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Abstract

Parkinson's disease (PD) is the second most common neurodegenerative disease affecting 1 % of the population above the age 65. The
principal motor symptoms of PD are attributable to the preferential loss of dopaminergic neurons in the substantia nigra pars compacta (SNc).
Recent studies demonstrate that dopaminergic (DA) neurons in the SNc, as well as many neurons in other regions affected by PD, have a
distinctive physiologic phenotype. They are autonomous L-type Ca, 1.3 Ca2+ channels pacemakers. Continuous Ca2+ influx results in increased
oxidative stress that may explain the selective vulnerability of these neurons. More importantly for PD, blocking these channels with
isradipine, the most potent of the dihydropyridine (DHP) channel antagonists at L-type Ca2+ channels with the Ca, 1.3 subunit, protects these
neurons in in vitro and in vivo models of parkinsonism. Neuroprotective effect is achieved at the serum concentrations that can be achieved
with the doses approved for human use. Recent epidemiologic data also points to a reduced risk of PD with chronic use of specifically centrally
acting DHP Ca2+ channel antagonists. Isradipine is an approved agent for the treatment of hypertension. Our pilot data demonstrate
acceptable dose-dependent tolerability of isradipine in early PD. A pilot Phase Il multicenter, double-blind, placebo-controlled, safety,
tolerability, and dosage finding study of isradipine in early PD has completed recruitment, with the results of the study to be available in the
near future. Results of that study will inform the design of the planned Phase Ill pivotal efficacy trial of isradipine, as a disease modifying agent

in early PD.

Keywords
Parkinson’s disease, neuroprotection, isradipine, Ca channels

Disclosure: Tanya Simuni, MD, has received research support from the Michael J Fox Foundation and Northwestern Dixon Foundation for the conduct of the STEADY-PD trial.
D James Surmeier, PhD, has a pending application for the use of a patent on dihydropyridine compounds in Parkinson’s disease.

Received: November 18, 2011 Accepted: November 28, 2011 Citation: US Neurology, 2011;7(2):109-12 DOI: 10.17925/USN.2011.07.02.109

Correspondence: Tanya Simuni, MD, Parkinson's Disease and Movement Disorders Center, Northwestern University Feinberg School of Medicine, 710 North Lake Shore Drive,

1126, Chicago, IL 60611. E: tsimuni@nmff.org

Parkinson's disease (PD) is the second most common neurodegenerative
disease affecting 1 % of the population above the age 65." The incidence
of PD is expected to increase dramatically worldwide with increased life
expectancy.? PD is manifested by the combination of primary motor
disability (bradykinesia, rigidity, tremor, and gait impairment) as well as a
spectrum of non-motor symptoms including cognitive, mood, autonomic,
and sleep dysfunction.® The cause of cells degeneration in PD remains
unknown. While there is a widespread distribution of neuropathologic
changes in the brain responsible for the spectrum of the motor and
non-motor manifestations of PD, degeneration of dopamine-producing
cells in the substantia nigra pars compacta (SNc) is central to the primary
motor signs of the disease.?

Presently, treatment of PD is limited to symptomatic therapy, aimed
at mitigating the dopamine deficiency. While treatment can be very
effective early in the stages of the disease, it does not impact the
progression of the degenerative process. A neuroprotective agent that
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could slow the progression of the disease has been the holy grail of
research in PD. Several agents have been tried, but none have been
shown to be effective. The reasons for this failure are unclear, but are
likely to stem from the complexity of pathogenesis and the inability
to attack the disease process sufficiently early in its course. Another
major limitation in clinical trials currently is lack of reliable, objective
biomarkers of disease progression. Until such biomarkers are available,
the term that should be used in the discussion of the clinical trials
outcomes is disease modification, which implies a positive impact on
the clinical course of the disease without specifically linking it to
pathogenesis. Ultimately, the choice of an agent for neuroprotection in
PD should be based on the solid understanding of etiology.

Parkinson’s Disease Etiology

The etiology of PD remains unknown. The pathologic hallmark of
PD is the presence of intracytoplasmic eosinophyllic, proteinaceous
inclusions, termed Lewy bodies (LB), in surviving neurons. LBs contain
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the protein a-synuclein,* which appears to have a role in the release
of neurotransmitter from synaptic terminals.® One proposed mechanism
is a-synuclein-induced impairment of the ubiquitin-proteasomal system
(UPS), resulting in protein accumulation and leading to cell degeneration.¢
LBs are widely distributed in the brains of PD patients, including the SNc,
raphe nucleus, locus ceruleus, pedunculopontine nucleus, dorsal motor
nucleus of vagus, olfactory bulb, and some cortical structures.’”

While the neuropathologic changes in PD are widespread and
include a number of neurotransmitter pathways, the cardinal motor
manifestations of the disease are clearly linked to the degeneration
of the dopamine-producing cells in the SNc. Some of the postulated
mechanisms of SNc cells’ death is oxidative stress and complex |
mitochondrial dysfunction.® A mitochondrial linkage is supported by the
recent advances in the knowledge of the genetic mutations associated
with the rare familial forms of PD. Several of PD genes have a role in
mitochondrial function. PINK1, DJ-1, and LRKK2 encode proteins that are
localized to the surface or in the mitochondria.”"" Rotenone, paraguat,
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxins that
produce animal models of parkinsonism are believed to work via
mitochondrial complex | inhibition.™ Mitochondrial dysfunction leads
to the generation of reactive oxygen species (ROS), that are cytotoxic
and can lead to the formation of LB-like intraneuronal filamentous
inclusions, containing a-synuclein and ubiquitin.™* It is believed that all
the above postulated pathogenic factors result in a common pathway of
cell degeneration by mechanism of apoptosis.

Based on the postulated mechanisms of cell degeneration and preclinical
data a number of clinical trials have been conducted or are underway
aiming to attack various levels of the cascade of the neurodegenerative
process. Tested agents targeted various potential mechanisms of PD
pathogenesis including oxidative stress (eldepril, Vitamin E), mitochondrial
dysfunction (CoQ10, ongoing studies of creatine), apoptotic mechanism
of cell death (caspase inhibitors), antiexcitatory agents (riluzole),
anti-inflammatory agents (minocycline), trophic factors, and others."* So
far, none of the agents have demonstrated a positive effect on the course
of the disease process. The reasons for negative results of the clinical
trials are multifactorial, but one of them is likely a failure to address
unigue selective vulnerability of the cells in SNc.

The Physiologic Phenotype of Substantia

Nigra Pars Compacta Dopaminergic Neurons
Potentially Explains Selective Vulnerability

Recent studies demonstrate that dopaminergic (DA) neurons in the
SNc, as well as many neurons in other regions affected by PD, have
a distinctive physiologic phenotype. They are slow and autonomous
pacemakers, with broad action potentials.*# Although many neurons
in the brain generate autonomous activity, few have this physiologic
phenotype. Most pacemakers have very short spikes and limit Caz+
entry to a millisecond period around the spike. In contrast, SNC DA
neurons have broad spikes and have membrane potential trajectories
that ensure that low threshold Ca2+ channels like those with a Ca,1.3
subunit are open virtually all of the time. This continuous Ca2+ influx leads
to oscillations in cytosolic Ca2+ concentration.?# This Ca2+ influx
distinguishes SNc DA neurons from DA neurons in the ventral tegmental
area (VTA), which also are slow, broad action potential pacemakers.*
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In contrast to SNc DA neurons, VTA DA neurons have a more modest
vulnerability in PD.”

Substantia Nigra Pars Compacta Cells
Pacemaking and Mitochondrial Oxidant Stress
When neurons generate spikes, the transmembrane ionic gradients that
enable this activity are dissipated. These gradients must be restored
with ATP-dependent pumps and exchangers. Thus, sustained activity
is energetically expensive. Ca2+ ions, because they must be rapidly
sequestered or pumped back across the plasma membrane, could pose
a particularly significant energetic burden. In neurons, this demand for
ATP is met primarily by oxidative phosphorylation in mitochondria.®
Oxidative phosphorylation comes at a cost: the production of potentially
damaging superoxide and reactive oxygen species.

Recent studies by our group have shown that Ca?+ entry through L-type
channels elevates mitochondrial oxidant stress in SNc DA neurons.”
How this happens is not entirely understood. It does not appear
to depend solely upon the energetic burden posed by Ca2+ entry
and might involve altered mitochondrial respiratory control. This study
also provided an important insight into how this Ca2+-dependent
mitochondrial stress and genetic mutations associated with PD might
interact to selectively increase the vulnerability of SNC DA neurons.
Mutations in DJ-1 are associated with an early onset, recessive form
of PD. In SNc DA neurons from mice lacking DJ-1, mitochondrial
oxidant stress was significantly higher than in wild-type neurons. This
was not simply a consequence of losing functional DJ-1 however,
as neighbouring VTA DA neurons displayed no measurable stress. As in
wild-type neurons, the oxidant stress was reversed by treatment with
DHP channel antagonists. These results suggest that DJ-1 is activated
only in response to oxidant stress and provide some measure of
defense, an idea with broad experimental support.* These data provide
a mechanism by which defects in a widely expressed gene can affect a
small population of neurons. Furthermore, while elevated mitochondrial
oxidant stress has long been hypothesized to play an important role in
the etiology of PD, there has not been a coherent explanation for why
SNc DA neurons—in particular—should be stressed. The physiologic
phenotype of SNc DA neurons—pacemaking, broad action potentials,
sustained opening of L-type Ca2?+ channels, and the resulting
mitochondrial oxidant stress—provides an explanation for selective
vulnerability and, more importantly, establishes the target for potential
neuroprotective interventions.

Indeed, antagonizing L-type Ca?+ channels is neuroprotective in toxin
models. For example, pre-treatment of mesencephalic brain slices
with isradipine, the most potent of the dihydropyridine (DHP) channel
antagonists at L-type Ca2+ channels with the Ca, 1.3 subunit, significantly
diminishes the damage to SNc DA neurons caused by the mitochondrial
toxin rotenone.* Moreover, systemic administration of isradipine to
mice at doses achieves serum concentrations in the same range
as those found in humans following oral administration protects SNc
DA neurons in both a chronic MPTP and acute 6-hydroxydopamine
(6-OHDA) models.** Although these channels participate in normal
pacemaking, they are not essential and antagonizing them with
therapeutically relevant concentrations of dihydropyridine has no effect
on the rest of the mouse behavior or phenotype.”
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Does Physiologic Phenotype Predict the

Pattern of Parkinson’s Disease Pathology?

While isradipine might be effective in protecting SNc DA neurons, will
it be effective in other regions affected by PD? There are a number of
regions of the brain that have cell loss paralleling that of the SNc.’
Although the available data set is fragmented, neurons in the dorsal
motor nucleus of the vagus (DMV), locus ceruleus (LC), raphe nuclei
(RN), pedunculopontine nucleus (PPN), lateral hypothalamus (LH),
tuberomammillary nucleus, basal forebrain (BF), and olfactory bulb all
exhibit signs of pathology and all have a physiologic phenotype
resembling that of SN¢ DA neurons. DMV cholinergic neurons, which are
thought to be among the earliest neurons with a-synuclein in PD,
are spontaneously active;® this activity is autonomously generated and
engages L-type calcium channels (unpublished observations). Serotonergic
neurons in the RN have broad spikes and are calcium-dependent
autonomous pacemakers.* This is also true of PPN cholinergic neurons.®
Tuberomammillary neurons are spontaneously active and engage L-type
Ca2+ channels.* DA neurons in the olfactory bulb are calcium-dependent,
autonomous pacemakers.”

Perhaps the neurons most affected in PD, other than SNc DA neurons,
are LC noradrenergic neurons.” Like SNc DA neurons, they are
autonomous pacemakers (with broad spikes) that engage L-type calcium
channels.® Moreover, these neurons display all the signs of
mitochondrial oxidant stress found in SNc DA neurons and this stress is
significantly alleviated by isradipine. Taken together, these studies make
a compelling case that the DHP class of agents should be broadly
effective in slowing the progression of PD.

Epidemiologic Studies

Recent epidemiologic data also supports the potential neuroprotective
effect of DHPs in PD. Two studies demonstrated reduced risk of
development of PD in subjects treated with calcium channel blockers
(CCBs) compared to other antihypertensive agents.** The most recent
study assessed the risk of the new diagnosis of PD in a cohort of 1,931
patients with new diagnosis of PD versus 9,651 matched controls.
The study demonstrated a 27 % risk reduction (OR=0.73) of a new
diagnosis of PD in subjects treated with centrally acting DHP compounds
compared to other CCBs or other antihypertensive agents. That study
provides strong supporting evidence of channel specific selectivity
of the potential neuroprotective effect of CCBs restricted to DHP
compounds. The study also provides indirect evidence of sufficient
CNS penetration of the subset of DHPs as the risk reduction was seen
only with the centrally acting DHPs and not observed with amlodipine
that has low CNS penetration.

Isradipine

Currently, there are no Ca, 1.3 channel selective DHPs. Isradipine is the
most potent DHP at these channels and is FDA approved for treatment
of hypertension since 1990.“ Isradipine is available in immediate
(IR) and controlled release (CR) preparation in 5-20 mg dose range.
Isradipine is rapidly and almost completely (90-95 %) adsorbed
following oral administration but undergoes extensive first pass
metabolism, resulting in bioavailability of 15-24 %. Peak serum levels
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occur in about 1.5 hours for the IR preparation and 8-10 hours for the
CR preparation. Animal studies have demonstrated a neuroprotective
effect of isradipine in an intrastriatal 6-OHDA model at the serum
concentrations achievable within the dose range approved for human
use.* Isradipine belongs to the group of lipophilic DHPs that have
good bioavailability in non-human primates with brain to serum
concentration ratios significantly above one.” Isradipine is among the
more lipophilic DHPs, enhancing its brain bioavailability. Recently
published epidemiologic data showing a reduced incidence of
PD in patients treated with centrally bioavailable DHPs also strongly
supports good CNS penetration of DHPs.®

Preliminary Human Data

We have conducted an open-label dose escalation safety and tolerability
study of isradipine in patients with early PD. The study demonstrated
dose-dependent tolerability of isradipine CR: 94 % for a 5 mg dose; 87 %
for a 10 mg dose; 68 % for a 15 mg dose; and 52 % for a 20 mg dose.*”
Isardipine had no significant effect on blood pressure or PD motor
disability. The two most common reasons for dose reduction were leg
edema (seven) and dizziness (three). There was no difference in isradipine
tolerability between subjects with and without dopaminergic treatment.
That study supports good tolerability of isradipine CR at daily doses up
to 10 mg in subjects with early PD.

A pilot Phase Il double-blind, placebo-controlled, tolerability- and
dosage-finding study of isradipine CR as a disease modifying agent
in patients with early PD (STEADY-PD) supported by the Michael J Fox
Foundation is ongoing. The objective of the study is to establish safety
and tolerability of isradipine CR across the FDA-approved dosing range
(5-20 mg) in a larger cohort of patients with early PD and to evaluate the
comparative efficacy of three doses of isradipine CR, provided that they
are tolerable. The study recruited subjects with early PD not requiring
dopaminergic therapy (stable dose of amantadine, anticholinergics, and
monoamine oxidase (MAO-B) inhibitors are allowed). The study is designed
as a multicenter 52 weeks' duration, randomized, four-arm double-blind
parallel group trial, with 100 subjects randomized to 5, 10, or 20 mg
of isradipine CR or matching placebo daily. The dosage that is tolerable
and demonstrates preliminary efficacy will be used in the future pivotal
efficacy study.* Tolerability of each active dosage will be compared with
the tolerability of placebo. Provided that the dose is tolerable, the choice
for the dose selection will be based on efficacy defined as the change
in total UPDRS score between the baseline visit and month 12 or the
time of sufficient disability to require dopaminergic therapy, whichever
occurs first. Comparison will be made between three active treatment
arms. The dosage that demonstrates the greatest efficacy will be used
in the proposed pivotal study. The study has successfully completed
recruitment, with the final data analysis expected to be available in the
next six months.

Conclusion

There is solid scientific rationale, preclinical, and epidemiologic data
to support the potential benefit of isradipine as a disease modifying
agent in early PD. Results of the ongoing Phase Il study will be available
shortly and will inform the design of the future pivotal efficacy trial. B

111



Neurodegenerative Disease Parkinson’s Disease

Kessler II, Epidemiologic studies of Parkinson's disease. 3. A
community-based survey, Am J Epidemiol, 1972,96:242-54.
Dorsey ER, Constantinescu R, Thompson JP, et al., Projected
number of people with Parkinson disease in the most
populous nations, 2005 through 2030, Neurology,
2007,68:384-6.

Lang AE, Lozano AM, Parkinson's disease. Second of two
parts, N Engl ) Med, 1998;339:1130-43.

Forno LS, Neuropathology of Parkinson's disease,

J Neuropathol Exp Neurol, 1996,55:259-72.

Breydo L, Uversky VN, Role of metal ions in aggregation of
intrinsically disordered proteins in neurodegenerative
diseases, Metallomics, 2011;3:1163-80.

Snyder H, Mensah K, Theisler C, et al., Aggregated and
monomeric alpha-synuclein bind to the Sé' proteasomal
protein and inhibit proteasomal function, J Biol Chem,
2003;278:11753-9.

Braak H, Ghebremedhin E, Rub U, et al., Stages in the
development of Parkinson's disease-related pathology,

Cell Tissue Res, 2004,318:121-34.

Schapira AH, Mann VM, Cooper JM, et al., Anatomic and
disease specificity of NADH CoQ1 reductase (complex 1)
deficiency in Parkinson's disease, J Neurochem,
1990,55:2142-5.

Abou-Sleiman PM, Mugit MM, Wood NW, Expanding insights
of mitochondrial dysfunction in Parkinson's disease,

Nat Rev Neurosci, 2006,7:207-19.

Moore DJ, Zhang L, Troncoso J, et al., Molecular
pathophysiology of Parkinson's disease,

Annu Rev Neurosci, 2005;28:57-87.

. Zhang L, Shimoji M, Thomas B, et al., Mitochondrial

localization of the Parkinson's disease related protein

DJ-1: implications for pathogenesis, Hum Mol Genet,
2005;14:2063-73.

Betarbet R, Sherer TB, MacKenzie G, et al., Chronic systemic
pesticide exposure reproduces features of Parkinson's
disease, Nat Neurosci, 2000;3:1301-6.

. Sherer TB, Betarbet R, Testa CM, et al., Mechanism of toxicity

in rotenone models of Parkinson's disease, J Neurosci,
2003;23:10756-64.

Hart RG, Pearce LA, Ravina BM, et al., Neuroprotection trials
in Parkinson's disease: systematic review, Mov Disord,
2009;24:647-54.

Parkinson Study Group, Effects of tocopherol and deprenyl on
the progression of disability in early Parkinson's disease,

N Engl J Med, 1993;328:176-83.

112

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Jankovic J, Hunter C, A double-blind, placebo-controlled and
longitudinal study of riluzole in early Parkinson's disease,
Parkinsonism Relat Disord, 2002;8:271-6.

Parkinson Study Group, Dopamine transporter brain imaging
to assess the effects of pramipexole vs levodopa on Parkinson
disease progression, Jama, 2002;287:1653-61.

Parkinson Study Group, A controlled, randomized,
delayed-start study of rasagiline in early Parkinson

disease, Arch Neuro, 2004,61:561-6.

Fahn S, Oakes D, Shoulson |, et al., Levodopa and the
progression of Parkinson's disease, N Engl J Med,
2004,351:2498-508.

Whone AL, Watts RL, Stoessel AJ, et al., Slower progression of
Parkinson's disease with ropinirole versus levodopa: The
REAL-PET study, Ann Neurol, 2003:54:93-101.

Shults CW, Oakes D, Kieburtz K, et al., Effects of coenzyme
Q10 in early Parkinson disease: evidence of slowing of the
functional decline, Arch Neurol, 2002;59:1541-50.

NINDS NET-PD Investigators, A randomized, double-blind,
futility clinical trial of creatine and minocycline in early
Parkinson disease, Neurology, 2006,66:664-71.

NINDS NET-PD Investigators, A randomized clinical trial of
coenzyme Q10 and GPI-1485 in early Parkinson disease,
Neurology, 2007:68:20-8.

Chan CS, Guzman JN, lllijic E, et al., 'Rejuvenation’ protects
neurons in mouse models of Parkinson's disease,

Nature, 2007,447:1081-6.

Guzman JN, Sanchez-Padilla J, Wokosin D, et al., Oxidant
stress evoked by pacemaking in dopaminergic neurons is
attenuated by DJ-1, Nature, 2010;468:696-700.

Nedergaard M, Hansen AJ, Characterization of cortical
depolarizations evoked in focal cerebral ischemia,

J Cereb Blood Flow Metab, 1993;13:568-74.

Puopolo A, Boice JA, Fidelholtz JL. et al., A randomized
placebo-controlled trial comparing the efficacy of etoricoxib
30 mg and ibuprofen 2400 mg for the treatment of patients
with osteoarthritis, Osteoarthritis Cartilage,

2007;15: 1348-56.

Khalig ZM, Bean BP, Sonsalla PK, Brooks BA, Pacemaking in
dopaminergic ventral tegmental area neurons: depolarizing
drive from background and voltage-dependent sodium
conductances, J Neurosci, 2010;30:7401-13.

German DC, Manave KF, Sonsalla PK, Brooks BA, Midbrain
dopaminergic cell loss in Parkinson's disease and
MPTP-induced parkinsonism: sparing of calbindin-D28k-
containing cells, Ann N'Y Acad Sci, 1992;648:42-62.

w

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

0.

Nicholls DG, Mitochondrial function and dysfunction in the
cell: its relevance to aging and aging-related disease,

Int J Biochem Cell Biol, 2002;34:1372-81.

Schapira AH, Mitochondrial pathology in Parkinson's disease,
Mt Sinai ] Med, 2011,78:872-81.

llijic E, Guzman JN, Surmeier DJ, The L-type channel antagonist
isradipine is neuroprotective in a mouse model of Parkinson's
disease, Neurobiol Dis, 2011;43:364-71.

Sah P, McLachlan EM, Differences in electrophysiological
properties between neurones of the dorsal motor nucleus of
the vagus in rat and guinea pig, J Auton Nerv Syst, 1993,42:89-98.
Burlhis TM, Aghajanian GK, Pacemaker potentials of
serotonergic dorsal raphe neurons: contribution of a
low-threshold Ca2+ conductance, Synapse, 1987;1:582-8.
Takakusaki K, Kitai ST, lonic mechanisms involved in the
spontaneous firing of tegmental pedunculopontine nucleus
neurons of the rat, Neuroscience, 1997,78:771-94.

Taddese A, Bean BP, Subthreshold sodium current from
rapidly inactivating sodium channels drives spontaneous firing
of tuberomammillary neurons, Neuron, 2002;33:587-600.
Puopolo M, Bean BP, Raviola E, Spontaneous activity of
isolated dopaminergic periglomerular cells of the main
olfactory bulb, J Neurophysiol, 2005;94:3618-27.

Williams JT, Christie MJ, North RA, Roques BP, Potentiation of
enkephalin action by peptidase inhibitors in rat locus ceruleus
in vitro, J Pharmacol Exp Ther, 1987,243:397-401.

Becker C, Jick SS, Meier CR, Use of antihypertensives and the
risk of Parkinson disease, Neurology, 2008;70:1438-44.

Ritz B, Rhodes SL, Qian L, et al., L-type calcium channel
blockers and Parkinson disease in Denmark,

Ann Neurol, 2010;67:600-6.

Drugs Information Online, Isradipine, 2007. Available at:
www.drugs.com/pro/isradipine.html

(accessed December 12, 2011).

Kupsch A, Sautter J, Schwarz J, et al., 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced neurotoxicity in
non-human primates is antagonized by pretreatment

with nimodipine at the nigral, but not at the striatal

level, Brain Res, 1996,741:185-96.

Simuni T, Borushko E, Avram M), et al., Tolerability of
isradipine in early Parkinson's disease: a pilot dose

escalation study, Mov Disord, 2010;25: 2863-6.

Simuni T, Oakes D, Surmeier DJ, STEADY-PD: Interim
tolerability data analysis Movement disorders 2011,
Presented at: 15th MDS International Congress,

Toronto, June 5-9, 2011.

US NEUROLOGY



