min time point after L-dopa (F(1,126) = 12.15, P < 0.0007). At the
higher dose (0.25 mg/kg), U50,488 treatment completely abolished LIDs at all time points (F
(1,126) = 191.14, P < 0.0001) (Fig. 4B). However, administration of U50,488 also reversed
the antiparkinsonian effect of L-dopa at both the 0.15 mg/kg dose (F(1,126) = 11.04, P <
0.0012) and the 0.25 mg/kg dose (F(1,126) = 96.66, P < 0.0001) compared to animals not
receiving the agonist (Fig 4C,D).

Side effects that developed with U50,488 treatment included vomiting and sedation (Table 1).
There were no side effects with the lowest dose of U50,488 (0.10 mg/kg); however, this dose
did not reduce LIDs. In contrast, results from individual animals show that there were variable
effects of U50,488 on dyskinesias, vomiting and sedation at the 0.15 mg/kg dose. For instance,
we observed a decrease in dyskinesias with no side effects, a decrease in dyskinesias with only
sedation but no vomiting, and a decrease in dyskinesias with only vomiting but no sedation.
With the 0.25 mg/kg dose, on the other hand, there is sedation and a decrease in dyskinesias
despite vomiting. At the highest dose of U50,488 (1.0 mg/kg) that prominently reduced LIDs,
side effects were very notable, and included vomiting and sedation.

Discussion

Extensive studies in both rodent and nonhuman primate models, as well as studies in humans,
suggest a role for the striatal opioid system in the development of LIDs (Morissette et al.,
1997,Cenci et al., 1998,Duty et al., 1998,Henry et al., 1999,Johansson et al., 2001,Quik et al.,
2002,Tel et al., 2002,Winkler et al., 2002,Henry et al., 2003,Carta et al., 2005,Aubert et al.,
2006). Evidence for this possibility stems from results showing that enhanced PPE-B transcript
levels correlate well with LIDs in experimental parkinsonian models and Parkinson’s disease
(Duty et al., 1998,Henry et al., 1999, Tel et al., 2002,Henry et al., 2003,Aubert et al., 2006).

As well, there are changes in opioid receptor subtype expression in various regions of the basal
ganglia after chronic L-dopa treatment (Johansson et al., 2001,Aubert et al., 2006).
Interestingly, the most distinct difference between L-dopa-treated dyskinetic and
nondyskinetic rats is a decrease in k-opioid receptors in the striatum and the nigra, that is
inversely correlated with dyskinetic scores (Johansson et al., 2001). More recent work in
nonhuman primates also shows significant declines in k-opioid, as well as p-opioid receptors
in the globus pallidus and/or striatum with LIDs (Aubert et al., 2006). These declines in basal
ganglia x-opioid receptor levels in rats and monkeys may represent a compensatory feedback
mechanism in response to enhanced PPE transcript levels (Duty et al., 1998,Henry et al.,
1999, Tel et al., 2002,Henry et al., 2003,Aubert et al., 2006). This hypothesis assumes that the
elevated mRNA levels are associated with an increase in endogenous opioids that stimulate
the various opioid receptor subtypes to activate intracellular signaling pathways responsible
for the development of LIDS. The opioid-induced decrease in p- and «k-opioid receptor levels
(Johansson et al., 2001,Aubert et al., 2006) may lead to declines in functions that normally
attenuate LIDS. Such an interpretation would suggest that treatments that activate k- or p-
opioid receptors may reduce LIDs. Although somewhat paradoxical, this would be similar to
observations that long term agonist treatment downregulates neurotransmitter receptors and
yetis effective therapeutically, for example, dopamine agonists for the treatment of Parkinson’s
disease. On the other hand, the in vivo situation with the opioid system may be more complex
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because of differential alterations in various opioid peptides that may interact with multiple
opioid receptor subtypes (3, x and p). This complexity is evident from previous studies showing
that both opioid agonists and antagonists reduce dyskinesias depending on the specific
experimental conditions. Further studies are required to elucidate the mechanisms through
which opioid compounds modulate the occurrence of LIDs.

Limited studies done in rats have shown that that k-opioid receptor-stimulation may be
involved in L-dopa-induced motor fluctuations (Marin et al., 1996,Marin et al., 2003).
Administration of the k-opioid receptor agonist U50,488 immediately before L-dopa to
unilateral 6-hydroxydopamine lesioned rats partially reversed L-dopa-induced contralateral
rotations (Marin et al., 2003). Because changes in L-dopa-induced contralateral rotations in
rats may reflect effects both on parkinsonian and dyskinetic-like movements, we evaluated
behavioral components more closely linked to LIDs. This included axial dystonia, orolingual
dyskinesia, and dystonic movements of the contralateral forelimb as previously described
(Cenci et al., 1998). In agreement with the work of Marin and colleagues (Marin et al., 2003),
our results in rodents show that activation of «-opioid receptors using U50,488 reduced L-
dopa-induced AIMs. These present studies combined with previous work in a rodent model
(Marin et al., 1996,Marin et al., 2003), suggest that k-opioid receptors are important in the
pathophysiology of L-dopa-induced motor abnormalities and that agonists may represent a
useful therapeutic intervention for LIDs. We therefore initiated a series of experiments in
nonhuman primates, as this model offers the advantage that the effects of drugs on
parkinsonism and LIDs can be clearly and easily identified, and are highly reminiscent of the
clinical features seen in humans with the disease. Our data showed that there was a dramatic
decline in LIDs with U50,488, particularly at the higher doses. This included both a decrease
in peak dose dyskinesias and duration of the dyskinetic response. However, this attenuated
dyskinetic response was paralleled by a dose-related increase in parkinsonism with U50,488
treatment as compared to animals not receiving the drug. Only at the 0.15 mg/kg dose of
U50,488 was there a small significant decline in peak dyskinesias scores with no significant
change in the parkinsonian score. However, the small therapeutic window suggests this would
not be of practical clinical value. These findings raise questions about the usefulness of k-
opioid receptor agonists for the treatment of LIDs. Furthermore, the presence of side effects,
such as severe vomiting and sedation (Dykstra et al., 1987), would contraindicate the
therapeutic use of k-opioid receptor agonists or at least U50,488. There appeared to be no clear-
cut relationship between the occurrence of dyskinesias and sedation at the intermediate doses
of U50,488, since declines in dyskinesias occurred with or without of sedation. Similarly, there
was a variable association between vomiting and sedation, and the reduction in dyskinesias.
These findings may suggest the mechanisms through which k-opioid agonists decrease LIDs
are not similar to those that induce vomiting and sedation. Conceivably, different opioid
systems throughout the CNS mediate these different biological responses.

The use of nonselective, as well as subtype specific opioid receptor drugs as a therapeutic
intervention for LIDs is currently under investigation. The nonselective opioid receptor agonist
morphine reduces dyskinetic movements in patients with Parkinson’s disease and also in
primates with LIDs (Berg et al., 1999,Samadi et al., 2004). Nonselective opioid receptor
antagonists, such as naloxone and naltrexone, have also been tested with variable effects in
monkeys and humans including no change, increases or decreases in LIDs (Rascol et al.,
1994 Klintenberg et al., 2002,Samadi et al., 2003,Fox et al., 2004,Samadi et al., 2004). These
conflicting results with the nonselective opioid antagonists may be due to activation of varying
subtypes in the different studies. This may lead to multiple, possibly opposing actions in the
striatum, with a complex repertoire of behavioral outcomes. These findings suggest that the
use of drugs targeted to select subtypes may yield more consistent results and, in fact, one study
showed that antagonists directed to u- and/or &-opioid receptor diminished LIDs in L-dopa-
treated marmosets (Henry et al., 2001). However, the observation that the nonselective agonist
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morphine reduces LIDs (Berg et al., 1999,Samadi et al., 2004) suggests that regulation of LIDs
by the opioid system may be complex and involve activation of more than one receptor subtype.

In summary, the present results show that k-opioid receptor agonists, such as U50,488 reduce
LIDs inanonhuman primate model, supporting the hypothesis that activation of these receptors
plays a role in the development of dyskinesias. However, the antiparkinsonian effect of
U50,488 suggest that this class of drugs is not suitable for reducing LIDs in humans with
Parkinson’s disease. The significant side effects raise further questions regarding its usefulness
in a clinical setting.
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Fig 1.

The effect of the k-opioid receptor agonist, U50,488, on daily cumulative AIM scores after L-
dopa treatment in 6-OHDA lesioned rats. The rats were injected s.c with saline on Monday
(Mon), Tuesday (Tues) and Friday (Fri). They were then injected with U50,488 (3 mg/kg) or
saline on Wednesday (Wed) and Thursday (Thurs), using a crossover design as described in
the Methods. This was followed 25 min later by i.p. administration of L-dopa. Dyskinetic-like
movements were quantified with the AIM scale by a blinded rater. Each bar represents the
mean + SEM of 4 rats. ***P < 0.001 compared to days with no U50,488 treatment.
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Fig 2.

Peak dyskinetic and anti-parkinsonian responses to L-dopa (5 mg/kg, p.o.) and U50,488 (0.1
— 1.0 mg/kg, i.m.). Behavioral assessments were performed at 2 min intervals every 30 min
from videotapes. Values represent the average maximum dyskinesia (A) and minimum
parkinsonian (B) scores from morning and afternoon treatment periods. (B) The dashed line
represents baseline Parkinson ratings averaged over a 1 h period prior to drug administration.
Each bar represents the mean + SEM of 4 monkeys. *P < 0.05 and ***P < 0.001 compared to
no U50,488 treatment.
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Fig 3.

Overall effect of U50,488 on LIDs, parkinsonism and motor activity. Behavioral assessments
were done at 2 min intervals every 30 min from videotapes. All values represent average total
ratings for each dose of U50,488. Area under the curve (AUC) includes peak and duration of
dyskinesias (A) and parkinsonism (B) for each monkey. (C) Depicts webcam measurements

of motor activity during the course of L-dopa treatment with and without U50,488. Each bar
represents the mean + SEM of 4 monkeys. *P < 0.05, **P < 0.01, and ***P < 0.001 compared
with no U50,488 treatment.
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Fig 4.

Time course of dyskinesia and parkinsonian ratings in MPTP-lesioned monkeys. Baseline
behavior was obtained for 1 h. U50,488 (0.15 and 0.25 mg/kg, i.m.) was then administered
immediately followed by L-dopa (5 mg/kg, p.0.). Drugs were given at 9:00 and 13:00 h.
Behavioral assessments were done at 2 min intervals every 30 min for the full 9 h from
videotapes. Each symbol represents the mean = SEM of 4 monkeys. *P < 0.05, compared to
no U50,488 treatment.
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